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In recent years, natural and synthetic biomedical polymers
are receiving increasing attention due to their unique and
variable chemical, physical, and biological properties. By
improving the techniques of polymer synthesis and modiﬁcation, functional polymers facilely achieve excellent biocompatibility and biodegradability and variable stimuliresponsiveness and bioactivity. Besides, functional polymers
can be processed into various device modalities, such as
nanoparticles, nanoﬁbers, microspheres, microﬁbers, hydrogels, membranes, and scaﬀolds, to meet diﬀerent practical
applications.
Functional polymers have demonstrated promising
applications in a wide range of biomedical ﬁelds, including
disease diagnosis, therapeutic drug delivery, biosensors, tissue engineering, and medical devices. This special issue is
aimed at systematically and comprehensively presenting the
latest advances in developing preparation approaches and
emerging biomedical applications of functional polymerbased materials, providing guidance and reference for future
studies.
To meet this aim, the special issue collected sixteen research
articles and two review articles. These articles cover the synthesis and biomedical applications of functional polymers.
Twelve research articles focused on polysaccharides and
their applications in antitumor, antioxidation, and antiinﬂammatory functions. Antitumor activity is a potential
property of polysaccharides, and nine diﬀerent polysaccha-

rides have been reported to exhibit antitumor activity against
various tumors. M. Zeng et al. investigated the antitumor
eﬀect of Lycium barbarum polysaccharide (LBP) on human
cutaneous squamous cell carcinoma and demonstrated that
LBP induced the apoptosis of human cutaneous squamous
cell carcinoma A431 cells by inhibiting autophagy and eﬀectively inhibited tumor growth. Y. Zhang et al. conﬁrmed that
Codonopsis pilosula polysaccharide eﬀectively inhibited the
proliferation and motility of human hepatoma HepG2 cells
in vitro possibly by inhibiting the β-catenin/TCF4 pathway.
Similarly, M. Yao et al. illustrated that Laminaria japonica
polysaccharide inhibited the survival of non-small-cell lung
adenocarcinoma A549 cells through the same pathway. X.
Du et al. found that Radix hedysari polysaccharide inhibited
the growth of glioma U251 cells by cell cycle arrest and regulation of the tumor necrosis factor-α (TNF-α) signaling
pathway. X. Xu et al. demonstrated that sulfated polysaccharide from Undaria pinnatiﬁda had antitumor activity against
human prostate cancer DU145 cells, and the underlying
mechanism may be related to inhibiting the migration and
proliferation of cancer cells and inducing their apoptosis.
W. Zhou et al. studied the eﬀects of Polygonatum sibiricum
polysaccharide (PSP) on the human esophageal squamous
cell carcinoma Eca109 cells. The results showed that PSP signiﬁcantly inhibited the proliferation, invasion, and migration
of Eca109 cells and promoted cell apoptosis, and the underlying mechanism may be related to the inhibition of the
nuclear factor-κB (NF-κB) signaling pathway.
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Three research articles reported the synergistic antitumor eﬃcacy of polysaccharides and other antitumor drugs.
X. Liu et al. demonstrated that lentinan enhanced the cytotoxic eﬀect of cisplatin on tumor cells, and the combined
treatment of lentinan and cisplatin showed a satisfactory
tumor inhibition eﬀect in multiple tumor models. W. Wu
et al. combined macrofungal polysaccharide (MFP) and
vemurafenib to treat melanoma. The results showed that
MFP signiﬁcantly enhanced the tumor inhibitory eﬀect of
vemurafenib in human melanoma MeWo cell-bearing mice.
X. Yang et al. found that Ganoderma lucidum polysaccharide (GLP) improved the antitumor eﬀect of 5-ﬂuorouracil
against gastric cancer BGC823 and SGC7901 cells by activating the natural killer group 2 member D (NKG2D)/MHC
class I-related chain A (MICA) pathway.
Three research articles reported the applications of polysaccharides for treatment of other diseases, such as contrastinduced nephropathy, osteoarthritis, and intervertebral disc
degeneration. M. Dai et al. demonstrated that the crude polysaccharide (cSFP-C) extracted from Sargassum fusiforme
eﬀectively prevented contrast-induced nephropathy due to
their excellent antioxidant capacity. G. Lu et al. found that
hyaluronic acid and Astragalus polysaccharide-capsuled
nanoparticle eﬀectively treated osteoarthritis by regulating
cytokines and proteinase. Z. Zhai et al. conﬁrmed that Polygonatum sibiricum polysaccharide (PSP) eﬀectively reduced
the apoptosis, inﬂammation, and oxidative stress of nucleus
pulposus cells in rat with intervertebral disc degeneration,
and it was a potential therapeutic drug for intervertebral disc
degeneration.
Four original research articles report the synthesis and
biomedical applications of other functional polymers. Q.
Chen et al. prepared porous chitosan microsphere loaded
with platelet-rich plasma and bone marrow-derived mesenchymal stem cells (PCM/PRP/BMSC composite), and they
found that PCM/PRP/BMSC composite was beneﬁcial for
the repair of tibial defects. D. Patiño-Ruiz et al. synthesized
chitosan-alginate nanodisk (Cs-Al ND) using the ionotropic
gelation technique and demonstrated that Cs-Al ND was a
promising drug delivery system with high encapsulation
eﬃciency and controlled drug release. D. T. Nguyen et al.
investigated the eﬀect of microwave irradiation on poly(vinyl alcohol) (PVA) in PVA/Ag+ solution. The results conﬁrmed that the redox reaction of Ag+ with PVA and Ag+
reduced the hydrolysis rate of PVA. A. M. Díaz-Guerrero
et al. used a mathematical model to evaluate the acetaminophen release in hydroxypropyl cellulose with polyacrylamide (HPC/PAAm) and conﬁrmed that the proposed
mathematical model was reliable.
In addition, two review articles summarized the latest
advances in two diﬀerent functional polymers for biomedical applications. G. Merkininkaitė et al. introduced threedimensional laser lithography (3DLL) and the main categories of polymers used in 3DLL and then discussed the
applications of 3DLL structural polymers in regenerative
medicine. Finally, the current challenges and opportunities
in this area were highlighted. Y. Yang et al. reviewed the
preparation methods of the cellulose nanocrystal and its wide
applications in various ﬁelds, which provided operable ideas
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and techniques for future high-end and ecofriendly functional composites.
In summary, this special issue bridges the synthesis
methods, structure-property correlations, and biomedical
applications of functional polymers and explores their
underlying mechanisms. We hope to provide references for
interested authors and inspire relevant researchers.
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Hydrogels with three-dimensional network structure, hydrophilic, and insoluble in water which are ideal carrier materials for
intelligent drug delivery systems. Intelligent hydrogel has become a research frontier and hotspot because of its intelligence, high
eﬃciency, safety, and convenience in drug controlled and prolonged release. It has a broad application prospect in the medicine
and biomedicine ﬁelds and can lead the medicine ﬁelds into a new era of “precise treatment.” Based on the latest research
progress, the main preparation methods of hydrogel and the development of the drug delivery system are brieﬂy introduced.
The most promising three intelligent hydrogels in the human physiological environment, namely, pH responsiveness,
temperature responsiveness, and pH/temperature dual responsiveness, are emphatically reviewed. Their release mechanisms,
targeting transport, and controlled-prolonged release of drug are also discussed. In addition, some suggestions for the main
problems and future development were given.

1. Introduction
Hydrogel is a three-dimensional crosslinked network structure which is formed by hydrophilic polymers through chemical bond, ammonia bond, Van der Waals’ force, or physical
interaction. In 1960, Wichterle and Lim prepared a polymer
network structure by using the crosslinking 2-hydroxyethyl
methacrylate (pHEMA) [1]. It is a milestone discovery in
the history of hydrogel development. In 1970s, polyethylene
glycol (PEG) hydrogel attracted attentions, and it was widely
used in controlled delivery vector of drugs due to its good
biocompatibility and strong resistance to protein adsorption.
Research concerns shift from the relatively simple watersoluble macromolecular network gel into hydrogel systems
produced by changes of environmental factors, such as temperature, pH, and biomolecular concentration. Size and
shape of hydrogel can be controlled by regulating these environmental factors. Hence, hydrogel is often used as an intelligent material [2]. Among them, temperature sensitive

hydrogel is the environmental sensitive system which has
been studied the earliest and used most extensively [3]. The
intelligent temperature-sensitive hydrogel is the consequence
of equilibrium among diﬀerent hydrophilic, hydrophobic
eﬀects, and Van der Waals’ force in the gel system. pHsensitive hydrogel is the second common environmental sensitive system. Since pH-sensitive hydrogel generally carries
weak acid or alkaline groups, the ionization of groups is sensitive to external pH. Internal and external ion concentrations redistribute and reach a new equilibrium upon
changes of external pH. Research and development (R&D)
of a new drug is time-consuming and requires high cost.
The annual expenses for drug R&D in the American pharmaceutical industry exceeded 20 billion of dollars in 1990s,
which was further increased to 72 billion of dollars in 2004.
Such annual expense was still increasing. The cost for new
drug R&D soared up signiﬁcantly. The average R&D cost of
the American pharmaceutical company for each new drug
increased from 231 million of dollars in 1987 to 802 million
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of dollars in 2000 and even soared up to 1.4 billion of dollars
in 2004. The average time consumption for R&D of a new
drug is about 14 years. It has been reported by studies that
39% of R&D failures of new drugs are caused by poor
dynamic characteristics of drugs in the human body, another
29% of failures are caused by the unsatisfying curative eﬀect,
and 21% of failures are attributed to toxicity and side eﬀects
of drugs [4].
The drug delivery system (DDS) which achieves rapid
development in recent years can transport drugs to the target position according to the desired dosage and action time
through the perfect combination of drugs and carrier. In
addition, DDS controls drug delivery through the feedback
regulation mechanism of the human body, thus realizing
the goal of curing diseases. Moreover, this DDS can relieve
general toxic and side eﬀects of drugs and improve therapeutic eﬀect of diseases. Controlled releasing of drugs is an
extensively studied and perfect technology in DDS. It is a
new technology that can control delivery speed and directional release of drugs. On the one hand, hydrogel not only
has weak adhesion to cells and proteins but also has excellent biocompatibility with blood, ﬂuid, and tissues of the
human body. On the other hand, hydrogel with abundant
water has soft texture similar with biological tissues and
weak reactivity with antigen of the human body. Hydrogel
which is prepared by nontoxic materials can cause small
harms to the human body [5]. Under the dual eﬀects of
release by hydrogel deformation and self-diﬀusion, drugs
can be released to the target position slowly according to
the desired dosage. Hydrogel has advantages of quantitative,
directional, and stable delivery of drugs. Therefore, intelligent hydrogel gradually becomes the ﬁrst chose of carrier
of DDS [6, 7]. The second generation DDS of an intelligent
drug delivery system which could response to external environmental factors (e.g. pH, temperature, and light) was
developed by some polymer materials around 1980. The
second generation DDS realized intelligent delivery of drugs
and became one of research hotspots in the ﬁeld of medicines. The third generation DDS of a targeted intelligent
drug delivery system was launched in 2010. Diﬀerent from
the second generation DDS, the third generation DDS
involves a covalent modiﬁcation of targeted group by drug
carriers. This targeted group has the higher selectivity of
tumors and thereby can deliver drugs to the target position
of focus actively. This is signiﬁcantly diﬀerent from the passive transport depending on enhanced permeation and
retention (EPR) of solid tumors. The third generation
DDS can not only shorten in vivo circulation of drugs and
prevent drug leakage or inactivation but also decrease dosage and side eﬀect of drugs as well as mitigate pains of
patients [8]. Intelligent hydrogel which is the drug carrier
is the key component of DDS and the primary factor that
inﬂuences the eﬀect of drugs. At present, applications of
intelligent hydrogels in targeted delivery and controlled
releasing of drugs have become a research front and hotspot
in the ﬁeld of medicine. Research on applications of intelligent hydrogels in controlled drug releasing has extremely
important academic values and promising application prospects in clinics.
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2. Hydrogel Preparation Methods
Hydrogel can be hydrolyzed quickly due to the natural supermolecule matrix. Hence, hydrogel often fails to meet the
requirements in biomedicine applications [9, 10]. It is of
important signiﬁcance to explore and search new preparation and modiﬁcation methods or materials. Physical crosslinking and chemical ligation are two common preparation
methods of hydrogel. Physical crosslinking is simple and
convenient. However, hydrogel prepared by physical crosslinking has some disadvantages, such as insuﬃcient strength
and tenacity, instability, and easy hydrolysis. Chemical ligation is relatively complicated and has high requirements on
technologies and chemical reactions. Nevertheless, it can
improve mechanical properties and structural stability of
hydrogel signiﬁcantly.
2.1. Physical Crosslinking Method. Physical crosslinking
among polymers is generally realized by interaction of noncovalent bonds (hydrophobic, ionic and intermolecular
hydrogen bonds, subject-object, or various covalent bonds)
[9–11]. Due to the strong hydrophobic interaction in aqueous solution, hydrogel can be prepared simply and directly
by amphiphilic block polymers. This becomes the most common method of hydrogel preparation based on physical
crosslinking.
(1) Stereocomplexation: stereocomplexation, or known
as the cocrystallization of two enantiomers, can be
used to prepare injectable hydrogel. Enantiomer is
mainly used to prepare in situ hydrogel. Hydrogel
can be formed by coupling of poly-L-lactide (PLLA)
and poly-D-lactide (PDLA) with hydrophilic polymers (e.g., glucan) in aqueous solution. Firstly, protein drugs are dissolved in the solution of gel
precursor, through which the protein drug is encapsulated in the hydrogel network [10]. Without any
surfactant or chemical ligation agents, Jiang et al. ﬁrst
proposed the unique network structure on the basis
of hydrophobic associations of the HMPAM and
SDS in the aqueous solution [11]. This micelle cluster
is the crosslinking center of the hydrogel network and
gives a solid three-dimensional structure of hydrogel.
Compared with hydrogel prepared by chemical ligation, HA gel shows unusual swelling-deswelling
behaviors in water. Additionally, the existence of
micelle cluster increases mechanical properties of
HA gel and shows ultra-strong self-healing ability in
applications of biomedicine technologies in the
future
(2) Polypeptide chain interaction: polypeptide physical
hydrogel is mainly prepared by self-assembly of molecules. Due to biodegradation and biocompatibility,
polypeptide only produces amino acids during degradation, which may not cause adverse impacts on the
living body. Polypeptide will not cause immunoreactions and tissue inﬂammation after entering into the
living body. Besides, polypeptide has multiple conﬁgurations, such as spiral, overlapping, and irregular
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curling structures. Self-assembly of some polypeptides occurs in the physiological environment. The
produced hydrogel can be transported in diﬀerent
environments easily. This type of hydrogels possesses
a promising prospect in studies on controlled drug
delivery technology and new support for cell therapy
as well as tissue engineering
Yang et al. connected peptide chains with the selfassembly ability onto the skeleton composed of the linear
hydrophilic compound poly [N-(2-hydroxypropyl) methacrylamide] (HPMA) through covalence bonds, forming the
self-assembly peptide chain grafted compounds (Figure 1)
[12]. They found that HPMA in the copolymer would not
hinder self-assembly of the peptide chain, but the length of
the peptide chain, and the peptide chain grafted onto each
skeleton aﬀected the formation of self-assembly gel signiﬁcantly. Kopecek et al. [13] prepared a hybrid hydrogel which
was assembled by water-soluble polymers and proteins with a
double helix structure. This hybrid hydrogel could be transformed from synergic conformation to a double helix structure upon induction of temperature.
2.2. Chemical Ligation Method. Chemical ligation is one of
the most important methods to prepare hydrogel. Firstly, initiator is added for grafting monomers onto groups of raw
materials. Secondly, crosslinking agent is added for crosslinking of diﬀerent polymers, forming a stable three-dimensional
network structure. This three-dimensional network structure
only swells, but is not dissolved. The mechanical properties of
the three-dimensional network structure are stronger than
those of a physical crosslinking network. Photopolymerization chemical ligation, native chemical ligation, and click
chemistry are highly appreciated by the public due to the
simple operation and high transformation rate [10].
2.2.1. Photopolymerization Chemical Ligation. Under the
existence of photoactive compounds (or known as photocatalysts), ultraviolet or visible light irradiation can trigger in
situ polymerization, thus producing three-dimensional networked hydrogels with intramolecular or intermolecular
crosslinking structures. This process is the photopolymerization. The photopolymerization chemical ligation is characteristic of mild conditions, controllable process, few byproducts, and no use of toxic initiator. The mechanism of
photopolymerization chemical ligation is introduced as follows: photoinitiator forms free radicals under irradiation of
ultraviolet or visible lights, and polymerization of monomers
is triggered by these free radicals. This method has some
prominent advantages, such as short photocuring (several
seconds to several minutes), successful reaction under room
temperature or human body temperature, no use of any
organic solvents, and temporal-space regulation. For this reason, photopolymerization chemical ligation has been widely
applied in biomedicine after it was reported by Hubbell
et al. [14]. Liu et al. [15] prepared the pH-sensitive hydrophobic polymethylacrylic acid hydrogel through polymerization of benzoin ethyl ether (photoinitiator), crylic acid-2ethylhexyl acrylate (hydrophobic monomer), tripropylene
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glycol diacrylate (crosslinking agent), and methyacrylic acid
under ultraviolet lights. Moreover, they used hydroxyanisole
as a model drug and discussed the drug delivery law of polymethacrylic hydrophobic gel.
2.2.2. Native Chemical Ligation. Dawson et al. proposed the
native chemical ligation for the ﬁrst time in 1994. Thioesters
and peptide amino acid with an N-end react ﬁrstly to produce thioester crosslinked compounds. Subsequently, these
thioester crosslinked compounds were rearranged, forming
a natural peptide bonds (Figure 2) [16]. The native chemical
ligation is widely used in big polypeptide proteins with
medium molecular weight and dendritic polymers based on
polypeptides.
2.2.3. Click Chemistry. Click chemistry is one type of reaction
that synthesizes various structural molecules quickly and
eﬀectively through the splicing module. Click chemistry has
many advantages: ﬁrstly, good spatial orientation and stereoselectivity. Secondly, strong thermomechanical eﬀect: click
chemistry often involves reactants with instable thermodynamics or stable products. Thirdly, high reaction rate: water
generally causes no negative impacts on click chemistry. In
addition, single product: click chemistry generally has no
additive reaction of producing by-products or condensation
reaction that produces water as the by-product.
In 2006, Hilborn synthesized poval with azide groups,
and alkynyl functionalized through “click chemistry” for
the ﬁrst time [17]. Later, he added CuSO4 and vitamin A
sodium salt into the system to synthesize the vinol hydrogel.
In 2008, he also discovered the formation of oxime, semicarbazone, and tetrahydrothiazole crosslinking points through
the reaction between polymer multifunctional crosslinking
agents and hyaluronic acids [18]. The multifunctional crosslinking agent based on PVA has good cell compatibility and
shows no toxicity after 48 h. It can be shaped quickly under
pH =7.4 and 37°C. The Karl Barry Sharpless research team
who won the Nobel Prize in Chemistry in 2014 reported a
click chemical reaction based on sexavalence sulfur ﬂuoride
exchange (SuFEx) in Angewandte Chemie. In the follow-up
ﬁve years, “click chemistry” between azides and alkyne
becomes one of hotspot methods to prepare hydrogel network structures.

3. Drug Delivery System
The drug delivery system (DDS) refers to a new form of drug
administration that can release drugs at the ﬁxed time, to the
target position, and in the determined dosage by regulating
the internal structure of drug carriers. It is characteristic of
high eﬃciency, low toxicity, targeted delivery, few times of
drug delivery, and high safety. Speciﬁcally, the controlled
drug releasing system and targeted controlled drug releasing
system based on reversible intelligent hydrogel carrier have
attracted wide research attentions in recent years [19, 20].
3.1. Controlled Drug Releasing System. The controlled drug
releasing system refers to a drug loading system that can
delay the releasing rate of drugs from preparations and
release drugs to the acting organ or target tissues and cells
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at a constant speed. It can decrease the drug absorption rate
of the human body, delay the action of drugs, eliminate peaks
and valleys of drugs, and decrease times of drug administrations, thus realizing better therapeutic eﬀect. The microballoon oral-taking system, osmotic pump tablets oral-taking
system, and microballoon injecting system are controlled
drug releasing systems.
3.2. Targeted Controlled Drug Releasing System. For some
clinical diseases like liver cancer, lung cancer, and solid
tumor, large dosage general administration of drugs cannot
develop eﬀect of drugs better and cause extremely signiﬁcant
toxic and side eﬀects to normal organ tissues and human
body. For example, the ordinary administration mode of
drugs generally cannot achieve the satisfying eﬀect of drugs
for brain or spinal cord diseases, which is caused by physiological barriers. However, the targeted controlled drug releasing system can concentrate drugs at the target organ tissues
or in target cells through local drug delivery based on carriers, ligands or antibodies, or general blood circulation, thus
lowering drug concentration in normal positions as much as
possible. For instance, directed drug releasing to target tissues
and organs through carriers like lipidosome, microcapsule,
and microballoon can not only decrease the administration

dosage of drugs but also improve the therapeutic eﬀect and
lower toxic and side eﬀects of anticancer drugs [21]. In addition, some antibodies or ligands could be modiﬁed onto the
carrier surface in accordance to speciﬁc diseases, so that the
drug carrier can develop immunity or aﬃnity speciﬁcity. As
a result, the drug carrier is easier to be recognized by tumor
tissues or cancer cells and can deliver drugs to the target tissues or cells more eﬃciently [22]. Due to the strong interaction with cancer cells, folic acid can be used to modify the
carrier of anticancer drugs to enhance targeting ability of
drugs. Mackiewicz et al. [23] prepared the polyethylene
glycol-b-polyglycolic acid (PEG-b-PLA) polymer and then
modiﬁed it with folic acid and ﬂuorescence needle through
click chemistry. On this basis, a nano drug-carrying micelle
is self-assembled, which realizes the dual function of targeted
drug delivery and cell imaging. Except for folic acid, some
carbohydrates also can be used in targeted DDS. Ladmiral
et al. [24] modiﬁed galactose onto vesicae through the reversible addition-fragmentation transfer (RAFT) polymerization
technique for targeted transport of rhodamine B.
Speciﬁcity is the most outstanding advantage of the targeted drug releasing system. It overcomes the low target sensitivity of biochemistry. With the continuous innovation of
new DDS and continuous updating of new carrier materials,
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the connotation and denotation of the drug carrier are updating continuously. For instance, the development of gel,
micelle, nanoparticles, and vesicae overcome many disadvantages of anticancer drugs, such as strong toxic and side
eﬀects, easy decomposition, and sudden releasing. They can
improve eﬃciency of targeted drug delivery and weaken side
eﬀects, thus enabling to achieve better therapeutic eﬀect [8].

4. Application of Intelligent Hydrogels in
Controlled Drug Releasing Systems
Compared with ordinary DDS, using intelligent hydrogels
with many special performances in the controlled drug
releasing system has many evident advantages, such as delaying the drug delivery, prolonging action time of drugs,
increasing bioavailability of drugs, stable drug concentration
and decrease ﬂuctuation of drug concentration, target transport and controlled releasing of drugs, reducing dosage of
drugs, mitigating or preventing toxic and side eﬀects, preventing inﬂuences by the “ﬁrst-pass eﬀect” of gastrointestinal
environment and liver as well as the gastrointestinal assimilation resistance, and optimizing therapy and improve compliance of patients.
The drug-carrying and controlled releasing behaviors of
xylan P (NIPAM-G-AA) hydrogel network was studied in
detail [25]. The NIPAM-G-AA hydrogel network presents a
porous structure. The special pores of hydrogel allow drugs
wrapped onto hydrogel matrix. The controlled drug releasing
rate is determined by the diﬀusion coeﬃcient of micromolecules or macromolecules in the gel network [25]. It is
reported by studies that temperature/pH-sensitive NIPAMG-AA hydrogel can control drug releasing in gastric ﬂuid
and intestinal ﬂuid well.
4.1. Drug Releasing Mechanism of pH-Sensitive Intelligent
Hydrogel and Its Applications in Controlled Drug Releasing
Systems. There are three major types of pH-sensitive materials, namely, cationic hydrogel, anionic hydrogel, and
zwitter-ion hydrogel [26]. The pH-sensitive cationic hydrogels (generally polyacrylamides) mainly include ionizable
functional groups of –NHR, -NR2, and -NH2. Amino exists
as ions in the acid environment. Repulsion among ions
increases the distance between hydrogel chains, and more
water molecules enter into the hydrogel chain, thus enhancing the swelling ratio. Hydrogen-bond interactions in hydrogel in the alkaline environment further compact the network
structure better and thereby decrease the swelling ratio [26].
The pH-sensitive anionic hydrogel (generally acids like polyacrylic acid) mainly exists in -COO-. -COO- is protonized
into –COOH in the acid environment. Due to interaction
of groups, the hydrogel network structure is more compacted, which makes it diﬃcult to develop swelling by water
absorption. In the alkaline environment, -COOH is changed
to -COO-, and the electrostatic repulsion between carboxylic
acids further extends the network structure, which is conducive to strengthen water absorption and increase the swelling
ratio [26, 27]. Zwitter-ion hydrogel mainly carries acid-based
groups. –COOH is ionized, while amino is protonized in the
alkaline environment. On the contrary, -COOH is proto-
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nized, and amino is ionized in the acid environment. The
swelling ratio decreases as approaching to the neutral state.
In a word, zwitter-ion hydrogel has ionization of groups in
either acid or alkaline environment. Ion strength is the major
inﬂuencing factor of the swelling ratio of zwitter-ion hydrogel [26]. The phase changes of the swelling performance of
all three hydrogels with pH are shown in Figure 3 [27].
The most ideal controlled drug releasing is to control
releasing of drugs in accordance with psychological needs
at speciﬁc positions (target). pH-triggered control is the most
attractive target releasing way [28, 29]. pH in gastrointestinal
tract of the human body ranges between 1 and 7.5 (1-3 in
stomach, 5-6 in saliva, 6.4-7.0 in colon, and 6.6-7.5 in intestines). pH-sensitive intelligent hydrogel can perceive changes
of the physiological environment in the human body, thus
adjusting the dynamics of drug releasing. The swelling
behavior of hydrogel also changes with pH, forming a switching key. Hydrogel has promising application prospects in the
ﬁeld of medicine [16].
The pH-sensitive hydrogel can regulate releasing of drugs
in diﬀerent physiological positions eﬀectively by taking
advantages of great diﬀerences of pH between the stomach
environment (pH ≈ 1:2) and intestinal environment
(pH ≈ 7:4) [30]. Cationic hydrogel achieves the minimum
swelling ratio under neutral conditions, and only few drugs
are released from hydrogel. For example, caﬀeine which is
loaded onto the copolymer hydrogel of polymethyl methacrylate and dimethylamino-ethyl polymethacrylate releases
drugs when pH ranges between 3 and 5. Based on this characteristic behavior, it can prevent releasing drugs with poor
tastes in the neutral oral environment and thereby improve
taste of drugs. The controlled drug releasing in stomach can
be realized by the semiinterpenetrating network type of cationic hydrogel. For example, the semi-interpenetrating network hydrogels formed by chitosan and polyethylene glycol
have good swelling characteristics in the acid environment
(close to pH in stomach). These hydrogels can be used as
intelligent hydrogel carriers for targeted releasing of antibiotic drugs in the stomach environment. Some hydrogels
which achieves the minimum swelling ratio in the acid environment and maximum swelling ratio in the neutral environment can be used as a potential carrier of intestinal or colon
speciﬁcity drugs [31].
Xu [32] and Feng et al. [33] synthesized the methacrylic
acid-poloxamer copolymer hydrogel and the multilayer
sodium alginate tech grade hydrogel for oral DSS, respectively. Releasing and swelling of these hydrogels are inhibited
in the acid environment, but they can release drugs quickly in
neutral or alkaline environments. Wu et al. [34] prepared
pH-sensitive in situ gel for delivery of ophthalmic baicalin
by using carbopol P974 as the matrix and macromolecular
crosslinked polymer hydroxypropyl methylcellulose hypromellose (HPM C-E4M) as the thickener. This in situ gel
achieved the best stability when pH is about 6.0, but the drug
releasing rate was increased signiﬁcantly at pH = 5:8. This in
situ gel improved the intraocular comfort of gel and compliance of patients. Due to the unique pH-dependent swellingdeswelling controlled drug releasing characteristics, pHsensitive hydrogel has been extensively used in the oral
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Volume of hydrogels

too quickly at contraction after LCST, which fails to realize
the goal of long-term drug releasing.

Acidic

pKa

pH value

Basic

Figure 3: Phase transition behavior of diﬀerent types of pHsensitive hydrogels. Adapted from [27], acidic hydrogels (red
rectangle) are ionised by deprotonation in basic solutions, which
have an excess of hydroxyl groups. Basic hydrogels (blue circle)
swell in acidic solutions due to the ionisation of their basic groups
by protonation. Amphiphilic hydrogels (green triangle) contain
both acidic and basic groups. Therefore, they show two phase
transitions. (reproduced from reference [27] without permissions
that are required for this ﬁgure as the original publication is open
access).

administration of drugs, traumas, and ophthalmic diseases.
However, most associated studies are dealing with experiments. Further, studies on toxic characteristics of carrier
materials, encapsulation rate, and selection of polymers are
still needed. Moreover, mutual interference of sensitive units
in the drug carrier with dual or multiple responses might
weaken and even cause disappearance of one response
sensitivity.
4.2. Drug Releasing Mechanism of Temperature-Sensitive
Intelligent Hydrogel and Its Applications in Controlled Drug
Releasing Systems. Temperature-sensitive intelligent hydrogel refers to the gel that swells or contracts of volume upon
changes of ambient temperature. This type of hydrogel has
hydrophobic monomer and hydrophilic monomer. The
interaction between hydrophobic and hydrophilic monomers and hydrogen bonds between molecular chains in
hydrogel are inﬂuenced by temperature, thus destroying the
internal structure of hydrogel and causing volume swelling
or contraction [35]. Temperature-sensitive intelligent hydrogel can be divided into low critical solution temperature
(LCST) type and upper critical solution temperature (UCST)
type. There are three major drug releasing modes and mechanisms of temperature-sensitive intelligent hydrogel [36]:
4.2.1. Squeezing Mode. Squeezing mode releases drugs
through the quick contraction of the network structure of
hydrogels. Hydrogel adsorbs drugs by swelling behavior
under low temperature, but squeezes drugs out of the gel
through contraction when the ambient temperature exceeds
LCST [37]. This controlled drug releasing path is shown in
Figure 4. It has some disadvantages: drugs encapsulated in
hydrogel can be released outward slowly through diﬀusion
under the swelling state. However, hydrogel releases drugs

4.2.2. “On-oﬀ” Controlling Mode. The “on-oﬀ” controlling
mode of the hydrogel system can be further divided into
the shell “on-oﬀ” controlling mode and micropore grafted
“on-oﬀ” controlling mode. In the shell “on-oﬀ” controlling
mode, the hydrogel contracts when the ambient temperature
exceeds LCST, which induces contraction of the hydration
shell on the surface and produces a thin compacted layer
keeping water and drugs within hydrogel. This is known as
the “oﬀ” state. When the ambient temperature is lower than
LCST, the compact layer on the hydrogel surface swells,
and it is in the “on” state to diﬀuse drugs from hydrogel freely
[38]. This process is shown in Figure 5. The micropore
grafted “on-oﬀ” controlling mode is formed by grafting
hydrogel molecular chains into the matrix of porous material. When the ambient temperature is lower than LCST,
the grafted chain of hydrogel can be extended freely to cover
micropores in matrix. This is known as the “oﬀ” state. When
the ambient temperature is higher than LCST, the macromolecular chain grafted onto the hydrogel contracts and micropores on the microballoon surface are showed, turning to the
“on” state [39]. Under this circumstance, drugs diﬀuse outward, and the goal of controlled drug releasing is realized.
This process is shown in Figure 6.
4.2.3. Free Diﬀusion. When the ambient temperature is lower
than LCST, hydrophilic drugs in the swelling hydrogel can be
released to the external environment through permeation
due to the concentration diﬀerence between saturated drugs
in hydrogel and the external environment. This presents
the Fickian releasing mechanism. The diﬀusion rate is related
with swelling degree of hydrogel as well as the drug structure
and size [40]. The releasing process is shown in Figure 7.
Temperature-sensitive intelligent hydrogel contains thermosensitive block, which can produce reversible sol-gel
phase transition under changes of ambient temperature.
Therefore, temperature-sensitive macromolecular materials
are extensively used, including cellulose, polyacrylamides,
and polysaccharide derivatives.
Although low-temperature swelling and hightemperature contraction N-isopropyl acrylamide (PNIPAM)
polymer produce phase transition under LCST (28-32°C)
and can make quick responses to temperature changes, its
applications in drug delivery are restricted for biotoxicity
and nondegradability. For degradation of hydrogel polymer,
Jeong et al. [41] synthesized the degradable temperaturesensitive PEO-PLLA-PEG polymer hydrogel. However,
UCST of this degradable temperature-sensitive PEO-PLLAPEG polymer hydrogel was only 45°C, and the polymer solution was easy to form gel to block needle under room temperature. Therefore, this UCST hydrogel is not suitable to be the
carrier for drug delivery.
The LCST value of hydrogel can be adjusted by copolymerization of hydrophilic or hydrophobic monomers. Chung
et al. [42] prepared gel through copolymerization of hydrophobic butyl methacrylate (BMA) and isopropyl acrylamide,
and LCST of this gel could be adjusted. The gel swelled to
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Figure 4: Extrusion mode of drug delivery from temperature-sensitive hydrogels.
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Figure 6: Grafted system “on-oﬀ’ modes of drug delivery.

release drugs at 10°C, but it contracted and stopped drug
releasing at 30°C. The surface contraction layer formed by
gel copolymerization plays an important role in controlled
drug releasing. Liu et al. [43] prepared a pulse drug releasing
system based on temperature-sensitive gel with switching
functions. When the ambient temperature was higher than
LCST, the interaction of lipotropic chains and intermolecular
hydrogen bonds form a polymer network to contract the gel
and release drugs. When the ambient function was lower
than LCST, the gel swelled again and stopped releasing of
drugs. Hsiue et al. [44] developed a temperature-sensitive
preparation based on PNIPAM to cure glaucoma. Ophthalmic preparation was a solution under room temperature,
but it forms gel immediately after applied in eyes, thus
releasing drugs continuously and stably. The action time
of drugs can be prolonged by 5-7 times than direct administration of drugs.
Targeted thermal chemotherapy guided by temperaturesensitive hydrogel is another hotspot of thermal chemotherapy of tumors. It controls drug releasing by changing local
temperature. When the temperature is higher than LCST,
drugs carried on the hydrogel carrier are released quickly to
the local heating position of tumor, thus producing the
thermal targeting eﬀect. It improves the therapeutic eﬀect

through dual advantages of temperature sensitivity and thermal chemotherapy. Chilkoti et al. [45] heated the artiﬁcial
temperature-sensitive elastin polypeptide which was loaded
with ELP-ADR to increase local drug concentration by 2-3
times of that under room temperature.
The temperature response rate can be adjusted by changing the gel network structure [46]. For example, PNIPAM
with amine end is prepared by using aminoethyl mercaptan
as the chain transfer agent. Next, the macromolecular monomer PNIPAM with polymerizable groups at end could be
prepared through condensation reaction of active ester
monomers and the end amino. Under the action of crosslinking agents, NIPAM monomer and this macromolecular
monomer PNIPAM copolymerize, ﬁnally forming the
grafted PNIPAM hydrogel. The swelling ratio and swelling
rate of the grafted PNIPAM hydrogel are higher than those
of ordinary PNIPAM networked hydrogel [47]. This is
mainly because the graft chain has higher degree of freedom
(DOF) and can move freely and absorb water more. The controlled drug releasing behavior is closely related with the network structure of hydrogel. Therefore, the drug releasing rate
and amount can be controlled by adjusting temperature and
gel structure [48]. However, monomer and crosslinking
agent used in PNIPAM-based hydrogel have no biocompatibility and biodegradability. For example, hydrogel carrying
acrylamide will stimulate blood platelet in blood at contact.
Therefore, it still needs abundant studies on biotoxicity to
realize clinical applications of PNIPAM-based hydrogels.
Alternatively, nontoxic hydrogels with biocompatibility and
biodegradability which are similar with polyethylene glycol
and polylysine shall be developed [49]. The hydrophobic
drug delivery process by the temperature-sensitive hydrogel
dendritic polymer which is modiﬁed by the target ligands
and ﬂuorescence needle was researched [50]. When drugs
are delivered to the human body, heats in the blood may trigger amphiphilic polymers and target points to produce multifunctional dendrimers, achieving the synergetic enhancement
successfully [50].
At present, many studies have applied multiple
temperature-sensitive intelligent hydrogels to carry or bond
antitumor drugs to treat tumors [28], such as natural polymers (e.g. chitosans, celluloses, and hyaloplasm), polyoleﬁns,
polyethers, PEG/polyesters, antitumor drugs (e.g. taxol,
adriamycin amycin, and cis-platinum), protein drugs (e.g.
insulin, interferon, and VEGF), antibiotic drugs, and DNA
[51]. PEG-PLGA which is a temperature-sensitive hydrogel
that carries taxol has been applied in clinical treatment
of tumors. The administration dosage of PEG-PLGA
(0.48 mg/m2/day) is signiﬁcantly lower than the traditional
administration dosage (17 mg/m2/day), but it improves the
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Figure 7: Free modes of drug delivery.

therapeutic eﬀect and weakens the general toxic and side
eﬀects. The eﬀect of PEG-PLGA can last for 6 weeks,
which prevent repeated injection of drugs and mitigate
pains of patients. PEG-PLGA is mainly applicable to solid
tumor which cannot be excised [52]. Peng et al. [53] performed an injection therapy to liver cancer HCC by using
the temperature-sensitive intelligent hydrogel PCL-PEG-PCL
with radionuclide (188Re-Tincolloid) and chemotherapeutics
(lipidosome adriamycin amycin), which prolonged the
action time of 188Re-Tincolloid in HCC. The tumor elimination rate of the combined group reached as high as 80%.
Therefore, the combination of the temperature-sensitive
intelligent hydrogel carrier and drugs has a promising application prospect. The critical solution temperatures of diﬀerent temperature-sensitive intelligent hydrogels are shown in
Table 1.
4.3. Drug Releasing Mechanism of pH/Temperature-Sensitive
Intelligent Hydrogel and Its Applications in Controlled Drug
Releasing Systems. Intelligent hydrogel can adapt to external
environmental changes (e.g., pH value, temperature, light,
electricity, magnetic ﬁeld, and chemical substance) through
volume changes or phase transition. Intelligent hydrogels
are used more and more in high-tech ﬁelds, such as drug
transport, biosensor, and brake [58]. Currently, intelligent
response hydrogels generally can be divided into singleresponse intelligent hydrogels (e.g., pH value, temperature,
and magnetic ﬁeld), dual-response intelligent hydrogels
(e.g., temperature-pH response, temperature-magnetic ﬁeld
response, and pH-magnetic ﬁeld response), and multiresponse intelligent hydrogels (e.g., temperature-pH-magnetic
ﬁeld multi-response and temperature-pH-light multiresponse) [57]. Since temperature and pH are not only the
most important parameters to maintain normal life activities
and the important conditions for survival of bacteria and
virus, but also the most common and easiest to be controlled
stimuli in the human body and biomedicine [59]. As a result,
pH/temperature-sensitive hydrogel is the most popular intelligent hydrogel in the ﬁeld of targeted controlled drug
releasing.
pH/temperature-sensitive hydrogel is mainly synthesized
by using monomers sensitive to pH and temperature through
graft polymerization, crosslinking, or interpenetrating networks. Substantially, pH/temperature-sensitive hydrogel is
the further development of single-sensitivity hydrogel. It
can change the response range by adjusting the mixing ratio

of pH and temperature to meet demands of diﬀerent ﬁelds.
pH/temperature-sensitive hydrogel can adapt to the complicated physiological environment like human ﬂuid better,
because it can perceive dual stimulus responses to pH and
temperature. In addition, interaction among multiple materials can not only enhance mechanical strength and biological adhesion of hydrogels but also improve accuracy of
controlled drug releasing. It is a kind of promising carrier
for controlled drug releasing.
Drug releasing based on pH/temperature-sensitive
hydrogel can be divided into follow four steps: Firstly, drugs
are dissolved out and enter into surrounding polymers or
pores. Secondly, concentration gradient makes drugs passing
through the polymer barrier through molecular diﬀusion.
Thirdly, drugs are desorbed from the polymer surface.
Finally, drugs are diﬀused to ﬂuid of the human body or environmental media. The drug releasing is mainly realized by
the squeezing eﬀect and dissolution eﬀect [60]. The drug
releasing mechanism based on pH/temperature-sensitive
hydrogel is shown in Figure 8.
Hydrogel and drugs mainly combine through physical
and chemical modes [61]. Physical combination refers to
the electric charge eﬀect between ionic polymers and charged
drugs. Cationic polymers (e.g., functional groups of amino)
can be used to control release of anionic drugs (e.g., benzocaine). Anionic polymers (e.g., hyaluronic acid) can entrap
cationic drugs (local anesthetics) and control the drug releasing by taking advantage of the electric charge eﬀect. For
uncharged monomer or polymer, anionic polymer can be
used to synthesize hydrogel to delayer or strengthen drug
releasing by taking the advantages of adsorption to speciﬁc
drugs. The chemical combination controls the drug releasing
through the covalent bonds (hydrolysis or partial hydrolysis)
between hydrogels and drugs [61].
Surrounding environmental conditions of tumor are
diﬀerent from normal physiological conditions of the
human body. Tumor temperature is about 42°C, which is
higher than normal temperature (37°C) of the human body.
pH ranges between 7.0 and 7.4 in the surrounding environment of tumor and ranges between 6.9 and 7.0 in tumor
cells, which is lower than the normal psychological value
of the human body (pH = 7:4). pH/temperature-sensitive
hydrogel can control the drug releasing speed and increase
bioavailability in addition to targeted drug delivery [62]. It
has promising application prospects in the ﬁeld biomedicine. Therefore, R&D of pH/temperature-sensitive hydrogel

International Journal of Polymer Science

9

Table 1: Critical solution temperature of temperature-sensitive intelligent hydrogel.
Name

Critical solution
temperature/°C

References

5.5
10
22.3
24
30.9
32
32.6
37
38.0
45
50.0
72.0
20-80

[54]
[42]
[54]
[54]
[54]
[37]
[55]
[3]
[54]
[41]
[54]
[54]
[56]

26-90

[57]

Poly N-piperidine
BMA-PNIPAM
Poly N-methyl-N-PNIPAM
Acrylamide-L-proline methylase
Poly N-PNIPAM
Poly-N,N-diethyl acrylamide
Chitosan/β-sodium glycerophosphate/gelatin hydrogels
Chitosan/gelatin/genipin/β-sodium glycerophosphate hydrogel
Polyvinyl methyl ether
PEO-PLLA-PEG polymer hydrogel
Poly N-ethyl methacrylamide
Poly N-ethyl acrylamide
N-TBA/M,N-dimethylacrylamide copolymer
Methacrylic acid 2-(2-methoxy ethoxy) ethyl ester (MEO2MA)-methacrylic acid oligosity
(glycol)ester (OEGMA) copolymer hydrogel
Swelling state
(low temperature)

Shrinking state
(high temperature)

Shrinking state
(low pH)

Swelling state
(high pH)

T > LCST

pH ↑

T < LCST

pH ↓

Figure 8: Drug release mechanism of hydrogels at diﬀerent temperatures and pH.

is of important signiﬁcance to targeted accurate treatment
of tumors.
Huynh et al. [62] prepared a four-arm polyethylene
glycol-polyurethane pH/temperature-sensitive intelligent
hydrogel which was loaded with chlorambucil, which showed
excellent hydrophilicity and biocompatibility. It could
develop reversible swelling contraction with changes of pH
and ambient temperature. This hydrogel can be adsorbed
surrounding tissues as a response to pH and temperature of
the human body (pH 7.4, 37°C), so that drugs can be released
at a constant speed through free diﬀusion in 14 d and ﬁnally
dissolved gradually. Huynh et al. [63] prepared pH/temperature-sensitive hydrogel through polymerization of poly βcarbamic acid ester embedded with adriamycin amycin and
polyethylene glycol. Under the in vivo psychological conditions (temperature = 37° C and pH = 7:4), gel can be formed
quickly to prolong the drug releasing time to ﬁve weeks.
Lo et al. [64] prepared the pluronic-polyacrylic acid
pH/temperature-sensitive hydrogel loaded with pharmorubicin. This is a type of the ideal degradable drug releasing system. After oral taking of aqueous solution of drugs under
room temperature, this pH/temperature-sensitive hydrogel

was changed to gel when body temperature and pH reached
37°C and 6.8, thus enabling to deliver drugs to colon continuously in 12 h. Seo et al. [65] prepared a pH/temperature-sensitive intelligent hydrogel which was loaded with
recombinant human granulocyte colony-stimulating factormacrophage colony stimulating factor (M-CSF) and chitosan
of cyclophosphamide. This hydrogel was changed to gel
under body temperature and psychological pH (37°C and
pH 7.4) to release drugs continuously to tumor tissues in 7
d. Moreover, this hydrogel can be degraded and eliminated
gradually and improve the targeted treatment and lethality
of tumor cells.
pH/temperature-sensitive hydrogel can be prepared from
copolymerization of N-NIPA and monomers containing
groups (-COOH or -NH2) which are easy to be hydrolyzed
or ionized. Polymerization of ionized pH-sensitive groups
in temperature-sensitive hydrogel can aﬀect the swelling
behavior of hydrogel. Katime et al. [66] synthesized a
pH/temperature-sensitive hydrogel N-PNIPAM-co-2-methylene-succinic acid)P (NIPA-co-MBDA) based on free
radical polymerization, ﬁnding that LCST (22-37°C) of gels
prepared by diﬀerent mixing ratios of monomers was
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Table 2: Applications of diﬀerent hydrogels in controlled drug releasing.

Type of
response

pH-sensitive

Temperaturesensitive

pH
temperaturesensitve

Hydrogel polymers
Hemicellulose grafted
polyacrylic acid
Chitosan (CS)-polyvinyl
alcohol (PVA)
Polyacrylic acid
Chitosan (CS)-polyvinyl
pyrrolidone (PVP)
Polypropyl caprolactone
glutamic acid
Chitosan/sodium
glycerophosphate
Polyglycolic acid and
polylactic acid
Poly (N-PNIPAM)carboxymethyl chitosan
Four-arm polyethylene
glycol-polyurethane
Pluronic-polyacrylic acid
Poly β-carbamic acid
ester/polyethylene glycol

Drugs

Duration

References

Aspirin

12 h

[73]

Dexamethasone/aspirin

7h

[74]

Prednisolone

5h

[75]

Oral antibiotic

Releasing rate = 73:2% in 3 h (pH = 1:0)

[76]

TAX

21d

[77]

PYM

18d

[78]

Cytarabine

10d

[79]

cis-Platinum

16d

[80]

Chlorambucil

14d

[62]

Pharmorubicin

12 h

[64]

Adriamycin amycin

35 d

[63]

Releasing rate = 91:5% in 7 h (pH = 7:0, T = 52° C).
Releasing rate = 75% in 3.5 h (pH = 2:0, T = 52° C)

[81]

(N-PNIPAM-cocrylic acid) Riboﬂavin (vitamin B2)

diﬀerent. In other words, increasing the content of 2methylene-succinic acid can increase LCST of the hydrogel,
and LCST varies under diﬀerent pH values. Hoare et al.
[67] synthesized the pH/temperature-sensitive functional
microgel of NIPAM-inyl stearate (VAc), which could realize
ionization in an extremely narrow pH range. In the same
time, the volume of the synthesized microgel was swelled
by 4 times of that of ordinary hydrogel when psychological
temperature reached ionization temperature. However, they
also discovered in the temperature-sensitivity process that
deswelling behaviors took place at complete protonization
of the microgel. In this case, phase transition would not be
observed even though the temperature was increased to
70°C. Huang et al. [68] found that P (NIPAM-co-AA) hydrogel loaded with aspirin could release drugs more quickly in
the pH 7.4 environment under 37°C compared with that
under 25°C. Given the same temperature (37°C), the drug
releasing rate at pH 7.4 (>40% in 12 h) was signiﬁcantly
higher than that at pH 1.0 (<20% in 12 h). This reveals that
the prepared P(NIPAM-co-AA) hydrogel could realize directional release of most aspirin in intestines.
In addition, pH/temperature-sensitive hydrogel also can
be used in controlled release of insulin. Ramkissoon et al.
[69] synthesized N-NIPAM- (temperature-sensitive-)
BMA-AAc (pH sensitive) trimer hydrogel with diﬀerent
molecular weights by using insulin as the protein model
drugs. It found that the release of insulin was closely related
with the molecular weight of trimer under 37°C and pH 7.4.
Under low molecular weight, the release of insulin was controlled by solubility of the trimer. Under high molecular
weight, the hydrogel with low molecular weight can be used

in fast drug releasing in duodenum, while hydrogel with
moderate molecular weight can be used in targeted drug
releasing in the small intestine and hydrogel with high
molecular weight can be used in targeted drug releasing in
colon.
Lee et al. [70] prepared injectable pH/temperature-sensitive hydrogel based on oligomerization (β-polyurethane)
(OAEU) polymer, which can be transformed into gel through
phase transition under psychological conditions (37°C,
pH 7.4). This hydrogel could be retained in a living body
for at least 2 weeks, and the phase-transition temperature
can be regulated by changing the OAEU concentration. Ding
[71] synthesized polyethylene oxide (PEO)-polyphenyl
ether-polyethylene oxide with end capped by polymer glycol
chitosan/benzaldehyde. With high sensitivity to pH and temperature, this PEO-polyphenyl ether-polyethylene oxide is
coated with DOX·HCL and prednisolone and formed hydrogels under the body temperature of 37°C. It released drugs
continuously when pH decreased to weak acidity (6.5-6.8).
Guo et al. [72] prepared a pH/temperature-sensitive intelligent hydrogel based on carboxymethyl chitosan, which
showed good reversibility. Under 37°C, the drug releasing
rate of coenzyme A in acid buﬀer solution was 22. 6%, and
it reached as high as 89.1% in the intestinal environment of
the human body. This indicated that this hydrogel is an
excellent carrier for controlled releasing of the drug CoA.
Applications of diﬀerent hydrogels in controlled drug releasing are shown in Table 2.
The multiresponse intelligent DDS (e.g., pH/temperature, pH/glucose, and pH/oxidization/reducing) is signiﬁcantly superior to single-response DDS. For example, the
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temperature-sensitive hydrogel solution is easy to be transformed into gel and block the needle when it is injected to
the human body. This problem can be solved eﬀectively by
embedding a pH-sensitive segment. The introduction of
pH-sensitive functional groups solves and improves the needle blockage and poor water solubility of hydrogel polymers
successfully, so that hydrogel can be used in package transport of ionic protein drugs. It provides more selection for
the optimal design of hydrogel structures. However, pH/temperature-sensitive hydrogel still faces with some problems
[47, 62, 82, 83]: ﬁrstly, the package rate of drugs is low, and
the preparation technique of hydrogel is complicated. Secondly, some polymers contain cytotoxic groups (e.g., polyacrylic acids), thus resulting in many side eﬀects, such as
inﬂammation and destroying cells or proteins. In addition,
it lacks a deep study on the formation mechanism of multiresponse hydrogel and the relationship between degradation
rate of hydrogel polymer and controlled drug releasing performance. This inﬂuences the optimal design and applications of gel materials.

5. Conclusions and Prospects
With the rapid development of life sciences, pharmaceutics,
genomics, intelligent polymer materials, molecular biological
technologies, and relevant interdisciplines, intelligent targeted drug delivery is an optimal administration mode of
drugs. In 2015, Obama, the present of the United States, proposed a “Precision Medicine Plan”, in which he pointed out
that the core of precision medicine lies in precision rather
than medicine. It fully demonstrates that giving appropriate
treatment to appropriate patients at appropriate time can
realize precision truly. Precision medicine will surely bring
a fresh new era of medicine. An intelligent DDS was established to make targeted transport and controlled release of
drugs based on its speciﬁc responses to the environment.
The targeted quantitative releasing of drugs at appropriate
time is an invincible opponent of many refractory diseases.
R&D of pharmaceutic preparations conforms to the
principle of “high eﬃciency, quick eﬃciency and long-term
eﬃciency,” “small toxicity, side eﬀect and dosage,” and “conveniences for production, transport, storage, carrying and
taking.” As the carrier material of pharmaceutic preparation,
the intelligent response hydrogel is characteristic of intelligent, eﬃcient, safe, and convenient controlled drug releasing.
It has attracted wide research attentions. However, it still has
some problems [67, 70, 74, 82–85]: ﬁrstly, the response time
of temperature-sensitive hydrogel is still long to the drug carrying system. In clinical applications, temperature-sensitive
hydrogels have poor hydrophilicity, low relative molecular
weight, and initial sudden releasing problems of proteins.
Secondly, the controlled releasing of anticancer drugs by
chemical gel which can make quick response can only form
hydrogel by in vivo chemical reaction. It is diﬃcult to assure
eﬀective entrapment of drugs. In addition, this might trigger
side reaction of polymers and drugs, thus inactivating drugs.
Thirdly, degradation products of some polymers (e.g., PLA
and PLGA) can lower the pH value in the injection position,
resulting in inﬂammation, cell damages, or protein problems.
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In addition, it is necessary to increase entrapment rate of
hydrogel to drugs, improve biocompatibility, biodegradability, and mechanical properties of hydrogel and lower its toxicity. Besides, the in vivo degradation process of hydrogel as
well as metabolic products and elimination time shall be
interpreted. Cytotoxicity, biotoxicity, and therapeutic eﬀect
after drug loading of the hydrogel system have to be veriﬁed
signiﬁcantly.
As a new intelligent DDS, pH/temperature-sensitive
hydrogel has achieved outstanding progresses. Its applications in targeted drug delivery and controlled drug release
have been a research hotspot in the ﬁeld of medicine. With
the continuous development of intelligent polymer materials,
genomics, molecular biological technologies, and relevant
interdisciplines, the intelligent response hydrogels will
achieve more extensive applications in targeted drug delivery
and controlled drug releasing and take the leadership in the
new era of “Precision Treatment”.
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We report on the synthesis of chitosan-alginate nanodisks (Cs-Al NDs) using a simple approach consisting of the ionotropic
gelation method. Sodium tripolyphosphate (STPP) was used as crosslinking agent to promote the electrostatic interaction
between amine groups the chitosan and hydroxyl and carboxyl groups of alginate. Scanning electron microscopy (SEM) images
provided direct evidence of the morphology of the nanodisks where agglomeration was observed due to the electrostatic
interaction between the functional groups. Furthermore, dynamic light scattering (DLS) showed that the hydrodynamic size of
the Cs-Al NDs was 227 nm and 152 nm in pH 1.2 and pH 7.4, respectively, which is in agreement with the information observed
in the SEM images. The chemical structure is presented mainly the amine and carboxyl groups due to the presence of chitosan
and alginate in the nanodisks, respectively, which allow the electrostatic interaction through N-H linkages. According to
the X-ray diﬀraction, we found that the Cs-Al NDs exhibited the typical structure of chitosan and alginate, which lead the
formation of polyelectrolyte complexes. We also evaluated the encapsulation of amoxicillin in the nanodisk, obtaining a
loading eﬃciency of 74.98%, as well as a maximum in vitro release amount of 63.2 and 52.3% at pH 1.2 and 7.4,
respectively. Finally, the cytotoxicity eﬀect of the Cs-Al nanodisks was performed in human prostatic epithelial PWR-1E and
Caucasian prostate adenocarcinoma PC-3 cell lines, in which the cell viability was above 80% indicating low inhibition and
determining the Cs-Al NDs as a promising technology for controlled delivery systems.

1. Introduction
Recently, natural polymers such as polysaccharides have
been widely explored for the synthesis of nanomaterials
applied to multiple applications, especially in the biomedical and pharmaceutical ﬁelds [1, 2]. Polysaccharides such
as chitosan and alginate are abundant and can be found
easily in the environment and possess excellent physicochemical and biological properties such as biocompatibility, biodegradability, and low toxicity, which demonstrate

that these biopolymers are suitable for sustained and controlled drug delivery systems [3–5]. These biopolymers are
catalogued as Generally Regarded as Safe (GRAS) by the
Food and Drug Administration (FDA), allowing their use
for drug delivery systems [6].
Chitosan is a linear and cationic biopolymer derived
from chitin after a deacetylation process and consisted of
β (1-4) linked 2-acetamido-2-deoxy-β-D-glucopyranose
and 2-amino-2-deoxy-β-D-glucopyranose structures, oﬀering abundant amine (-NH2) functional groups for better
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adsorption capacity and environmental adaptability [1, 7, 8].
On the other hand, alginate is an anionic polymer derived
from seaweeds and is chemically structured of (1,4) linked
β-D-mannuronic and α-ʟ-guluronic acid moieties, in which
the hydroxyl (-OH) and carboxyl (-COOH) functional
groups enhance the availability and stability in acidic environments, oﬀering a potential application for encapsulation
and controlled release of drugs [9–11].
The amine and carboxyl groups of chitosan and alginate,
respectively, can promote through an ionotropic gelation
technique a rapid electrostatic interaction leading the formation of a polyelectrolyte complex nanocomposite widely used
for wound dressing, tissue engineering, and drug delivery
[12–14]. Ionotropic gelation consists of the crosslink of both
biopolymers in the presence of polyvalent ion compounds
such as sodium tripolyphosphate (STPP); however, the polycationic and polyanionic nature of the biopolymers may
form a polyelectrolyte complex in aqueous solution spontaneously [12, 15]. Therefore, the combination of both biopolymers is shown to be more eﬀective than chitosan or alginate
separately, improving the binding performance and stability
in acidic and basic environments, which enables more controlled delivery and release of drugs according to the external
stimuli, and may be also extended to other characteristics
of the environment such as temperature and ion strength
[16, 17].
We hereby report the synthesis of chitosan-alginate
nanodisks (Cs-Al NDs) using the ionotropic gelation technique, in which STPP was used as the highly charged agent
to promote the strong electrostatic interaction between the
functional groups of both biopolymers. In this study, scanning electron microscopy (SEM), dynamic light scattering
(DLS), Fourier-transform infrared spectroscopy (FTIR),
and X-ray diﬀraction (XRD) were performed to obtain morphological and physical information, respectively. We also
evaluate the encapsulation eﬃciency and in vitro release
capacity of the Cs-Al NDs in acidic and basic environments,
using amoxicillin as the model drug. Finally, we assessed the
cytotoxicity eﬀects of the Cs-Al NDs on the cell viability of
human prostatic epithelial PWR-1E and Caucasian prostate
adenocarcinoma PC-3 cell lines.

2. Materials and Methods
2.1. Materials. Chitosan (85% deacetylation), sodium tripolyphosphate (STPP), and acetic acid were purchased from
Alfa Aesar, and sodium alginate was from Danisco. Hydrochloric acid (HCl), potassium phosphate (K3PO4), sodium
hydroxide (NaOH), and potassium chloride (KCl) were
supplied from Panreac. Amoxicillin was acquired from
Genfar. Human cell lines PC-3 and PWR-1E were obtained
from American Type Culture Collection (ATCC). Fetal
bovine serum, penicillin-streptomycin, keratinocyte culture,
bovine pituitary extract, and EGF recombinant human
protein were supplied from Thermo Fisher Scientiﬁc.
Phosphate-buﬀered saline (PBS), trypan blue, phenazine
ethosulfate (PES), and (3-(4,5-dimethylthiazol-2-yl)-5-(3carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)
MTS were purchased from Sigma-Aldrich. CellTiter 96®
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AQueous One Solution Cell Proliferation Kit was acquired
from Promega.
2.2. Synthesis of Chitosan-Alginate Nanodisks (Cs-Al NDs).
The Cs-Al NDs were prepared by ionotropic gelation of
chitosan and sodium alginate using STPP as a highly
charged agent [18]. Chitosan (2.25 mg/mL) was added in
acetic acid solution at 1% v/v under magnetic stirring at
700 rpm until the biopolymer was dissolved completely.
Then, sodium alginate (0.5 mg/mL) and STPP (1 mg/mL)
solutions were prepared in distilled water and mixed to
perform the chitosan crosslinking. Gelation was carried
out by dropwise addition of the sodium alginate/STPP
solution into the chitosan gel following a 3 : 1 v/v ratio
under magnetic stirring at 700 rpm for 10 min. Finally,
the suspension was centrifuged to precipitate the Cs-Al
NDs at 5500 rpm for 15 min, and then the supernatant
containing unreacted polymer was removed gently using
a pipette. The as-synthesized Cs-Al NDs were washed
several times with distilled water and then lyophilized to
obtain the ﬁnal product.
2.3. Characterization. The surface morphology and shape of
the lyophilized Cs-Al NDs were observed using the scanning
electron microscopy (SEM) technique in a high-performance
JEOL JSM 6490 LV equipment with a high resolution of
3.0 nm and low vacuum mode. The Cs-Al NDs for imaging
were drop casted onto gold coat in a sputter coater and left
to dry at room temperature. The hydrodynamic size and
particle size distribution were determined using a dynamic
light scattering (DLS) Horiba LB-550 equipment. Functional
groups were determined using a NICOLET 6700 FT-IR
(Thermo Scientiﬁc) equipment with a wavelength between
400 and 4000 cm-1. X-ray diﬀraction (XRD) was carried out
with the aim to obtain crystalline information using an XPert
PANalytical Empyrean Series II with a 2θ range from 5 to 80°.
The Cs-Al NDs were dispersed in 2 buﬀer solutions at
pH 1.2 and 7.4 using an ultrasound bath and then analyzed in quintuplicate. UV-Vis spectrophotometry spectra
to determine the encapsulation eﬃciency and release of
amoxicillin at pH 1.2 and 7.4 were collected using an
UV-2650 spectrometer.
2.4. Encapsulation Eﬃciency of Amoxicillin. Amoxicillin was
used as a model drug for encapsulation in Cs-Al NDs. Following the process for nanodisk preparation, amoxicillin
(0.1 mg/mL) was added to the STPP solution before crosslinking with chitosan. The gelation process was the same as
mentioned in a previous step for Cs-Al NDs synthesis. The
encapsulation eﬃciency (EE) of amoxicillin was calculated
using the supernatant obtained after centrifugation, in which
an UV-2650 UV-Vis spectrophotometer was used to measure the absorbance at 247 nm. Calibration curves allowed
to quantify the amount of free amoxicillin in the supernatant
and then to determine EE% in triplicate according to



Total content − free content
EEð%Þ =
× 100:
Total content

ð1Þ
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2.5. In Vitro Release of Amoxicillin. A study of amoxicillin
releases was performed using PBS solutions at pH 1.2 and
7.4, in order to evaluate the controlled delivery of the drug
and the stability of the Cs-Al NDs in acidic and basic
mediums, respectively. The PBS at pH 1.2 was prepared using
50 mL of KCl (0.2 M) and 85 mL of HCl (0.2 M) solutions,
and in parallel, the PBS at pH 7.4 was obtained mixing
100 mL of K3PO4 (0.1 M) and 78.2 mL of NaOH (0.1 M).
Then, 30 mg of amoxicillin loaded Cs-Al NDs was dispersed
in 120 mL of each PBS solution and placed in an incubator
shaker under 150 rpm at 37°C for a total period of 8 h. Aliquots of 5 mL were taken each 0.25 h in the ﬁrst hour, each
0.5 h in the second hour, and then each hour; subsequently,
the same amount was replaced by fresh PBS to keep the total
volume constant. Each aliquot was centrifuged at 5500 rpm
for 10 min, and its absorbance was collected at 247 nm to calculate the cumulative release (CR) of amoxicillin in Cs-Al
NDs according to
CRð%Þ =

mt=0 − mt=n
× 100,
mt=0

ð2Þ

where mt=0 is the amoxicillin amount content in Cs-Al NDs
at t = 0 (g) and mt=n is the amoxicillin amount contents in
Cs-Al NDs at t = n (g).
2.6. In Vitro Cytotoxicity Assessment
2.6.1. Human Cell Line Cultivation. Human prostatic epithelial PWR-1E and Caucasian prostate adenocarcinoma PC-3
cell lines were cultured and incubated in a 96-well plate using
Dulbecco’s modiﬁed Eagle’s medium (DMEM) at 37°C and
under a 5% CO2-humidiﬁed air atmosphere for 24 h. DMEM
was supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin, and keratinocyte cell culture medium.
The keratinocyte cell culture medium was previously supplemented with 10% bovine pituitary extract and an EGF
recombinant human protein. Cell lines were passaged up to
40 and proliferated until reaching 70-80% of conﬂuency
prior cultivation with Cs-Al NDs. After cultivation and incubation, DMEM was removed and replaced by freshly supplemented DMEM containing Cs-Al NDs at 10, 25, and
50 μg/mL using PBS as the culture medium control in which
the nanodisks were previously dispersed in the same PBS
until reaching 200 μg/mL. Cell lines were cultured and incubated under the same conditions for 48 and 72 h with
triplicate.
2.6.2. Trypan Blue and CellTiter 96® AQueous Viability
Assays. The viability of PWR-1E and PC-3 cell lines was
evaluated through 2 diﬀerent methods, trypan blue and
CellTiter 96® AQueous. After cultivation and incubation,
DMEM was removed and cell lines were washed several
times with PBS to eliminate the residual Cs-Al NDs. For
the ﬁrst method, fresh DMEM and 10 μL of trypan blue
were added to each well following a volume ratio of
10 : 1, respectively. Cell lines were then incubated under
the same conditions for 2 h. After incubation, cell lines
were placed into a Neubauer chamber for manual cell
counting to determine the cell viability (CV) per mL. After

counting the cells that excluded trypan blue, the CV was
calculated according to
CVð%Þ =

Cells that excluded dye
× 100:
Total cells

ð3Þ

The second method consisted in a colorimetry technique
using a solution composed of (3-(4,5-dimethylthiazol-2-yl)5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) MTS and phenazine ethosulfate (PES) as an electronic
coupling agent. This assay was performed using a CellTiter
96® AQueous One Solution Cell Proliferation kit, in which
20 μL of the MTS/PES stable solution was added to the cell
line culture wells and then allowed to incubate at 37°C for
2 h. The cell viability was evaluated using Multiskan FC
Microplate Photometer by Thermo Fisher Scientiﬁc, where
the absorbance was measured at 490 nm to determine the
total number of viable cells in a culture in which the absorbance value was directly proportional to this total number.
2.7. Statistical Analysis. The statistical analysis was investigated by a one-way analysis of variance (ANOVA) to determine the signiﬁcance level of p < 0:05. GraphPad Prism
v6.0 program was used to analyze the experimental data that
was performed in triplicate and expressed as the mean ±
standard deviation.

3. Results and Discussion
3.1. Characterization of Cs-Al NDs. Scanning electron
microscopy (SEM) images shown in Figures 1(a) and 1(b)
determine the morphological features of the as-synthesized
Cs-Al NDs. Agglomeration can be observed since the nanodisks were lyophilized previously, but the shape of the disks
can still be seen clearly as shown in the SEM image in
Figure 1(b) [19]. The nanoparticles were successfully synthesized with a more disk shape than the usual spherical or common structures, presenting a regular and smooth surface but
a wide size range, which can be attributed to many factors
such as the biopolymer concentrations and electrostatic
interaction that occurs during ionotropic gelation using
sodium tripolyphosphate (STPP) as a highly charged compound [20, 21]. The combination of chitosan and alginate
leads the spontaneous aggregation and formation of polyion
complexes through the interaction of the carboxyl and amine
groups within the structure of both polymers, respectively
[22]. Additionally, the electrostatic interaction helps with
the formation of polyelectrolyte complexes by using a crosslinking agent such as STPP, which contributes to the crosslinking and orientation of the nanoparticles during the
growth [23–25]. Some reports have shown that the variation
of several parameters such as the concentration and weight
ratio of chitosan and alginate, as well as the pH solution
and addition order, can signiﬁcantly aﬀect the size and shape
of the ﬁnal nanoparticle and even the structure that may be
either heterogeneous or homogenous [22]. Wasupalli and
Verma found that a balance between pH solution and strong
electrostatic interaction leads to the formation of nanoﬁbers,
whereas with a weaker interaction it tends to form
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(a)

(b)

Figure 1: Scanning electron microscopy (SEM) images of the as-synthesized Cs-Al NDs at (a) ×3,000 and (b) ×5,000 magniﬁcations.

nanocolloids [22]. Other reports made by Jeddi and Mahkam
and Nalini et al. showed the formation of nanorods using chitosan, alginate, and a highly charged agent, which conﬁrms
that a strong electrostatic interaction is working as crosslinking between polymers, which is in agreement with the results
obtained in this study [26, 27]. Besides, the presence of dense
and agglomerated Cs-Al NDs in Figure 1(a) can be easily
related to the availability of amine and carboxylic functional
groups that produced strong electrostatic interaction on the
surface [28]. This behaviour can be also observed in the size
particle distribution as shown in Figure 2.
The chitosan/alginate weight ratio and pH of the solution
in which nanodisks are dispersed play an important role in
physical properties such as hydrodynamic size, agglomeration, and polydispersity [29]. According to the histograms,
the particle size distribution is inﬂuenced by the pH of PBS
solutions, indicating diﬀerent responses in acidic and basic
mediums. The particle size of Cs-Al NDs increases signiﬁcantly at pH 1.2 as shown in Figure 2(a), obtaining a hydrodynamic average diameter of 227 ± 100 nm, which can be
related to the collapse of the chitosan molecule structure
due to deprotonation of amine functional groups on the surface and also to the formation of intermolecular hydrogen
bonding during the gelation process [30]. Compared to the
hydrodynamic average diameter for Cs-Al NDs in PBS solution at pH 7.4, a decrease up to 152 ± 67 nm is observed in
Figure 2(b), indicating good stability at neutral pH. The presence of potassium ions from the STPP appears to be a very
important factor in the formation of nanodisk shapes, leading the rapid increase in the agglomeration and particle size
produced by a compact membrane of chitosan on the surface
of the nanodisks [31, 32]. These results of particle size distribution and hydrodynamic size are consistent with the SEM
images reported above and are in agreement with the results
reported in the literature about the synthesis of chitosan/alginate nanoparticles by ionotropic gelation [6, 33].
Information related to the chemical structure of the CsAl NDs prepared using STTP as ionotropic gelation agent
is shown in Figure 3. The spectrum shows the specimens in
which vibrations for diﬀerent functional groups were identi-

ﬁed. The broadband between 3370 and 2950 cm-1 corresponds to the N-H and O-H stretching vibrations,
representing the aliphatic primary amine and alcohol groups,
respectively [34, 35]. The peak at 2874 cm-1 conﬁrmed the
presence of aliphatic C-H stretching [36, 37]. The deformation of N-acetylglucosamine determines the possible interaction between the amine and phosphate groups in the Cs-Al
NDs, which can be evidenced by the presence of the peaks
around 1592 and 1529 cm-1, as well as the peak at
1407 cm-1 indicating an antisymmetric deformation of
methyl groups due to the electrostatic interaction with
STTP [37–39]. The presence of alginate can be evidenced
by the stretching vibration of carboxylic acid at 1382,
1214, and 1027 cm-1 [36, 40]. The peak at 1306, 1129,
1065, and 891 cm-1 corresponded to the tertiary amide
group, C-O-C glycosidic bond, C-O stretching vibration,
and C-O-C stretching vibration [36, 37]. The wavenumber
range between 790 and 440 cm-1 is attributed to the electrostatic interaction between the functional groups of chitosan and STTP, which can be described as a derivation
of linkages with N-H symmetric vibrations [38].
Crystallinity of the as-prepared Cs-Al NDs was evaluated
by using the X-ray diﬀraction (XRD) technique. The diﬀraction pattern is shown in Figure 4, which evidenced the presence of characteristic peaks corresponding to the chitosan
and alginate polymers. Peaks at 9 and 19° conﬁrm the existence of chitosan within the nanodisks’ structure and are
attributed to the formation of hydrogen bonds between the
amine and hydroxyl groups and the dilution of chitosan in
acetic acid, respectively [23], whereas peak at 12° and also a
broad peak starting at 35° correspond to the presence of alginate [14, 29, 41]. An intense peak was observed at 23° indicating the presence of the Cs-Al NDs, which can be inferred that
alginate is inﬂuencing the crystalline properties of chitosan
through hydrogen bonding, and electrostatic interaction
between negative and positive charges, conﬁrming the formation of a polyelectrolyte complex using the ionic gelation
method [14, 23, 42]. These results are in agreement with
those reported in the literature, allowing to state that the
Cs-Al NDs present high crystallinity, strong electrostatic
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Figure 2: Particle size distribution of Cs-Al NDs in PBS at pH (a) 1.2 and (b) 7.4.

interaction, and good order of the crystallites [19]. The crystallite size for the Cs-Al NDs was calculated to be 1.6 nm
from the peak with the strongest intensity at 23°, according
to the following Debye-Scherrer equation (1):

d=

k×λ
,
β × cos θ

ð4Þ

where d (nm) is the crystallite size, k (0.94) is the Scherrer
constant, λ (Cu − Kα = 0:1541 nm) is the X-ray wavelength,
β (FWHM, rad) is the full width at half maximum, and θ
(rad) is the Bragg diﬀraction angle.

3.2. Encapsulation Eﬃcacy and In Vitro Drug Release. The
amoxicillin encapsulation eﬃciency in Cs-Al NDs was calculated from a supernatant by triplicate, giving an eﬃciency of
74:98% ± 0:23. This result indicates that these nanodisks are
a suitable material for a successful loading of amoxicillin and
was consistent with the results reported in the literature of
other chitosan/alginate nanoparticles [36, 40, 43]. The
presence of the STPP crosslinking agent inﬂuences the
encapsulation eﬃciency characteristic due to the formation
of chitosan/alginate-TPP complex that produces an electrostatic interaction between carboxylic and amine functional
groups of chitosan and amoxicillin, increasing the loading
of amoxicillin in Cs-Al NDs [44]. However, the encapsulation eﬃciency is increasing in agglomeration after ionotropic
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Figure 4: X-ray diﬀraction (XRD) pattern of the as-synthesized
Cs-Al NDs.

gelation as shown in Figure 1, which is expected to
decrease the surface area availability of the nanodisks,
leading to the saturation of the polymer matrix during
the drug loading [36, 45].
The in vitro release of amoxicillin from Cs-Al NDs was
carried out in PBS solution at pH 1.2 and 7.4 and was monitored as a function of time as shown in Figure 5. According to
the curves, the encapsulated drug release showed to be significantly high, which obtained a maximum release amount
within 8 h of 63.2 and 52.3% at pH 1.2 and 7.4, respectively.
There were two stages in the cumulative amoxicillin release
of the Cs-Al NDs in both pH, where initially the release
increased rapidly and constantly (burst eﬀect) in the ﬁrst
2 h due to the limited distribution of the drug onto the surface, and then during the following 6 h, the release slightly
decreased and became more stable [46, 47]. Thereby, the
release proﬁle of amoxicillin encapsulated in Cs-Al NDs are
shown to be sustainable, which is an important factor in
reducing the hepatotoxicity eﬀects and damage to healthy
cells in anticancer drug delivery systems [27, 48].
Although similar results were observed for both pH condition, Cs-Al NDs at pH 7.4 best released the encapsulated
drug within 8 h, suggesting that the Cs-Al NDs can be capable to hold and have controlled release capacity of amoxicillin. Hence, these results can be considered positive, since a
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Figure 5: Amoxicillin release from Cs-Al NDs in PBS solutions with
pH at 1.2 and 7.4.

long-term drug delivery system is more suitable for anticancer treatment, due to the low hepatotoxicity for controlled
drug concentration, and less doses are required being an economic and therapeutic advantage [49]. This prolonged
period and reduced dose at pH 7.4 may be attributed to the
electrostatic interaction between functional groups of the
chitosan/alginate-STPP complex and the drug, providing
good pH sensitivity which improves the controlled release
capacity of the Cs-Al NDs [50, 51]. On the contrary, the faster release found at pH 1.2 can be related to a higher solubility
and swelling capability of Cs-Al NDs, since there was a
change in the complex structure due to a possible protonation of the carboxylic and amine groups weakening the
bonding with STPP and thus decreasing the π-π interaction
between amoxicillin and the Cs-Al NDs structure [51, 52].
According to the results, a partial release of amoxicillin was
observed which may be attributed by the fact that the nanodisks had a low degradation during the test. However, a
greater degradation of the polymer framework occurred for
the nanodisks exposed to acidic pH, indicating the diﬀusion
of amoxicillin due to the polymer chain relaxation, in which
these results were in agreement with those reported in the literature [36, 53].
3.3. In Vitro Cytotoxicity Assessment. Trypan blue and CellTiter 96® AQueous tests were performed to evaluate cytotoxicity using diﬀerent concentrations (10, 25, and 50 μg/mL) of
Cs-Al NDs against two cell lines, PWR-1E and PC-3.
According to the results from both methods shown in
Figures 6(a)–6(d) and 7(a)–7(d), no signiﬁcant toxicity was
observed in the cell lines providing a viability above 80%,
which is in agreement with the cytotoxicity requirements
for the application of biomaterials in drug delivery systems
[50, 51]. Although the viability slightly decreased when the
exposure concentration with Cs-Al NDs increases, as was
observed mainly in Figures 7(a) and 7(c) for PWR-1E cells,
the high percentage corresponds to no-cytotoxic eﬀects indicating that no damage was caused to the cell membrane [2],
allowing their normal growth due to the excellent biocompatibility of chitosan and alginate biopolymers [54].
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Diﬀerences were observed between the normal cell line
and the adenocarcinoma culture as shown in Figures 6
and 7, which can be inferred that the Cs-Al NDs provides
better biocompatibility regarding the adenocarcinoma cells,
considering them suitable for applications in cancer treatments as nanocarriers for the delivery of drugs. However,
the cell viability tends to increase when exposed for 72 h,
indicating that eventually cells keep growing due to an
improvement in the biocompatibility, promoted as a positive characteristic in terms of prolonged drug delivery
[21], which is the opposite for the case of adenocarcinoma
cells. From the results, it is also important to take into
account that increasing the Cs-Al NDs concentration
may aﬀect negatively the cell viability, as was observed
for the treatment using 50 μg/mL which resulted in a
slight inhabitation of both cell lines due to induced oxidative stress on cells or changes in the cell membrane, as
well as inducing damage of the DNA [1, 55, 56]. These
results are in quantitative agreement with the results
reported in the literature, which obtained low growth inhibition using similar nanomaterials synthesized with chitosan and alginate biopolymers for cytotoxicity assessment
[13, 14, 57].
Although the results from trypan blue method indicated
high cell viability compared to those obtained by using the
CellTiter 96® AQueous method, reports show less accuracy
using trypan blue. Accordingly, these results from the
CellTiter 96® AQueous method are more reliable and the
cytotoxicity pattern observed seems to be in agreement
with other reports, in which higher concentration of nanoparticles is the main cause of inducing negative eﬀects on
the cell viability [58]. Among these reports, the use of alginate/chitosan and other types of nanocarriers against different cells lines was involved, and the results showed a
similar trend in which a variation in the cell viability
may be attributed to the selectivity with no discrimination
toward the normal and cancerous cells [1, 36, 40, 59].

4. Conclusions
We report a facile strategy to synthesize chitosan-alginate
nanodisks (Cs-Al NDs) using ionotropic gelation method
and sodium tripolyphosphate (STPP) as a highly charged
agent. We observed the interaction between charges of the
amine group of chitosan and the carboxyl group of alginate,
which was promoted by degradation of some chemical structures and then the electrostatic interaction with phosphates,
leading to the formation of the nanodisks as was reported
in the SEM images. The characterization results corroborated
that the Cs-Al NDs has a high and regular crystalline orientation due to the strong interaction between the polymers.
We also found that the hydrodynamic size increases when
the nanodisks are exposed to an acidic environment, in
which a burst release of drug due to the swelling behaviour
in pH 1.2 may occur. Therefore, in a basic environment, the
nanodisk presents small hydrodynamic sizes, indicating a
better and more controlled release of amoxicillin. These CsAl NDs showed high cell viability above 80% when exposed
for 48 and 72 h, taking into account that the viability may
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increase due to the high biocompatibility of the nanodisks,
which represent an eﬃcient nanomaterial for medical and
pharmaceutical applications, and are also shown to be a
new platform for further and deeper studies involving diﬀerent drugs and cell lines, as well as in vivo tests.

Data Availability
The data used to support the ﬁndings of this study are
included within the article.

Conflicts of Interest
The authors declare that there is no conﬂict of interest
regarding the publication of this paper.

Acknowledgments
The authors are grateful to the Administrative Department of
Science, Technology and Innovation (known in Spanish as
Colciencias) for the ﬁnancial support provided by the Young
Researchers Program. This work made use of the Research,
Innovation and Development of Materials Centre (known
in Spanish as CIDEMAT), which is supported through the
Microscopy Laboratory at the Universidad de Antioquia.
The authors would like to acknowledge the support of the
Universidad de Cartagena for the qualiﬁed human resource
and facilities in the development of experiments. The authors
would also like to thank the Doctorate in Engineering
Program from the Universidad de Cartagena for their
support with the doctoral training of David Patiño-Ruiz.

References
[1] M. Bilal, T. Rasheed, H. M. N. Iqbal, C. Li, H. Hu, and
X. Zhang, “Development of silver nanoparticles loaded
chitosan-alginate constructs with biomedical potentialities,”
International Journal of Biological Macromolecules, vol. 105,
Part 1, pp. 393–400, 2017.
[2] D. Aluani, V. Tzankova, M. Kondeva-Burdina et al., “Еvaluation of biocompatibility and antioxidant eﬃciency of
chitosan-alginate nanoparticles loaded with quercetin,” International Journal of Biological Macromolecules, vol. 103,
pp. 771–782, 2017.
[3] T. Wu, J. Huang, Y. Jiang et al., “Formation of hydrogels based
on chitosan/alginate for the delivery of lysozyme and their
antibacterial activity,” Food Chemistry, vol. 240, pp. 361–369,
2018.
[4] M. Gierszewska, J. Ostrowska-Czubenko, and E. Chrzanowska,
“pH-responsive chitosan/alginate polyelectrolyte complex
membranes reinforced by tripolyphosphate,” European Polymer
Journal, vol. 101, pp. 282–290, 2018.
[5] M. He, X. Zhang, W. Yao, C. Wang, L. Shi, and P. Zhou, “Construction of alternate layered chitosan/alginate composite
hydrogels and their properties,” Materials Letters, vol. 200,
pp. 43–46, 2017.
[6] K. Ling, H. Wu, A. S. Neish, and J. A. Champion, “Alginate/chitosan microparticles for gastric passage and intestinal
release of therapeutic protein nanoparticles,” Journal of Controlled Release, vol. 295, pp. 174–186, 2019.

International Journal of Polymer Science
[7] L. Zakaria, T. W. Wong, N. K. Anuar et al., “Enhancing sustained drug release property of chitosan in spheroids through
crosslinking reaction and coacervation,” Powder Technology,
vol. 354, pp. 815–821, 2019.
[8] W. Zhang, H. Wang, X. Hu et al., “Multicavity triethylenetetramine-chitosan/alginate composite beads for enhanced
Cr(VI) removal,” Journal of Cleaner Production, vol. 231,
pp. 733–745, 2019.
[9] F. N. Sorasitthiyanukarn, P. Ratnatilaka Na Bhuket,
C. Muangnoi, P. Rojsitthisak, and P. Rojsitthisak, “Chitosan/alginate nanoparticles as a promising carrier of novel curcumin diethyl diglutarate,” International Journal of Biological
Macromolecules, vol. 131, pp. 1125–1136, 2019.
[10] M. Halimi, M. Alishahi, M. R. Abbaspour, M. Ghorbanpoor,
and M. R. Tabandeh, “Valuable method for production of oral
vaccine by using alginate and chitosan against Lactococcus garvieae/Streptococcus iniae in rainbow trout (Oncorhynchus
mykiss),” Fish & Shellﬁsh Immunology, vol. 90, pp. 431–439,
2019.
[11] M. A. Khan, C. Yue, Z. Fang et al., “Alginate/chitosan-coated
zein nanoparticles for the delivery of resveratrol,” Journal of
Food Engineering, vol. 258, pp. 45–53, 2019.
[12] D. K. Bedade, Y. B. Sutar, and R. S. Singhal, “Chitosan coated
calcium alginate beads for covalent immobilization of acrylamidase: process parameters and removal of acrylamide from
coﬀee,” Food Chemistry, vol. 275, pp. 95–104, 2019.
[13] S. Wichai, P. Chuysinuan, S. Chaiarwut, P. Ekabutr, and
P. Supaphol, “Development of bacterial cellulose/alginate/chitosan composites incorporating copper (II) sulfate as an antibacterial wound dressing,” Journal of Drug Delivery Science
and Technology, vol. 51, pp. 662–671, 2019.
[14] J. Venkatesan, J. Y. Lee, D. S. Kang et al., “Antimicrobial and
anticancer activities of porous chitosan-alginate biosynthesized silver nanoparticles,” International Journal of Biological
Macromolecules, vol. 98, pp. 515–525, 2017.
[15] A. Da S Pereira, M. M. Diniz, G. De Jong et al., “Chitosan-alginate beads as encapsulating agents for Yarrowia lipolytica
lipase: Morphological, physico-chemical and kinetic characteristics,” International Journal of Biological Macromolecules,
vol. 139, pp. 621–630, 2019.
[16] F. Maestrelli, M. Jug, M. Cirri, I. Kosalec, and P. Mura, “Characterization and microbiological evaluation of chitosanalginate microspheres for ceﬁxime vaginal administration,”
Carbohydrate Polymers, vol. 192, pp. 176–183, 2018.
[17] C. Qin, J. Zhou, Z. Zhang, W. Chen, Q. Hu, and Y. Wang,
“Convenient one-step approach based on stimuli-responsive
sol-gel transition properties to directly build chitosanalginate core-shell beads,” Food Hydrocolloids, vol. 87,
pp. 253–259, 2019.
[18] A. P. H. Barros, M. T. A. Morantes, M. I. C. Hoyos, and L. J. M.
Ospino, “Preparación de nanopartículas de quitosano modiﬁcadas con alginato de sodio con potencial para la liberación
controlada de medicamentos,” Revista EIA, vol. 12, no. 57 5,
pp. 75–83, 2016.
[19] M. Ji, X. Sun, X. Guo et al., “Green synthesis, characterization
and in vitro release of cinnamaldehyde/sodium alginate/chitosan nanoparticles,” Food Hydrocolloids, vol. 90, pp. 515–522,
2019.
[20] A. Bhattacharyya, D. Mukherjee, R. Mishra, and P. P. Kundu,
“Preparation of polyurethane-alginate/chitosan core shell
nanoparticles for the purpose of oral insulin delivery,” European Polymer Journal, vol. 92, pp. 294–313, 2017.

9
[21] K. Yoncheva, M. Merino, A. Shenol et al., “Optimization and
in-vitro/in-vivo evaluation of doxorubicin-loaded chitosanalginate nanoparticles using a melanoma mouse model,” International Journal of Pharmaceutics, vol. 556, pp. 1–8, 2019.
[22] G. K. Wasupalli and D. Verma, “Molecular interactions in selfassembled nano-structures of chitosan-sodium alginate based
polyelectrolyte complexes,” International Journal of Biological
Macromolecules, vol. 114, pp. 10–17, 2018.
[23] H. Wang, X. Gong, Y. Miao et al., “Preparation and characterization of multilayer ﬁlms composed of chitosan, sodium alginate and carboxymethyl chitosan-ZnO nanoparticles,” Food
Chemistry, vol. 283, pp. 397–403, 2019.
[24] R. Dubey, J. Bajpai, and A. K. Bajpai, “Chitosan-alginate nanoparticles (CANPs) as potential nanosorbent for removal of Hg
(II) ions,” Environmental Nanotechnology, Monitoring &
Management, vol. 6, pp. 32–44, 2016.
[25] T. Niaz, H. Nasir, S. Shabbir, A. Rehman, and M. Imran, “Polyionic hybrid nano-engineered systems comprising alginate
and chitosan for antihypertensive therapeutics,” International
Journal of Biological Macromolecules, vol. 91, pp. 180–187,
2016.
[26] M. K. Jeddi and M. Mahkam, “Magnetic nano carboxymethyl
cellulose-alginate/chitosan hydrogel beads as biodegradable
devices for controlled drug delivery,” International Journal of
Biological Macromolecules, vol. 135, pp. 829–838, 2019.
[27] T. Nalini, S. K. Basha, A. M. Mohamed Sadiq, V. S. Kumari,
and K. Kaviyarasu, “Development and characterization of alginate / chitosan nanoparticulate system for hydrophobic drug
encapsulation,” Journal of Drug Delivery Science and Technology, vol. 52, pp. 65–72, 2019.
[28] F. M. Goycoolea, G. Lollo, C. Remuñán-López, F. Quaglia, and
M. J. Alonso, “Chitosan-alginate blended nanoparticles as
carriers for the transmucosal delivery of macromolecules,”
Biomacromolecules, vol. 10, no. 7, pp. 1736–1743, 2009.
[29] S. Maity, P. Mukhopadhyay, P. P. Kundu, and A. S. Chakraborti, “Alginate coated chitosan core-shell nanoparticles for
eﬃcient oral delivery of naringenin in diabetic animals—an
in vitro and in vivo approach,” Carbohydrate Polymers,
vol. 170, pp. 124–132, 2017.
[30] T. Cerchiara, A. Abruzzo, M. di Cagno et al., “Chitosan based
micro- and nanoparticles for colon-targeted delivery of vancomycin prepared by alternative processing methods,” European
Journal of Pharmaceutics and Biopharmaceutics, vol. 92,
pp. 112–119, 2015.
[31] S. Abdelghany, M. Alkhawaldeh, and H. S. AlKhatib, “Carrageenan-stabilized chitosan alginate nanoparticles loaded with
ethionamide for the treatment of tuberculosis,” Journal of
Drug Delivery Science and Technology, vol. 39, pp. 442–449,
2017.
[32] S. Bhunchu, P. Rojsitthisak, and P. Rojsitthisak, “Eﬀects of
preparation parameters on the characteristics of chitosanalginate nanoparticles containing curcumin diethyl disuccinate,” Journal of Drug Delivery Science and Technology,
vol. 28, pp. 64–72, 2015.
[33] J. Liu, J. Xiao, F. Li, Y. Shi, D. Li, and Q. Huang, “Chitosansodium alginate nanoparticle as a delivery system for ε-polylysine: preparation, characterization and antimicrobial activity,”
Food Control, vol. 91, pp. 302–310, 2018.
[34] A. Sharma, K. Sood, J. Kaur, and M. Khatri, “Agrochemical
loaded biocompatible chitosan nanoparticles for insect pest
management,” Biocatalysis and Agricultural Biotechnology,
vol. 18, p. 101079, 2019.

10
[35] R. R. Gadkari, S. Suwalka, M. R. Yogi, W. Ali, A. Das, and
R. Alagirusamy, “Green synthesis of chitosan-cinnamaldehyde
cross-linked nanoparticles: Characterization and antibacterial
activity,” Carbohydrate Polymers, vol. 226, article 115298, 2019.
[36] F. N. Sorasitthiyanukarn, C. Muangnoi, P. Ratnatilaka Na
Bhuket, P. Rojsitthisak, and P. Rojsitthisak, “Chitosan/alginate
nanoparticles as a promising approach for oral delivery of curcumin diglutaric acid for cancer treatment,” Materials Science
and Engineering: C, vol. 93, pp. 178–190, 2018.
[37] V. S. Gondil, T. Dube, J. J. Panda, R. M. Yennemalli, K. Harjai,
and S. Chhibber, “Comprehensive evaluation of chitosan
nanoparticle based phage lysin delivery system; a novel
approach to counter S. pneumoniae infections,” International
Journal of Pharmaceutics, 2019.
[38] S. F. Hosseini, M. R. Soleimani, and M. Nikkhah, “Chitosan/sodium tripolyphosphate nanoparticles as eﬃcient vehicles
for antioxidant peptidic fraction from common kilka,” International Journal of Biological Macromolecules, vol. 111,
pp. 730–737, 2018.
[39] Z. Sang, J. Qian, J. Han et al., “Comparison of three watersoluble polyphosphate tripolyphosphate, phytic acid, and
sodium hexametaphosphate as crosslinking agents in chitosan
nanoparticle formulation,” Carbohydrate Polymers, vol. 230,
p. 115577, 2020.
[40] J. G. Rosch, H. Winter, A. N. DuRoss, G. Sahay, and C. Sun,
“Inverse-Micelle Synthesis of Doxorubicin-Loaded Alginate/Chitosan Nanoparticles and In Vitro Assessment of Breast
Cancer Cytotoxicity,” Colloid and Interface Science Communications, vol. 28, pp. 69–74, 2019.
[41] P. Mukhopadhyay, S. Maity, S. Mandal, A. S. Chakraborti, A. K.
Prajapati, and P. P. Kundu, “Preparation, characterization and
in vivo evaluation of pH sensitive, safe quercetin-succinylated
chitosan-alginate core-shell-corona nanoparticle for diabetes
treatment,” Carbohydrate Polymers, vol. 182, pp. 42–51, 2018.
[42] C. P. Gong, Y. Luo, and Y. Y. Pan, “Novel synthesized zinc
oxide nanoparticles loaded alginate-chitosan bioﬁlm to
enhanced wound site activity and anti-septic abilities for the
management of complicated abdominal wound dehiscence,”
Journal of Photochemistry and Photobiology B: Biology,
vol. 192, pp. 124–130, 2019.
[43] S. Arora, S. Gupta, R. K. Narang, and R. D. Budhiraja, “Amoxicillin loaded chitosan-alginate polyelectrolyte complex nanoparticles as mucopenetrating delivery system for H. pylori,”
Scientia Pharmaceutica, vol. 79, no. 3, pp. 673–694, 2011.
[44] J. O. Akolade, H. O. B. Oloyede, M. O. Salawu, A. O. Amuzat,
A. I. Ganiyu, and P. C. Onyenekwe, “Inﬂuence of formulation
parameters on encapsulation and release characteristics of curcumin loaded in chitosan-based drug delivery carriers,” Journal of Drug Delivery Science and Technology, vol. 45, pp. 11–
19, 2018.
[45] M. Xie, F. Zhang, H. Peng et al., “Layer-by-layer modiﬁcation
of magnetic graphene oxide by chitosan and sodium alginate
with enhanced dispersibility for targeted drug delivery and
photothermal therapy,” Colloids and Surfaces B: Biointerfaces,
vol. 176, pp. 462–470, 2019.
[46] F. Shamekhi, E. Tamjid, and K. Khajeh, “Development of
chitosan coated calcium-alginate nanocapsules for oral
delivery of liraglutide to diabetic patients,” International
Journal of Biological Macromolecules, vol. 120, Part A,
pp. 460–467, 2018.
[47] X. Chen, M. Fan, H. Tan et al., “Magnetic and self-healing
chitosan-alginate hydrogel encapsulated gelatin microspheres

International Journal of Polymer Science

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

via covalent cross-linking for drug delivery,” Materials Science
and Engineering: C, vol. 101, pp. 619–629, 2019.
J. R. Lakkakula, T. Matshaya, and R. W. M. Krause, “Cationic
cyclodextrin/alginate chitosan nanoﬂowers as 5-ﬂuorouracil
drug delivery system,” Materials Science and Engineering: C,
vol. 70, Part 1, pp. 169–177, 2017.
J. M. Unagolla and A. C. Jayasuriya, “Drug transport mechanisms and in vitro release kinetics of vancomycin encapsulated
chitosan-alginate polyelectrolyte microparticles as a controlled
drug delivery system,” European Journal of Pharmaceutical
Sciences, vol. 114, pp. 199–209, 2018.
Y. G. Bi, Z.-t. Lin, and S.-t. Deng, “Fabrication and characterization of hydroxyapatite/sodium alginate/chitosan composite
microspheres for drug delivery and bone tissue engineering,”
Materials Science and Engineering: C, vol. 100, pp. 576–583,
2019.
K. Chen, Y. Ling, C. Cao, X. Li, X. Chen, and X. Wang, “Chitosan derivatives/reduced graphene oxide/alginate beads for
small-molecule drug delivery,” Materials Science and Engineering: C, vol. 69, pp. 1222–1228, 2016.
M. Kilicarslan, M. Ilhan, O. Inal, and K. Orhan, “Preparation
and evaluation of clindamycin phosphate loaded chitosan/alginate polyelectrolyte complex ﬁlm as mucoadhesive drug
delivery system for periodontal therapy,” European Journal
of Pharmaceutical Sciences, vol. 123, pp. 441–451, 2018.
K. K. Patel, M. Tripathi, N. Pandey et al., “Alginate lyase
immobilized chitosan nanoparticles of ciproﬂoxacin for the
improved antimicrobial activity against the bioﬁlm associated
mucoid P. aeruginosa infection in cystic ﬁbrosis,” International Journal of Pharmaceutics, vol. 563, pp. 30–42, 2019.
X. Lv, W. Zhang, Y. Liu, Y. Zhao, J. Zhang, and M. Hou,
“Hygroscopicity modulation of hydrogels based on carboxymethyl chitosan/Alginate polyelectrolyte complexes and its
application as pH- sensitive delivery system,” Carbohydrate
Polymers, vol. 198, pp. 86–93, 2018.
X. Lv, Y. Liu, S. Song et al., “Inﬂuence of chitosan oligosaccharide on the gelling and wound healing properties of injectable
hydrogels based on carboxymethyl chitosan/alginate polyelectrolyte complexes,” Carbohydrate Polymers, vol. 205, pp. 312–
321, 2019.
J. O. Adeyemi, E. E. Elemike, D. C. Onwudiwe, and M. Singh,
“Bio-inspired synthesis and cytotoxic evaluation of silver-gold
bimetallic nanoparticles using Kei-Apple (Dovyalis caﬀra)
fruits,” Inorg. Chem. Commun., vol. 109, article 107569, 2019.
M. Almada, B. H. Leal-Martínez, N. Hassan et al., “Photothermal conversion eﬃciency and cytotoxic eﬀect of gold nanorods
stabilized with chitosan, alginate and poly(vinyl alcohol),”
Materials Science and Engineering: C, vol. 77, pp. 583–593, 2017.
T. P. Mofokeng, M. J. Moloto, P. M. Shumbula, and P. Tetyana,
“Synthesis, characterization and cytotoxicity of alanine-capped
CuS nanoparticles using human cervical carcinoma HeLa cells,”
Analytical Biochemistry, vol. 580, pp. 36–41, 2019.
D. K. Chelike, A. Alagumalai, J. Acharya et al., “Functionalized
iron oxide nanoparticles conjugate of multi-anchored Schiﬀ's
base inorganic heterocyclic pendant groups: Cytotoxicity studies,” Applied Surface Science, vol. 501, article 143963, 2020.

Hindawi
International Journal of Polymer Science
Volume 2019, Article ID 9035818, 8 pages
https://doi.org/10.1155/2019/9035818

Research Article
Characterization of Polysaccharides Extracted from Sargassum
fusiforme and Its Effective Prevention of Contrast-Induced
Nephropathy via Enhancing Antioxidant Capacity
Min Dai,1,2,3 Ying-Ling Zhou ,1,2 Tao Jiang,3 Cai-Dong Luo,3 Hu Wang,3 Wei Du,3
and Min Wang3
1

The Second School of Clinical Medicine, Southern Medical University, Guangzhou, Guangdong 510515, China
Department of Cardiovascular Medicine, Guangdong General Hospital and Guangdong Academy of Medical Sciences, Guangzhou,
Guangdong 510080, China
3
Department of Cardiovascular Medicine, Mianyang Central Hospital, Mianyang, Sichuan 621000, China
2

Correspondence should be addressed to Ying-Ling Zhou; zylgdh@163.com
Received 20 June 2019; Revised 30 October 2019; Accepted 8 November 2019; Published 26 December 2019
Guest Editor: Di Li
Copyright © 2019 Min Dai et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Contrast-induced nephropathy (CIN) is a common complication in patients with coronary arteriography, and oxidative stress is
involved in the CIN pathogenesis. Sargassum fusiforme (SF) is a brown seaweed with medicinal value, and its polysaccharides
have good antioxidant activity. In this study, the crude polysaccharides (cSFP-C) were extracted by cold water, precipitated by
ethanol, puriﬁed by CaCl2, and detected with high contents of sulfate radical and fucose. cSFP-C is composed of glucose,
glucuronic acid, xylose, rhamnose, mannose, galactose, and fucose with a molar ratio of 1.0 : 0.4 : 5.6 : 1.2 : 1.7 : 12.3 : 56.1. The
cSFP-C has the typical absorption of polysaccharides. Antioxidation assays in vitro showed that cSFP-C exhibited superoxide
radical scavenging activity which was better than the hot water-extracted crude polysaccharides (cSFP-H). 20 rats were divided
into 4 groups (n = 5): sham group; CIN group; CIN+cSFP-C group, and cSFP-C group. The CIN+cSFP-C group and cSFP-C
group were pretreated intragastrically with cSFP-C at a dose of 9.45 g/kg twice daily for 5 consecutive days. Then, the CIN
group and CIN+cSFP-C group were given indomethacin to develop CIN. The in vivo results showed that cSFP-C could decrease
blood creatinine and urea nitrogen, inhibiting pathological injury in the renal tissues. The MDA content of renal tissues was
decreased, while the activity of SOD was increased. The crude sulfated polysaccharides extracted from S. fusiforme have a
renoprotective eﬀect on oxidative stress to alleviate the kidney injury in CIN rats.

1. Introduction
With the raised morbidity of coronary atherosclerosis heart
diseases, and the marked progress in intravascular interventional radiology, the volume of patients with percutaneous
coronary intervention (PCI) has been growing signiﬁcantly,
with the number of PCI centers [1] increasing to 21.2%
during 2003~2011. However, among the complications of
PCI, the incidence of contrast-induced nephropathy (CIN)
ranges from 3% to approximately 30% [2, 3], which has
become the third leading cause of hospital-acquired acute
kidney injury (AKI) following nephrotoxic drugs and renal
perfusion insuﬃciency [4, 5]. After CIN occurs, the hospital

days, the dialysis population, and the late cardiovascular
events increase.
So far, there is still lack of therapeutic measures to reverse
CIN. Eﬀective prevention and treatment are needed. The
commonly used agents are iodine contrasts in PCI, which
are mostly unchanged passing through the kidneys into the
urine, so as to have a damaging eﬀect on the kidneys. The
mechanisms of CIN have not been completely elucidated
currently. Previous studies reported that CIN is a complex
pathological process related to multiple pathological cascades. Oxidative stress [6, 7], renal ischemia [8], endothelial
dysfunction [9], inﬂammation [10, 11], apoptosis [12–14],
and tubular transport dysfunction [15] may be involved
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in the pathogenesis of CIN. Increasing studies point out
that reactive oxygen species (ROS) play the key role in
CIN development [16–18]. In accordance with this, several
potent ROS scavenging compounds are proved eﬀective for
preventing CIN.
Natural antioxidants extracted from plants may retard
renal damage and may be an eﬀective, safe, and economical
therapy for organ protection. Sargassum fusiforme (SF) is
an edible brown seaweed. SF can be used for kidney disease
treatment in traditional Chinese medicine (TCM) and is
documented in the medical books, such as Shennong’s Classic
of Materia Medica, Compendium of Materia Medica, and
TCM prescriptions of Coneha Ostreae Rhizoma Alismatis
Powder invented by Zhang Zhongjing. It was reported to be
inhibitive to renal interstitial ﬁbrosis caused by unilateral
ureteral obstruction. Sulfated polysaccharides are the most
important component of SF, mainly accumulated in the cell
wall matrix. The complicated molecular structures of polysaccharides partly contribute to its multiple biological functions [19]. Sulfur-containing groups, such as sulfonate and
sulfate, can be part of some natural polysaccharides and
provide the polysaccharides more diversity [20, 21]. The
sulfated polysaccharides are also called fucoidan from SF,
which shows antioxidation, anti-inﬂammation, antitumor,
antiradiation, and anticoagulation eﬀects. It has also been
reported that fucoidan extracted from SF increases the activity
of antioxidant enzymes such as superoxide dismutase (SOD)
and glutathione peroxidase (GPx) in vivo [22] and reduces
lipid peroxidation products. So far, there is no report for the
renal-protective eﬀect of fucoidan from SF in a CIN animal
model. This study reports on the preparation of fucoidan from
SF, evaluation in antioxidant defense in vitro, and the antioxidative eﬀects against CIN in vivo.

2. Materials and Methods
2.1. Materials. Sargassum fusiforme was collected from Rongcheng in Shandong, China. Reagents and solvents in the study
were of analytical purity (AR) grade and purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
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Sargassum fusiforme (SF)
Dried, ground, sieved
SF powder
95% methyl alcohol at 40°C for 24 h, dried at 40°C
Defatted powder
Water at room temperature or 80°C for 3 h, 3 times
Filtered, concentrated
Concentrated solution
95% alcohol, 2 times
Precipitation
Lyophilized
Powder
Redissolved in CaCl2 (4 M)
Supernatant
80% alcohol
Precipitation
95% alcohol
Precipitation
Lyophilized, redissolved in water and dialyzed
Dialyzed fraction
Lyophilized
The crude polysaccharides of Sargassum fusiforme

Figure 1: The ﬂowchart of the extraction of the crude
polysaccharides from Sargassum fusiforme.

by using 80% ethanol and 95% ethanol. Finally, the lyophilized powder was redissolved and exhaustively dialyzed
(10 kDa molecular weight cutoﬀ) against distilled water for
72 h to remove soluble impurities. By lyophilization, the crude
polysaccharides were named as cSFP-C. The hot waterextracted crude polysaccharides, cSFP-H, were extracted
three times with water (1 : 30 g/ml) for 3 h at 80°C, but not
room temperature. The other steps were the same. The
cSFP-C and cSFP-H were weighted and calculated the extraction yield (Y) according to the following equation:
Y ð%Þ =

weight of the crude polysaccharides
× 100:
weight of dry Sargassum f usif orme

ð1Þ

2.2. Sample Pretreatment. The parameters of the crude
polysaccharide extraction are given in Figure 1. SF was
dried at 50°C, ground by a high-speed disintegrator into a
powder, and sieved through a 4-mesh screen. 95% methanol
was used to remove the fat of the sieved powder (1 : 10 g/ml)
by reﬂowing at 40°C for 24 h. Afterwards, the defatted residue
was dried at 40°C for subsequent experiments.

2.4. Determination of Chemical Composition of cSFP-C. The
total sugar content in cSFP-C was determined using the
phenol-sulfuric acid method. The sulfate radical content was
estimated by the barium chloride-gelatin method [23]. The
total uronic acid content was tested by the m-phenylphenol
method using glucuronic acid as the standard [24]. The
protein content was analyzed by Coomassie brilliant blue
method with bovine serum albumin as the standard [25].

2.3. Extraction of Crude Polysaccharides from SF. The defatted
powder was extracted three times with water (1 : 30 g/ml) at
room temperature for 3 h. The leaching solutions were ﬁltered
and concentrated with a rotary evaporator (Yarong, Shanghai,
China) at 40°C under vacuum. 95% ethanol was used to
precipitate polysaccharides at room temperature overnight.
The residue was collected by ﬁlter and reprecipitated in 95%
ethanol. After being ﬁltered and lyophilized, the powder was
redissolved in calcium chloride solution (4 M) with stirring
until no precipitation appeared. Then, repeat the precipitation

2.5. Measurement of Monosaccharide Components. 2 mg
cSFP-C was mixed with 1 ml triﬂuoroacetic acid (TFA, 2 M)
and then heated at 120°C for 2 h. After being dried with
rotary evaporation, 1 ml of methyl alcohol was added to the
hydrolyzed product to completely remove TFA, three times.
The product and monosaccharide standards were prederivatized with 1-phenyl-3-methyl-5-pyrazolone (PMP). The
HPLC system (Waters 1525, Milford, USA) and UV detector
(Waters 2487) were used to analyze the monosaccharide components with a wavelength of 254 nm. The monosaccharide
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quantiﬁcation in cSFP-C was analyzed by comparing with the
monosaccharide standard curves.
2.6. Fourier-Transform Infrared Spectroscopic Analysis (FTIR). The dried cSFP-C was prepared as KBr pellets for the
IR spectra measurement in a range of 4000 to 400 cm-1 using
a Nicolet Nexus FT-IR spectrometer (Thermo Fisher Scientiﬁc, Waltham, MA, USA).
2.7. Superoxide Radical Scavenging Activity Measured by
PMS-NADH-NBT. Superoxide anion scavenging activity
was detected by the PMS-NADH-NBT method reported by
Nishikimi et al. [26] with slight modiﬁcation. The reaction
system contained 0.15 ml NADH (166 μmol/l), 0.45 ml NBT
(86 μmol/l), and varying concentrations of cSFP-C
(0 mg/ml~2 mg/ml). Then, 0.15 ml PMS (16.2 μmol/l) was
used to generate a superoxide radical and start the reaction.
The mixture was incubated at room temperature for 5 min,
and the absorbance was measured at a wavelength of
560 nm. In the blank control, there was 0 mg/ml cSFP-C in
the buﬀer. The following equation was used to calculate the
eﬀect on scavenging superoxide radical:
Scavenging effect ð%Þ =

Aðblank Þ – AðcSFPÞ
× 100:
Aðblank Þ

ð2Þ

2.8. Rat Model of CIN and Treatment. 20 Wistar rats were
divided into 4 groups of 5 rats each as follows: (1) sham rats
given saline, (2) CIN rats with induced CIN, (3) CIN+cSFP-C
rats pretreated with cSFP-C followed by the CIN induction,
and 4) cSFP-C rats pretreated with cSFP-C. CIN+cSFP-C
and cSFP-C rats were orally administrated 5.67 g/kg cSFP-C
twice daily at 7 a.m. and 15 p.m. for 5 days. The dose of
cSFP-C in this study was threefold the dose recommended
by the Chinese Pharmacopoeia in clinic [27]. Sham and
CIN rats were given saline. After pretreatment with cSFP-C
or saline, CIN was developed in CIN and CIN+cSFP-C rats
on the basis of previously described reports [28]. Brieﬂy,
under pentobarbital sodium anesthesia, rats were given
10 mg/kg indomethacin, followed 10 mg/kg NW-nitro-Larginine methyl ester (L-NAME) 15 min later and 1600 mg
iodine/kg of iopromide 30 min later. Sham and cSFP-C rats
were given saline at each time point. All rats were sacriﬁced
24 h after CIN induction. Serum was isolated from the blood
for renal biochemical and inﬂammatory testing. The kidneys
were removed for histopathological investigation and oxidative stress detection.
2.9. Biochemical Parameters. Blood urea nitrogen (BUN) and
creatinine were measured using an AU5800 autoanalyzer
(Beckman Coulter, USA).
2.10. Histopathological Investigation. One side of the kidney
was ﬁxed in 10% formalin for 24 h and subsequently embedded in paraﬃn. Then 4 μm thickness sections were stained
with hematoxylin and eosin.
2.11. Detection of Oxidative Stress Markers. One side of the
kidney was homogenated using ice-cold saline and then centrifuged. The supernatant was collected and the levels of SOD

Table 1: Yield and chemical components of cSFP-C.
Yield
(%)
7.5

Total sugar
(%)

Sulfate radical
(%)

Uronic acid
(%)

Proteins
(%)

85.5

19.3

8.3

0.3

and MDA were measured using commercial kits (Nanjing
Jiancheng, Jiangsu, China).

3. Results and Discussion
3.1. Yield and Chemical Compositions of cSFP. The yields
of cSFP-C and cSFP-H from dry SF were 7.5% and
9.1%, respectively. The chemical compositions of cSFP-C
(total sugar, sulfate radical, uronic acid, and proteins) are
summarized in Table 1. The total sugar was the major constituent of cSFP-C, achieving 85.5%, with small amounts
of protein at 0.3%. The contents of sulfate radical and
uronic acid were 19.3% and 8.3%, respectively. The fucoidan extraction using cold water combined with calciumalginate precipitation has not been investigated. Since
calcium chloride could precipitate calcium-alginate, the
fucoidan purity in cSFP-C can be enhanced [29].
Compared with the previous study by Chen et al. [22],
the uronic acid percentage was signiﬁcantly decreased and
the sulfate radical percentage was signiﬁcantly increased with
the procedure for calcium-alginate precipitation.
3.2. Quantitative Analysis of Monosaccharide Components.
To further investigate the monosaccharide composition of
extracted cSFP-C, HPLC was run and its retention time was
used to quantify the monosaccharide amount normalized to
glucose (Figure 2). The quantitative results are summarized
speciﬁcally in Table 2. Predominantly fucose was found, and
abundant galactose was a high component among diﬀerent
monosaccharides. This result was consistent with previous
reported ﬁndings for components of fucose and galactose,
which showed that fucose made up the largest proportion
followed by galactose [30–32]. However, glucuronic acid
content signiﬁcantly decreased with 0.4 molar ratio to glucose,
which indicated an optimized purity of fucoidan. Glucuronic
acid content is much lower than those previous reported
ﬁndings, perhaps due to the procedure for calcium-alginate
precipitation [32, 33]. In addition, it was found that cSFP is
composed of glucose, xylose, rhamnose, and mannose.
3.3. FT-IR Analysis. The FT-IR spectrum provides important
information about the conformation and functional groups
of cSFP-C in Figure 3. cSFP-C exhibited a strong and broad
area of absorption between 3600 and 3200 cm−1, representing
O-H stretching vibration. A band was observed at 1635 cm−1
for the carboxylate stretching [34]. The absorption peak at
3000~2800 cm−1 indicated the presence of the C-H stretching
vibration. The signal at 1251 cm−1 could be associated with
the asymmetric O=S=O stretching vibration of sulfate esters
[30]. The absorption peak at 821 cm−1 was assigned to the
sulfate groups [35].
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Figure 2: HPLC separation of PMP-labeled monosaccharide composition of cSFP-C: (a) monosaccharides standard; (b) cSFP-C. Peaks: 1:
mannose; 2: rhamnose; 3: glucuronic acid; 4: glucose; 5: galactose; 6: xylose; 7: fucose.

Glc

GlcA

Xyl

Rha

Man

Gal

Fuc

1.0

0.4

5.6

1.2

1.7

12.3

56.1

Notes: Glc: glucose; GlcA: glucuronic acid; Xyl: xylose; Rha: rhamnose; Man:
mannose; Gal: galactose; Fuc: fucose.
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Figure 4: Scavenging eﬀect on superoxide radicals by cSFP-C and
cSFP-H. Values are means ± S:D: (n = 3).
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be seen that the extracted cSFP-C showed good scavenging
ability on the superoxide radical compared to cSFP-H
(Figure 4). The result was consistent with the result reported
by Chen et al. [22]. It indicated that cSFP-C might have some
pharmacological eﬀects according to its antioxidative activity.

Figure 3: FT-IR spectrum of cSFP-C.

3.4. Scavenging Activity of Superoxide Radical by cSFP-C.
cSFP-C showed a signiﬁcant scavenging ability on the superoxide radical in a concentration-dependent manner in
Figure 4. Decreased absorbance and increased scavenging
eﬀect (%) were present as the cSFP-C concentration
increased. All kinds of free radicals are generated in oxidative
metabolism, in which the superoxide anion free radical is
produced at the earliest [36]. Then, superoxide radical
produces other free radicals through disproportionation
reaction [37] and also causes lipid peroxidation [38]. Thus,
the scavenging for superoxide radical is crucial for the protection of the cells from oxidative damage. As studied previously,
hot water extraction, as the traditional procedure, has been
widely investigated for the polysaccharide extraction from
SF [39, 40]. However, Chen et al. [22] reported that hot
water-extracted polysaccharides performed less free radical
(superoxide radical) scavenging activity in vitro compared to
cold water-extracted polysaccharides. In this study, it could

3.5. cSFP-C Prevents Iopromide-Induced Renal Dysfunction in
CIN Rats. As shown in Figure 5, levels of blood urea nitrogen (BUN) and creatinine of CIN rats were signiﬁcantly
higher than those of sham rats (P < 0:05), indicating that
iopromide caused renal dysfunction. Compared with CIN
rats, CIN+cSFP-C rats signiﬁcantly reduced BUN and creatinine levels (P < 0:05), suggesting that cSFP-C preadministration played a role in renoprotection. Compared with sham
rats, cSFP-C rats did not aﬀect BUN and creatinine levels,
suggesting that a high dose of cSFP-C had no renal injury.
Sulfated polysaccharides, as the major bioactive components
of seaweed, have demonstrated various biological eﬀects. Li
et al. [41] reported that sulfated polysaccharides from seaweed
Laminaria japonica markedly decrease BUN and creatinine
levels. Chen et al. [42] found that fucoidan from Sargassum
hemiphyllum inhibits serum creatinine and improves renal
function in mice with chronic kidney disease (CKD). Due
to the high contents of sulfate radical and fucose, it was
speculated that the reduced BUN and creatinine levels in
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Figure 5: cSFP pretreatment mitigated renal injury against CIN: (a) serum creatinine concentration; (b) serum urea nitrogen concentration.
∗
P < 0:05 versus sham rats; #P < 0:05 versus CIN rats.

CIN+cSFP-C rats were partially due to the high content of
fucoidan in cSFP-C.
3.6. Protective Eﬀect of cSFP on the Kidney. As shown in
Figure 6, in the sham group, no signiﬁcant histological
changes were observed, while CIN rats showed severe
damage, including lesions of tubular necrosis and inﬂammatory cell inﬁltration. In the CIN+cSFP-C group, cSFPC pretreatment signiﬁcantly reduced these types of damage,
indicating that cSFP-C could protect the kidney of CIN rats
from damage. This result was in accordance with the renal
biochemical results. It was reported that sulfated polysaccharides reduce renal tubulointerstitial ﬁbrosis in CKD
mice [42]. And low molecular weight fucoidan inhibits
epithelial mesenchymal transition of human renal proximal
tubular cells [43]. These results enlightened us to seek out
the underlying mechanism for renoprotection of cSFP-C.
3.7. cSFP Protected the Kidney from Oxidative Stress. In order
to evaluate whether cSFP-C protects renal tissue of CIN rats
from oxidative stress, SOD activity and MDA content in
renal tissue were detected. MDA content of CIN rats was
signiﬁcantly higher than that of sham rats, while SOD activity
was signiﬁcantly reduced (P < 0:05). Although the pathological mechanism of CIN has not been clearly elucidated,
various studies have investigated that oxidative stress is an
important cause of CIN [6, 44]. The direct toxicity of contrast agents leads to the ROS production, while the oxidative stress caused by the increasing free radicals leads to
the apoptosis of renal tubules and glomerular cells [45].
These results in Figure 7 showed the deterioration on
oxidative stress, suggesting the coincidence with the pathological deterioration. According to the mechanism of ROSpromoted development of CIN, the corresponding removal
of ROS has been studied in preclinical and clinical studies.
Sodium bicarbonate [46], n-acetylcysteine (NAC) [47],
theophylline [48, 49], dopamine [50], furosemide [51],
mannitol [52], and ascorbic acid [53] have been studied in
the clinical prevention of CIN. In preclinical studies, the
protective eﬀects of melatonin [54], tocopherol [55, 56], and
L-carnitine [57] have also been studied with regard to CIN.
In this study, when cSFP-C was preadministrated, the MDA
content was signiﬁcantly decreased and SOD activity was

Sham

CIN

100 𝜇m
CIN+cSFP

100 𝜇m
cSFP

100 𝜇m

100 𝜇m

Figure 6: cSFP pretreatment attenuated the renal pathological
damage in kidney tissues of CIN rats. Renal histological sections
by H&E staining at 24 h CIN induction (100x).

signiﬁcantly restored (P < 0:05). These results showed that
preadministration of cSFP-C largely reduces the oxidative
stress damage in kidneys of CIN rats and improves the
endogenous antioxidative capacity of the kidneys. These
results in vivo were also in accordance with the scavenging
activity of the superoxide radical by cSFP-C in vitro. In
addition, cSFP-C did not aﬀect SOD activity and MDA
content compared with the sham group.

4. Conclusion
In summary, the polysaccharides were puriﬁed from
Sargassum fusiforme (SF) and contained abundant sulfate
radical and predominant fucose, which indicated potential
bioactivity. Then, the polysaccharides exhibited the scavenging activity for superoxide radical in vitro. According to the
antioxidative eﬀect, the polysaccharides demonstrated renoprotective properties against CIN in vivo. The pretreatment
of cSFP-C could eﬀectively improve biochemical indexes
and pathological structures and correct the renal dysfunction
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and the abnormal levels of MDA and SOD. It can be speculated that the renoprotective eﬀects of cSFP-C might be
mediated by inhibition of oxidative stress.
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Microwave heating of Ag+ in polyvinyl alcohol (PVA) is an eﬀective method to synthesize silver nanoparticles (AgNPs), a broadrange antibacterial agent. However, the microwave may cause PVA solution to dry out and degrade. This study is aimed at
investigating the eﬀect of microwave irradiation on diﬀerent concentrations of PVA in PVA/Ag+ solution in short periods of
exposure. Fourier-transform infrared (FTIR) spectroscopy was employed to evaluate chemical changes of samples with diﬀerent
exposure times and PVA concentration. The results conﬁrm the redox reaction of Ag+ with PVA. In addition, Ag+ reduces the
rate of hydrolysis of PVA, and the ether bridges are limited by the spatial structure.

1. Introduction
Antibiotic resistance has become one of the most signiﬁcant
health threats because microbes evolve rapidly against our
antibiotics while the development of new antibiotics takes
decades. Consequently, the old drugs—including metal and
their salts that were used to treat infections before the era
of antibiotics dominance—have once again become the
research focus [1]. Among metals such as silver, copper, zinc,
or gold, silver, whose applications have been widely studied
[2, 3], has a broad range of antibacterial properties and has
relatively low toxicity. Silver nanoparticles (AgNPs)—whose
scale is from 1 to 100 nm—also exhibit good biological interaction. However, many studies proved that inappropriate
size and concentration of AgNPs are toxic to mammalian
cells [4–6]. Therefore, rather than using pure AgNPs, a carrier or stabilizer to control the size and enhance the surface
interaction is generally necessary [7–11].
Polyvinyl alcohol (PVA)—a hydroxy polymer with the
idealized formula [CH2CH (OH)]n—possesses many excellent features such as biocompatibility, biodegradability,

water-solubility, and gel-forming. However, they are thermally unstable. During the heat treatment, two major stages
occur: elimination reactions and chain scission and cyclization [12]. Elimination reaction produces reactive carbon
atoms along the polymer chain, which makes PVA highly
reactive to other chemicals during the thermal process.
Taking the advantages of this phenomenon, adding Ag+ ions
in PVA solution will cause a redox reaction between Ag+, an
oxidant, and reactive PVA, a reductant. In previous studies,
PVA was proven to be a potential carrier/stabilizer for the
synthesis of AgNPs [9]. Moreover, thermal stimulation of
PVA could occur without the need of additional catalyst or
cross-linker that may induce harmful eﬀects to the body [9].
There are two primary techniques to induce reactions:
conventional heating and microwave heating. Compared
with conventional heating, microwave heating is a more versatile and economical method with reduced reaction times
[13]. Bernal et al. investigated the eﬀect of microwave on
PVA with ethylene glycol as the solvent from 4 min to
60 min [12]. However, overexposure of microwave irradiation causes parching and total degradation of PVA. In the
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Table 1: List of samples.

Abbreviation

PVA concentration (%)

Exposure time (s)

AgNO3 added

8
8
8
6
8
10
6
8
10

0
60
90
60
60
60
90
90
90

No
No
No
Yes
Yes
Yes
Yes
Yes
Yes

P8
P8T60
P8T90
P6T60Ag
P8T60Ag
P10T60Ag
P6T90Ag
P8T90Ag
P10T90Ag

105
100
Transmittance (%T)

Transmittance (%T)

100
95
90
85
80

90

80

70

75
4000

3000
P6T60Ag
P8T60Ag
P10T60Ag

2000

1000

4000

3000

2000

1000

Wavenumber (cm –1)

Wavenumber (cm –1)
P6T90Ag
P8T90Ag
P10T90Ag
(a)

(b)

Figure 1: FTIR spectra of (a) P6T60Ag, P8T60Ag, and P10T60Ag and (b) P6T90Ag, P8T90Ag, and P10T90Ag.

application as a carrier of AgNPs, the exposure time of
microwave for PVA is a signiﬁcant factor, and its eﬀects have
not been well-understood yet.
In this study, we investigate the eﬀect of microwave
irradiation on diﬀerent concentrations of PVA in PVA/Ag+
solution in short periods of exposure.

2. Materials and Methods
2.1. Materials. Polyvinyl alcohol (PVA; hydrolysis degree of
99.0–99.8%) was purchased from Sigma-Aldrich, USA. Silver
nitrate (AgNO3 ≥ 99%) was obtained from Guangdong,
China. The microwave oven is a magnetron MM250
(Whirlpool Corp., USA).
2.2. Sample Preparation. Typically, aqueous solutions of
6 wt%, 8 wt%, and 10 wt% of fully hydrolyzed PVA were prepared by dissolving PVA in distilled water at 75°C. The 1%
silver nitrate solution was added to the PVA solution so that
the silver concentration was up to 120 ppm. Subsequently,

the PVA solution was microwaved at 800 W for determined
periods. All samples are listed below in Table 1.
2.3. FTIR Measurement. Samples were freeze-dried into
powder in order to avoid the interference of the hydrogen
bonding of water molecules. Then, their FTIR spectra were
obtained using a FTIR analyzer (PerkinElmer Spectrum
GX, USA).

3. Results and Discussion
The original PVA was characterized with a broad, strong
O-H stretching within the range 3700-3000 cm−1, a
medium aliphatic C-H stretching peak within the 29202930 cm−1 region, and along with C=O stretch (around
1640 cm−1), C-O stretch (1088 cm−1), and CH2 and CH3
bending (1438 cm−1). All the peaks of PVA spectrum reappeared in other samples (Figures 1 and 2), which proved
that the eﬀects occurred partially in the PVA structure and
PVA can still maintain its properties under microwave in
short periods of exposure.
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4000

95
90
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3000

2000

1000

75
4000

3000

Wavenumber (cm –1)

2000

1000

Wavenumber (cm –1)

P8 (control)
P8T60
P8T60Ag

P8 (control)
P8T90
P8T90Ag
(a)

(b)

Figure 2: FTIR spectra of (a) P8, P8T60, and P8T60Ag and (b) P8, P8T90, and P8T90Ag.

105
100
Transmittance (%T)

Figure 3 displays the FTIR spectra of microwaved and
nonmicrowaved of freeze-dried of 8 wt% PVA solution. As
the time of microwave exposure increases, the absorbance
of O-H stretch, C-H stretch, and CH2/CH3 bend decreases.
This reproduces the results in previous reports that PVA
molecule undergoes elimination reaction and hydroxyl
groups decrease [9, 12]. Subsequently, some C-OH groups
theoretically form double bonds C=O causing the reduction
of CH2 and C-H stretch, while some may lead to polymer
dehydration with the formation of ether groups between
PVA molecules, which is shown by the changes in peak
around C-O stretch. Here, C=O stretching of the P8 sample
shows the existence of acetate groups. PVA is the product
of the hydrolysis process of polyvinyl acetate. This means
that the reaction may be incomplete leaving residual acetate
groups [12]. Therefore, the changes at this peak may be the
replacement of acetate group with ketone or aldehyde group.
Notably, the absorbance of C-O stretch does not follow the
order of exposure time. This phenomenon expresses the
relationship between the reduction of C-OH groups and the
formation of C-O groups with respect to time of exposure.
To be speciﬁc, when PVA is treated with microwave, an
increase of C=O groups parallelly reduces C-OH group, thus
lowering the absorbance; however, after 90 s of microwave
exposure, ether group C-O form and its absorbance of light
is higher and enhances the absorbance at peak 1088 cm−1.
Figure 1 depicts the FTIR spectra of freeze-dried PVA/silver nitrate solution with the concentration of 6 wt%,
8 wt%, and 10 wt% under diﬀerent periods of microwave irradiation. The intensities of O-H bonds as well as other bonds
correlate with the concentration of PVA in the microwaved
PVA/silver nitrate solutions, except for C-O peaks after 90 s
of microwave exposure. It can be considered that the crosslinking reaction of PVA molecules is limited even when the
concentration of PVA increases. As mentioned above, after
90 s of microwave exposure, the ether bridges between PVA
molecules form. However, compared between 60 s and 90 s

95
90
85
80
75
4000

3000

2000

1000

Wavenumber (cm –1)
P8 (control)
P8T60
P8T90

Figure 3: FTIR spectra of P8, P8T60, and P8T90.

of microwave exposure, the PVA/Ag+ solution is provided
with more energy after being treated with microwave for
90 s; however, C-O peak of P8T90Ag matches that of
P10T90Ag. The reason could be that the spatial structure
of conjugated PVA prevents themselves from further intermolecular reaction. In other words, the O-H group is
continuously broken, but the rate of C-O ether group formation is decreased, causing the equal transmittance at
peak 1088 cm−1 (as shown in Figure 2).
Figure 2 illustrates the FTIR results of PVA at 8 wt%
under microwave irradiation at 60 s and 90 s with or without
adding the AgNO3 solution. After 60 s or 90 s of microwave
exposure, the transmittances of O-H stretching of samples
having Ag+ (P8T60Ag and P8T90Ag) are lower than those
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of samples not having Ag (P8T60 and P8T90). This means
that at the same time of microwave exposure, Ag+ in PVA
solution prevents the degradation of PVA. It may be caused
by the redox reaction of Ag+ and PVA when part of the
energy provided by microwave process may be used for the
redox reaction. Moreover, the existence of Ag does not aﬀect
the formation of ether bridges as shown in the C-O stretching
of those samples.
Stability of nanoparticles is strongly dependent on the
viscosity of the gels. When PVA is considered itself, the
crosslinking between PVA molecules by ether groups is the
only chemical parameter; however, it plays a minor role
due to its limitation of spatial complexity. This promotes
the combination of PVA with other polymers to crosslink
instead of PVA itself.

4. Conclusion
The aim of this work is to investigate the chemical changes in
PVA/Ag+ solution under a short period of microwave irradiation. The results have shown that PVA under microwave is a
potential method to synthesize AgNPs. Within a short period
of time, PVA still maintains O-H groups, which is the basis of
its properties. Ether bridges, intermolecular bonds, are considered minor impacts on PVA crosslinking because of their
limitation in spatial structure. The existence of Ag+ reduces
the rate of hydrolysis of PVA.
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Multiphoton 3D lithography is becoming a tool of choice in a wide variety of ﬁelds. Regenerative medicine is one of them. Its true
3D structuring capabilities beyond diﬀraction can be exploited to produce structures with diverse functionality. Furthermore, these
objects can be produced from unique materials allowing expanded performance. Here, we review current trends in this research
area. We pay particular attention to the interplay between the technology and materials used. Thus, we extensively discuss
undergoing light-matter interactions and peculiarities of setups needed to induce it. Then, we continue with the most popular
resins, photoinitiators, and general material functionalization, with emphasis on their potential usage in regenerative medicine.
Furthermore, we provide extensive discussion of current advances in the ﬁeld as well as prospects showing how the correct
choice of the polymer can play a vital role in the structure’s functionality. Overall, this review highlights the interplay between
the structure’s architecture and material choice when trying to achieve the maximum result in the ﬁeld of regenerative medicine.

1. Introduction
Additive manufacturing-based 3D printing is a revolutionizing ﬁeld of technology which is gaining a substantial foothold
in industry [1]. It oﬀers new possibilities in producing
various structures or entire devices in a relatively short time,
minimizing the time from the idea to the ﬁnal physical
object. There are numerous diﬀerent ways to realize the
additive manufacturing method [1]; however, multiphoton
polymerization-based 3D laser lithography (3DLL) stands
out among all other current 3D printing techniques. The
idea behind this technology is to sharply focus a laser (in
most cases, femtosecond (fs)) beam into a special photoactive material initiating highly localized photomodiﬁcation
via multiphoton absorption and/or other related nonlinear
light-matter interactions [2]. It combines resolution below
the diﬀraction limit [3, 4], virtually no limitations to the
3D architecture of an object with the structuring process
not bound to layer-by-layer printing [5, 6], and a huge variety

of the materials that could be used [7, 8]. Due to this, it was
used in numerous ﬁelds, which include photonics [9, 10],
microoptics [11, 12], micromechanics [13, 14], microﬂuidics
[5, 15], and biomedicine [16, 17].
One of the key attributes in this technology is the vast
array of suitable materials [7, 8]. Indeed, the requirements
for the materials applicable to 3DLL are rather minimal: they
have to be transparent to the laser wavelength and must
possess absorption characteristics suitable for multiphoton
absorption, which leads to photopolymerization. For this
reason, materials such as acrylates [18], epoxies [19], hydrogels [20], hybrids [21], or biopolymers [22] were structured
through the years using 3DLL. The correct choice of the
material sometimes can be a main issue in a speciﬁc application. Thus, when talking about 3DLL and multiphoton polymerization, polymers and their properties should be one of
the key aspects which needs to be addressed.
Among other 3DLL applications, regenerative medicine
(RM) stands out as one with the most promise and possible
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implications for everyday life. RM can be deﬁned as the
ﬁeld which aims to replace, engineer, or regenerate human
cells, tissues, or organs to restore or establish their normal
functions [23]. However, the combination of achievable resolution, freedom of design, and applicable materials made
RM one of the key research areas where 3DLL produced
structures are being tested [24–26]. It enables to create
objects that could help heal damaged tissue or even replace
entire segments of the body. Besides the impressive possibilities, a lot more consideration has to be made in choosing both the geometry of the structure and the suitable
polymer. The latter, alongside the two requirements mentioned previously, also have to be biocompatible and/or
have properties beneﬁcial for RM. Furthermore, RM
research relies on structures with sizes well into the mm
scale [16, 27, 28] and statistical testing based on simultaneous examination of multiple structures. This requires
high-throughput fabrication. Thus, in RM applications,
deep understanding of 3DLL technology and polymers is
mandatory.
The main goal of this review is to explore 3DLL structurable polymers in the light of RM application. In order to present the reader with all the necessary information, we start by
brieﬂy introducing the basics of 3DLL technology. This
includes both a brief discussion of underlying physical phenomena and the engineering required to realize it practically.
Then, we proceed to 3DLL materials. Here, we discuss the
main categories of polymers used in 3DLL. Photoinitiators
(PIs) are also discussed in some detail because the correct
choice of substance can lead to some very desirable (for
instance, high throughput) or adverse (toxicity) eﬀects.
Additionally, the possibilities of polymer functionalization
will follow. After that, various biomedical applications are
shown with main attention on how in each case the correctly
chosen material beneﬁts it. Finally, we conclude by providing an outlook for the perspectives in the ﬁeld, highlighting
some of the challenges and opportunities currently present
in this area. Relevant connections to other ﬁelds or structuring techniques are presented through the text to reference
the usage of 3DLL in RM in the broader, more complete
way. Finally, while this review is dedicated to RM, 3DLL
was used with huge success in other biology and medicinerelated ﬁelds, such as microﬂuidics [29] and in fabricating
microneedles [30]. In order to avoid confusion, these areas
will not be discussed in detail and only referenced in the
context relevant to RM.

2. Multiphoton 3D Lithography
We will begin the review by discussing the fundamentals of
3DLL. These include mechanisms of multiphoton excitation,
the kinetics of polymerization reaction, and which practical
setups are required to realize it.
2.1. Multiphoton Excitation. In standard UV and stereolithography, the polymerization reaction is induced via linear
one-photon absorption (Figure 1(a)) and the structure is
formed layer by layer [1]. In that case, the photon energy
Ep is equal or greater than the bandgap of the material Eg .
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(a)

(b)

(c)

E1

Figure 1: Energy level diagrams of one- (a), two- (b), and three- (c)
photon absorption. Solid lines represent real arbitrary energy levels
E1 and E2 ; dotted lines represent virtual states.

Keeping in mind that Ep = hν = hc/λ, it means that a shorter
wavelength (λ) is needed. Here, we also introduced ν—the
frequency of laser light. In most cases, UV light sources with
λ < 350 nm are used. The absorption of the photon causes the
electron to be exited from an energy state corresponding to
the valence band to a state in the conduction band. This
might lead to a multitude of outcomes. For instance, an electron might return to the valence band while heating up the
material or emitting another photon causing ﬂuorescence.
However, it can also alter the chemical bond inducing chemical reaction. In the case of lithography, it is the polymerization reaction that cross-links the material. The exact
pathways of such reactions will be discussed later. Light is a
potent tool to induce such reactions because it can be done
on-demand in localized regions. It is also a contactless
method, meaning that there is no contamination to the sample or material by the processing tool.
One photon absorption has some distinct disadvantages.
While collimated light can induce polymerization reaction in
the relatively big (up to cm) area with high repeatably [31],
achieving true 3D shapes is tricky. The standard way used
in stereolithography is stacking 2D layers on top of each
other. This leads to the necessity to use supports if freehanging features are made [32]. Another way is using tilted/rotated samples [33]. Then, more geometries become available, yet it is still limited and rather complex process. Also,
resins need to be liquid in order to cast a new layer after
the previous one is done. Furthermore, if biomaterials are
used, UV light might induce damage to the mixed-in living
organisms. Therefore, direct bioprinting potential is limited.
Finally, due to the nature of such polymerization, relatively
signiﬁcant amounts of unpolymerized resin might remain
in the structure. As such resins are very chemically active,
they might make manufactured structures toxic [34]. Thus,
while one-photon absorption is a powerful tool for
manufacturing various structures, including medical ones,
there are also some severe limitations.
Linear absorption can be induced even with the low
power noncoherent light sources. However, if the light intensity is increased, nonlinear absorption can take place. While
such interaction was predicted as early as 1931 [35], it took
the creation of the laser to demonstrate nonlinear absorption
and subsequent ﬂuorescence [36] experimentally. The
absorption during this interaction is induced by the absorption of two or more photons via virtual levels (Figure 1(b)).
Due to the extremely short lifetime of the virtual levels (∼fs
[37]), photons have to be absorbed almost simultaneously.
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This leads to two important conclusions. First, such interaction is possible only with light intensities that are high
enough (>GW/cm2). Second, the probability of multiphoton
interaction increases with the decrease in the number of photons involved in the single absorption event. Thus, the twophoton absorption (TPA) can be considered as the most
likely process. This is well reﬂected in the fact that sometimes
3D manufacturing technology discussed in this article is
called two-photon polymerization (2PP/TPP). For the sake
of simplicity in this article, we will consider only this eﬀect
unless otherwise speciﬁed.
In TPA case, the number of photons absorbed np per time
t can be calculated using the following equation:
dnp
= σ2 N F 2 :
dt

ð1Þ

Here, σ2 is the TPA cross-section of a particular material
(quantiﬁed by Göppert-Mayer units, GM = 50−50 cm4 s), N is
the density of the absorbing component, and F is the photon
ﬂux which can be deﬁned as F = I/hν. From Equation (1), we
can draw conclusions about what practical considerations
should be made when trying to apply TPA for polymerization. First, the photon absorption rate is proportional to I 2 ,
making excessive I one of the main considerations. The N
should also be suﬃcient for the reaction. Finally, the material
needs to be reactive enough to have high σ2 . The ﬁrst requirement is realized using an appropriate processing setup, the
second and third by tuning the material properties. The nonlinearity of the process behind 3DLL is the key to achieving
fabricated features below the diﬀraction limit as the threshold
I might be well below the size of the laser spot. Due to it, sub100 nm lines were directly structured using 3DLL [3, 4].
For the ﬁnal note, it is important to stress that TPA is
only one of many light-matter interaction regimes that might
appear when matter is exposed to high I. Higher-order
absorption can take place [38, 39]. Also, if the pulse duration
is long enough, one can expect avalanche ionization to
become comparable or even surpass TPA in chemical bond
cleavage [2, 40]. Finally, in some cases, thermal eﬀects can
start to have an impact on the reaction [41, 42]. Keeping in
mind all of this and the fact that there is an active discussion
in the ﬁeld about the nature and impact of some of these processes, one must be careful when naming discussed technology simply as 2PP/TPP. Using multiphoton 3D lithography
or just 3DLL terms are a lot more general and correct
options. This is especially true if exotic materials or nonstandard laser sources are used.
2.2. Polymerization Mechanisms. Knowing the principles that
are important for understanding photoexcitation, we can
now proceed to the photopolymerization process itself. The
main goal of using light in lithography is to induce photocleavage of the chemical bond and initiation of photochemical reactions. As mentioned before, this is done by the
multiphoton process in 3DLL. Depending on the peculiarities of the material, it produces radicals or cations. In turn,
polymerization reactions can be divided into radical and cat-

ionic polymerization [43]. Schematics of both processes are
shown in Figure 2.
In the case of radicals, after they are formed, they can
proceed to interact directly with other species in the material
or form secondary radicals via hydrogen abstraction. Various
chemical bonds can be cleaved this way, including C-C, C=O,
C-S, or C-Cl to name a few. In the majority of cases (but not
necessarily always), PI is used for this task. Radical generating PIs can be further classiﬁed into type I and type II [44].
Type I PIs generate radicals directly after light absorption,
while type II requires the presence of some other constitutes
in the material like amines or alcohols. Radicals are then generated after these additional constitutes transfer hydrogen
atoms to the PI. Hydrogen abstraction involves aromatic
ketone which, after light exposure, forms ketyl radical and
donor radical. In those cases, the hydrogen donor radical is
responsible for initiating polymerization reaction with ketyl
radical couples into a growing polymer chain [45]. As the
number of radicals increases, the probability of their collision
rises accordingly [46]. After such interaction, radicals are
deactivated, and the reaction is terminated. The interplay
between radicals can take several diﬀerent paths. Combination of two active chain results in one long chain. Alternatively, an active chain end can interact with an initiator
radical, or radical disproportionation can happen, in which
two radicals react to form two diﬀerent non-radical products
by transferring hydrogen from one chain end to the another
[47]. Furthermore, radicals can interact with quenchers, for
instance, stable radicals, easily reduced or oxidized materials,
and salts of some metal [48]. Oxygen also can induce the termination of the polymerization reaction which is exploited in
modern stereolithography [49].
In the cation case, after photoexcitation, the charge is
transferred to the monomer. It then becomes reactive and
can interact with other monomers leading to polymerization.
Some of the most popular cation PIs include Brønsted acids
such as arenediazonium, diarylodonium, and various sulfonium salts [50]. This is rather problematic in the light of
RM as such initiators generate protonic acids that have an
adverse impact on cell cultures [51]. In the cationic case,
the reaction ends with a combination of an anionic fragment
from the counterion with the propagating chain end, as
shown in Figure 2.
While in most cases the excitation is discussed in more
details, one must not underestimate the importance of termination of polymerization reactions. If polymerization reaction is not properly terminated, it can expand beyond the
selectively exposed region, nullifying the intent of spatially
selective lithography [52]. On the other hand, smart usage
of quenching mechanisms can signiﬁcantly improve the
technology. For instance, ﬁrst stereolithography machines
were based on a resin reservoir with the lowering platform.
This required a massive tank of resin to be available at all
times, making the whole process less convenient [1]. However, as oxygen is the quencher to most photolithographic
materials, in modern 3D printers, structuring is done with
only a thin layer of polymer over a transparent, but oxygen
access-restricting, window. Then, the printing platform can
be raised up out of the resin, and due to quenching, the
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Figure 2: Schematics of radical and cation polymerization reactions initiated by one-photon absorption. hν: absorbed photon; R∗ and B∗ : free
radicals; M: monomer; Mn+1R∗ and ∗ A-M+n+1: neutral and cationic macroradicals, respectively; Q: quencher; (A-B)+: cationic initiator; A∗ +:
cationic radical; AH+: protonized cation; RH and A: neutral molecules; H+: proton; H-M+: protonized monomer; H-M+n+1: protonized
polymer; X−: counterion. Red markings show the active ingredient that is either causing the reaction or the result of it.

structure does not adhere to the window [49]. For 3DLL, correct control of initiation and quenching is also imperative.
Indeed, it can greatly inﬂuence the spatial resolution of printing and/or mechanical properties of the ﬁnal structure [53,
54]. In the light of 3DLL, in RM, the resolution requirements
are rather loose. On the other hand, due to the necessity to
test exotic materials, correct control of when and where polymerization reaction stops can be very important. Thus, the
control of polymerization reaction termination should not
be overlooked. However, additional quenching is very rarely
used in RM, as it adds additional species to the material that
could in some ways compromise biocompatibility. Furthermore, RM structures have, in most cases, features large
enough to not require any additional ways to increase printing resolution.
Last, the cross-linking degree must not be overlooked.
One of the peculiarities of photopolymerization reaction is
the diﬀerent amounts of photoactive species used, which
depends on the exposure parameters. This percent can be
somewhere in between ∼6% and ∼70% depending on the
material, excitation, and position in the focal region (decreasing farther from the center) [55]. The last property was
employed to generate nanothreads between solid supports.
Also, it gives another degree of tunability when considering
the concept of the structure [56]. Indeed, refractive index
[55], thermal response [13], and mechanical strength [54, 57]
depend on it. Consequently, it was exploited in creating
various optical and mechanical devices. On the other hand,
it means that the characterization of polymers becomes
incredibly tricky. Not only must one deﬁne what the optical
and mechanical properties of the ﬁnal material are, but also
at what conversion degree it was achieved. Therefore, while
there will be some characteristic properties of materials
listed in this article, one must interpret them with some
caution and keep in mind at what exposure parameters it
was achieved.
2.3. Fabrication Setup and Strategies. In order to realize TPA,
a special workstation is required. In a very generalized case,
there are 4 main components in each 3DLL setup: laser
source, relay optics, sample positioning, and imaging system
(Figure 3). Furthermore, choosing correct writing strategies

are also extremely important, because they can inﬂuence
both the mechanical properties of the structure and the
manufacturing throughput. Thus, when considering the
capabilities of 3DLL, the hardware/software part of the technology should not be overlooked.
As discussed previously, TPA is a nonlinear process
requiring high light I. On a very general level, one can
acquire peak I in the focused Gaussian beam by applying
the following:
I0 =

2P
:
f ω20 πτ

ð2Þ

Here, P is the average laser power, f is the laser repetition rate, ω0 = 0:61NA/λ is a radius of the beam waist
(NA is numerical aperture), and τ is the pulse duration.
As we can see, the laser source is responsible for most
parameters leading to high I (P, f , and τ). For this reason,
ultrafast fs laser with high P (up to a few hundred mW),
reasonable f (which rarely exceeds MHz), and very short
τ (tens/hundreds of fs range) is the best candidate to
induce it [58]. Nevertheless, picosecond (ps) [59], nanosecond (ns) [60], and even continuous wave (cw) [42] lasers
were used for 3DLL. However, in these cases, TPA is surpassed by thermal eﬀects and avalanche ionization as a
dominant process for inducing polymerization. This
resulted in a decrease in the fabrication window and/or
necessity to use a substantially lower translation velocity,
thus making ultrafast lasers a primary choice for higheﬃciency 3DLL setups. It is interesting to point out that
both oscillators and ampliﬁed fs laser systems can be used.
The latter laser systems are also capable of subtractive
laser manufacturing, such as ablation or selective glass
etching [5, 15, 61]. Thus, a setup with such laser can perform both additive and subtractive laser processing. While
at the moment it has limited uses in RM, it was applied
for great eﬀect in other medical ﬁelds, for instance, producing functional as lab-on-chip (LOC) devices.
The purpose of relay optics is quite straightforward—
direct laser light from laser to the sample. However, peculiarities of this operation should not be overlooked. As established
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Figure 3: Simpliﬁed schematics of a 3DLL fabrication setup employing an ampliﬁed fs laser and harmonic generator. PP1: phase plate; G1 and
G2: Brewster angle polarizers; M: mirrors; RM: removable mirror; RPM: removable power meter; T: telescope; Obj: objective. Adapted with
permission from [6] © The Optical Society.

in the last paragraph, laser should be emitting fs pulses. In the
case of oscillators, such pulses can be extremely short (sub100 fs) and, in turn, have relatively broad spectrum width.
Furthermore, several laser harmonics might be used in one
3DLL setup [6]. Therefore, optics in the setup have to be able
to sustain all of the relevant harmonics with respective spectral widths. In addition, optics have to assure that there is the
minimal temporal pulse broadening due to dechirping of the
pulse as it passes various optical elements or it is appropriately controlled for the beneﬁt of printing [62, 63]. Alongside
spectrotemporal requirements, the optical chain also has to
assure that there are no spatial disturbances to the beam.
Indeed, to achieve maximal possible writing accuracy, the
laser beam has to be as close to Gaussian as possible [64].
What is more, the beam diameter should match the aperture
of focusing optics, introducing the need of a telescope.
Finally, appropriate NA objective should be chosen to
accommodate the needed feature size/throughput compromise [1]. The light intensity in the focal region of Gaussian
beam can be deﬁned as
ω2
I ðr, z Þ = I 0 0 2 exp
ωðz Þ

!
−2r2
:
ωðz Þ2

ð3Þ

Here, r is the distance from the optical axis and z is the
distance from the focal plane parallel to the optical axis.
Because ω0 depends on NA, by changing the objective, one
can relatively easily tune the size of the modiﬁed volume.
Indeed, in most cases, RM requires relatively big structures
(up to cm) with features in the range up to tens of μm
[16, 27, 28]. This is substantially bigger than the hundred
nm level features possible with 3DLL. Thus, it is common to
use objectives with NA < 1 when fabricating structures for RM.
3DLL is realized by moving a focused laser beam in relation to the sample or the sample in relation to the laser beam.
On the onset of the technology, piezoelectric (piezo for simplicity) stages were used [65]. They provide extreme precision down to the sub-nm scale. However, their working
area is extremely limited (no more than several hundred
μm) and translation velocities are limited. They were also

sensitive to physical overloads due to the danger of the piezocrystals cracking. These problems meant that piezostages
were gradually phased out from the ﬁelds where highthroughput printing was necessary, including RM. The next
two easily applied options were galvanometric scanners and
linear stages. Scanners are a superb positioning tool for very
high-throughput fabrication due to the minimal inertia
[66]. This means that cm/s translation velocities can be
achieved even while fabricating very complex shapes. The
downside of this approach is the printing area being conﬁned
to a working ﬁeld of an objective which is in the order of several hundred μm. If structure dimensions exceeded the working area of an objective (which is the case for most RMapplicable structures), it had to be divided into segments
which were then printed one by one, resulting in stitching
between segments [67–70]. Stitches induce optical and
mechanical defects which might compromise functionality
of the structure. Linear stages do not have this problem and
can produce cm-sized structures at high translation velocities
(up to cm/s) if the structure is simple and based on straight
lines [71–73]. However, due to the high inertia of the stages,
distortions might appear in more complex cases also creating
a limitation. The solution to these problems is synchronization of galvanometric scanners and linear stages allowing to
achieve stitch-free printing with superb quality of complex
3D shapes at high translation velocities [6]. As a result, it
was already used in RM-related research [16].
The ﬁnal component necessary for practical 3DLL setup
is the integrated imaging system. In the simplest case, it is
needed to assure that the structure is fabricated at an appropriate position of the sample and for real-time observation of
the printing process [72]. At the same time, the functionality
of the imaging system can be expanded to include additional
roles, such as autofocus. In a general sense, autofocus is
needed to ﬁnd the interface between the prepolymer and substrate. It minimizes the workload on the setup operator and
enhances repeatability and precision of such an operation.
Depending on the desired result, it can be achieved by using
existing imaging hardware and additional image post
processing [74] or by introducing more components into
the setup [75]. It is important to note that implementation

6
of autofocus is relatively simple in the 3DLL case due to ﬂuorescence of most processable polymers. This sharply contrasts with ﬁnding the interface between two nonﬂuorescent
transparent mediums where more advanced solutions are
needed [76].
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3. Materials for Multiphoton Polymerization
Alongside the fs laser setup, polymeric materials employed
are the most important part of the technology. They deﬁne
both structuring peculiarities and the characteristics of the
produced structures. Therefore, the material has to be carefully chosen, especially in biological structures. Thus, in this
part of the review, we will discuss some of the most prominent materials that were employed in 3DLL, as well as
PI/inhibitors, and ﬁnish oﬀ with some ways of functionalizing them.
3.1. Common Photopolymers
3.1.1. Acrylates. Acrylates are one of the most common photopolymer families currently in use in 3D printing. This is
due to them being extremely photoactive and chemically tunable. Historically, it was the ﬁrst polymer structured in 2PP
fashion [18]. Acrylates are a family of polymers made from
acrylate monomers which are esters. The signiﬁcant feature
of acrylates is that vinyl groups are directly bonded to the carbonyl carbon. These monomers are important due to their
bifunctionality. The vinyl group is responsive for polymerization [77]. The carboxylate group carries numerous functionalities providing the ability to modify the composition and
chemical structure of acrylates. The polymerization chemistry of acrylates is based on the diﬀerences between two vinyl
carbon atoms. Usually, vinyl groups are electron rich, while
carboxyl groups are very polar. Therefore, the carboxyl group
in acrylates attracts electrons from the vinyl group that leads
to a deﬁcit of electrons in the alpha carbon and an excess in
the beta carbon (Figure 4). This behavior results in the high
activity of acrylates in the free radical polymerization reactions described previously.
Many acrylates with a variety of properties can be
obtained by changing groups connected to the alpha carbon
and carboxylate, for instance, methyl, ethyl, or other organic
chain having acrylic, methacrylic, and cyanoacrylic esters
[78]. There are abundant acrylate monomers and oligomers
that are photosensitive, such as hydroxypropyl acrylate,
hexanediol diacrylate, polyester tetraacrylate, hexaacrylate,
oxazolidone acrylate, pentaerythritol triacrylate, urethane
acrylate, some ﬂuorinated acrylates, and methyl methacrylate
[79]. Many acrylates have attractive properties depending
upon the chemical structure, such as high chemical and heat
resistance, stability, toughness, favorable stiﬀness, ﬂexibility,
optical clarity [78, 80], or 3DLL forming possibility.
It is known that, for instance, in polymethyl methacrylates, the softening point, density, and refractive index
decrease and the toughness increases as the ester chain
increases. In polymethyl methacrylate, by changing the ester
group from methyl to isobutyl, the density can be varied from
1.02 to 1.19 g/cm3, refractive index can be varied from 1.45 to

R2

Carbonyl carbon atom

R1,R2=H, CH3, CH2CH3...

R1
C
C

n
O

O
R2

Figure 4: Structural formula of acrylates before and after
polymerization. Here R1 and R2 are organic substituents and n is
the degree of polymerization. Alpha, beta and carbonyl carbon
atoms are shown.

1.48, softening point can be varied from 62 to 125°C [78]. On
the other hand, if it is necessary to have polymers with special
properties, there is a possibility to combine other monomers
or modiﬁers by copolymerization reactions. As a result, the
copolymers [78, 81] and blends, also known as acrylic multipolymers [78], are obtained. Some components like ethoxylated trimethylolpropane triacrylate are used in order to
reduce shrinkage upon photopolymerization [82]. In order
to promote hardness of the polymer, tris(2-hydroxyethyl)isocyanurate should be added [82]. Various modiﬁed acrylates
were used in 3DLL through the years [83–85]. Overall, acrylate groups play an important role in polymers that will be
discussed later, making acrylate chemistry one of the backbones of 3DLL.
3.1.2. SU8. SU8 is a chemically ampliﬁed negative photoresin
which was introduced commercially in 1996 [86]. It is specially tuned for usage in UV lithography. As a material which
was specially designed to be photostructurable, it was natural
for it to be applied in 3DLL very early [87, 88]. It is based on
the acid-labile groups and the photoacid generator [86]. This
results in a rather strict processing protocol. First, it is prebaked to remove the solvent making it hard. It is followed
by UV exposure, which generates a strong low concentration
acid, for example, hexaﬂuoroantimonic acid from PI decomposes which protonates the epoxides on the oligomer. Such
protonated oxonium ions are capable to react with neutral
epoxides in cross-linking reactions after irradiation. During
this process, the acid also regenerates resulting in a very
strong reaction in exposed areas. This reaction is also helped
by the fact that in normal circumstances, there are 8 receptive
epoxy sites on each monomer (Figure 5). The end result is very
well-deﬁned structures that can be relatively big (up to cm) or
can have very small features (down to tens of nm [89]).
3DLL processing of SU8 has some interesting features in
comparison to the standard UV case. First oﬀ, exposure and
postbake can be combined into a single processing step [41].
It is possible due to the capability to induce both nonlinear
absorption and subsequent heating during the same laser
scanning step. The polymerization kinetics are also somewhat diﬀerent. Raman spectra reveals that when SU8 is
exposed to 800 nm, 100 fs, and 1 kHz Ti:saphire, the absorption dynamic is diﬀerent from the standard UV case. However, the end result is basically the same as SU8 polymerized
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Figure 5: Structural formula of SU8, consisting only of the organic matter.

with UV light and TPA has nearly identical Raman spectra
[19]. Both subdiﬀractive structures [88] and mm scale
objects [90] were fabricated using 3DLL out of SU8. Due
to relatively good adhesion of SU8 to various functional substrates, structures can be printed directly on them. One of
the examples is ﬁber tips [91]. SU8 consists only of the
organic matter; therefore, it can also be removed by calcination in ambient atmosphere in rather low temperature of
600°C, making it a good candidate for the template material
for other substances that are hard to shape in 3D directly
[92]. Interestingly, SU8 usage in medicine is rather sparse,
especially in the 3DLL case. This can be explained by the fact
that other materials are more customizable, biodegradable,
and/or bioinert. However, it is still a potent candidate if
structures with well-deﬁned and mechanically strong features
are needed.
3.1.3. Hydrogels. Hydrogels can be described as the polymeric
networks which have the ability to take and storage an
extremely large amount of water in their 3D structures. The
reason for this is a chemical structure of material. The hydrogels are formed by hydrophilic groups which are hydrated in
an aqueous medium [93, 94]. Generally, hydrogels are insoluble in aqueous solution because of polymeric cross-links.
Nevertheless, because of the large quantities of water due to
the hydrogen interactions inside the polymer network, these
materials exhibit the capability to swell in aqueous solutions
[94]. As a result, chemically hydrogels can be deﬁned in
two conditions: one of them is the water-insoluble polymeric
chain and the other is the hydrophilic functional groups.
The two requirements described above lead to a wide
variety of hydrogel precursors. In order to facilitate understanding of hydrogels, they are classiﬁed in many aspects.
According to the hydrogels origin, they can be classiﬁed to
the natural or synthetic polymers. Furthermore, the classiﬁcation based on polymeric composition allows grouping
hydrogels into homopolymeric, where a basic structure consists of a monomer, and copolymeric—of two or more diﬀer-

ent monomer species with one hydrophylic component and
multipolymeric interpenetrating polymeric hydrogels consisting of two independent cross-linked polymers. Furthermore, hydrogels can be classiﬁed according to crystallinity,
for example, amorphous, semicrystalline, or crystalline. Also,
based on polymeric chains and the electric charge of hydrogels, they can be grouped into nonionic, ionic (that include
both cationic and anionic), amphoteric (with acidic and basic
groups), and zwitterionic (including both anionic and cationic groups) [94].
However, not all hydrogels can participate in photopolymerization. In 3DLL, precursors of hydrogels are usually liquid and should immediately respond to irradiation of light.
Therefore, PIs which accelerate photopolymerization reactions are necessary. Multifunctional cross-linkers, such as
acrylic acid or (meth)acrylates, create links between the polymeric chains. Frequently, monofunctional reactive dilutes are
added in order to adjust the viscosity [26]. Photopolymerizable hydrogel precursors could be HA-MA/acrylamide, modiﬁed gelatin, collagen, ﬁbrinogen, ﬁbronectin, concanavalin
A, lyophilized BSA (bovine serum albumin), BSA, PEGda/HEMA, and so forth, together with eligible PIs [26]. One
of the most used hydrogels for several decades is PEGDA
[95, 96]. Its structural formula is depicted in Figure 6.
PEGDA consists of polyethylene glycol with two acrylate
substituents at the ends of the chain. PEGDA is functionalized by polyacrylic or polymethacrylic acids in order to form
cross-linked hydrogels. These compounds have an oxygen
atom in a polyethylene glycol part and carboxylic group in
an acid part. The hydrogen bond between these groups is
formed. This behavior depends on pH, because the reason
for hydrogen bond formation is the protonation of the carboxylic group [93]. However, properties of hydrogels can be
changed not only by changing pH properties. Various
factors, such as temperature, pressure, solvent composition,
or ion changes, can control them, including cross-linking
density, hydrophobicity, swelling rate, permeability, degradability, and mechanical strenght [26], of gels which are

8

International Journal of Polymer Science
O
CH2

O
H2C
O

O
n

Figure 6: Structural formula of polyethylene glycol diacrylate
(PEGDA). Here, n is a degree of polymerization.

important for the 3DLL process and for the applicability of
the ﬁnal product.
Biocompatibility is one of the key properties of hydrogels
that make them attractive and promising in RM. The ability
to polymerize them with 3DLL further extends their applicability [26]. Indeed, from most of the currently available materials, they oﬀer one of the best analogs for the extracellular
matrix. Thus, numerous diﬀerent structures were created
out of hydrogels over the years using 3DLL [20, 72, 97, 98].
Their peculiarities will be discussed in more detail further
in this article.
3.1.4. Hybrid Organic-Inorganic Photopolymers. With the
advances of polymer chemistry came the possibility to add
a lot of diﬀerent functional groups to the cross-linkable
monomers. One of the key achievements in the ﬁeld is the
possibility to prepare hybrid materials that are cross-linked
via organic constitutes yet have diverse and signiﬁcant inorganic part. In most cases, they are prepared by sol-gel technology [99, 100]. The sol-gel synthesis method includes a
powerful and adjustable strategy for the preparation of functional organic-inorganic hybrid materials. It provides easy
control of the conﬁguration of the materials as well as molecular composition that permits hybrids more applicable to
fundamental or applied research and industry. The sol-gel
chemistry is based on hydrolysis and polycondensation reactions of suitable molecular precursors such as metal alkoxides
M(OR)x [101, 102], where M is the metal or metalloid element, for instance, Si, Sn, Ti, Zr, Hf, Ge, Al, Mo, V, W, and
Ce [103], while R is the alkyl chain or any other organic
group. The possibility of using metalorganic materials in
3DLL requires one important condition of the alkoxide
organic group—one or more organic groups must have a
functional group involved in photopolymerization reactions.
Therefore, in 3DLL, a silicon-based metalorganic monomer
(MAPTMS, TEOS, TMOS [103], or other silane) is used
together in the presence or absence of another metal isopropoxide which is usually stabilized by methacrylic acid
(Figure 7). The sol-gel method provides the opportunity to
synthesize homogeneous materials with the degree of mixing
of the organic-inorganic components and a variety of metals
that allows a variation of its appealing properties such as
molecular homogeneity, transparency, ﬂexibility, and durability [103]. As mentioned above, the hydrolysis and condensation reactions of monomeric metal alkoxides and organyl
alkoxides are the two main stages of sol-gel synthesis [104].
In solution, the alkoxides are hydrolyzed and condensed
to form polymeric species composed of M-O-M bonds
[102, 105]. Both reactions occur by acid- or base-catalyzed
bimolecular displacement reactions. The acid-catalyzed
mechanisms are carried on protonation of OH or OR sub-

stituents attached to silicon or other metal element, whereas
under basic conditions, hydroxyl anions attack metal or the
metalloid element directly. Both reactions occur simultaneously and, depending on reaction equilibrium, start to
form three-dimensional inorganic molecular networks.
The geometry and length of condensation bonds strongly
depend on catalysts, steric and inductive eﬀect of the alkyl
radical, and solvents [105]. Such hybrids with diﬀerent
composition and diversity of geometry are promising materials for various applications.
Hybrids oﬀer huge tunability in terms of mechanical and
optical properties by changing the ratio between the organic
and inorganic parts. For this reason, they become extremely
popular in 3DLL. Indeed, hybrids with Si [21], Zr [106], Ge
[107], and Ti [108] constitutes were tested over the years to
name a few. However, they vary heavily in terms of ease of
preparing them, shelf life, and general structurability. This
led to Si- and Zr-based hybrids becoming the most popular
ones. Zr-based hybrids are especially interesting as they were
created on purpose for use in 3DLL and oﬀer minimal
shrinkage [106]. Zr based initially created with the intent to
use it in photonics [106]. Nevertheless, over the years, it
was used in basically all research areas where 3DLL can be
applied, including photonics [9], microoptics [109], and
micromechanics [110]. It was also proven to be exceptionally
susceptible to modiﬁcation, including surface tuning [10] or
doping with organic dies [6, 111] or nanoparticles [112]. In
RM, the Zr-containing hybrid was employed in the
manufacturing standard [16, 73] and shape-shifting scaﬀolds
[113] as well as functional elements such as valves that could
be used as implants replacing analogous elements in veins
[110]. Biological use of the Zr hybrid is heavily motivated
by the superb biocomaptability of the material, proven both
in vitro [73] and in vivo, going as far as preclinical trials [16].
3.1.5. Elastomers. As the name implies, an elastomer is an
elastic polymer. It owns this property to relatively weak intermolecular forces, low Young’s modulus (∼MPa), and relatively high failure strain. Most of the elastomers are cured
using heat, making them very convenient for technologies
such as fast replication [114] or microﬂuidics [115]. While
numerous elastomers were created and tested over the years,
one of the most popular is the commercially available polydimethylsiloxane (PDMS) (Figure 8), which is sold under the
name Sylgard® 184. Furthermore, more monomers were
studied by researchers, such as elastomers in photopolymerization. Alongside appropriate monomer reactive, diluents
and chain transfer agents [116] are needed too. In the PDMS
variant, such a system may consist of MMDS ((mercaptopropyl)methylsiloxane-dimethylsiloxane copolymer) which is
oxidized by adding diﬀerent amounts of the IBDA (iodobenzene diacetate) solution, vinyl-terminated PDMS, PI, and
photoabsorber [117]. In other systems, some acrylates may
be used as the base monomers. These include aliphatic
polyester urethane diacrylate, urethane monacrylate in 20%
EHA and aliphatic urethane acrylate oligomer, as reactive
diluents such materials as 2-(((butylamino)carbonyl)-oxy)ethyl acrylate, 2-ethylhexyl acrylate, 2-hydroxyethyl acrylate,
and 2-cyanoethyl acrylate. As the chain transfer agents, the
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polycondensation.

pentaerythritol tetrakis(3-mercaptopropionate), and 3,6dioxa-1,8-octane dithiol are applied [116]. The reagent
names indicate that acrylates are the inseparable part of elastomers. However, it should be noted that only a small part of
acrylates can exhibit elastomeric properties.
Medical applications are one of the areas where elastomers show huge promise. Here, they excel due to their biocompatibility, capability to pass through gas while retaining
liquids and being generally transparent to visible and UV
light. One of the areas where it was exploited heavily was
LOCs [115]. Cells could live in biological liquids contained
in such devices, while also being able to “breath.” Transparent nature of elastomers also allows easy assessment of such
biological systems. Biooriented scaﬀolds made out of various
elastomers and their composites were also produced for RM
applications [118–120].
The importance of 3D nanostructuring of elastomers was
recognized very early in 3DLL. However, while 3D structuring of PDMS was achieved, it was done in very slow
100 ms/voxel exposure [121]. In further works, the speed
was increased from tens [122] up to thousands [123, 124]
μm/s, but the problem of the narrow fabrication window
and shrinkage remained. Due to their elasticity and polymerization post-fabrication, the shrinkage remains one of the
main problems of 3DLL-compatible elastomers, even if special purpose-built species are used [124]. Thus, while 3DLL
structuring is possible and materials are RM compatible, they
are not easy and straightforward to use.

are highly desired. Naturally derived raw material-based biopolymers are designed to answer this challenge. The polylactic acid (PLA) is one of the ﬁrst polymers of this kind to be
commercialized. Based on corn, it oﬀers an extremely low
price (∼several dollars for kg) and easy handling [125]. It also
shows favourable degradation properties [125, 126]. Both
additive [127] and subtractive [128] manufacturing were
achieved with PLA. Yet it and other associated biopolymers
were rarely used in photolithography due to the diﬃculties
in additive photostructuring. Movement to photolithography
requires to tune both monomer formulations and choose the
correct PI. It was shown that standard one-photon polymerization might be tricky and hard to use [52]. Interestingly,
when moving to TPA, some of these problems are signiﬁcantly reduced [129]. This might be related to a lot more
aggressive and localized energy introduction mechanism in
the 3DLL case.
Talking about biomimicking polymers, several kinds
were tried over the years, including protein [130, 131], collagen [132], chitosan [22], and gelatin [133]. However, most of
these materials are not easy to structure via fs lasers. Species
with special PIs and even ones without were tried with varying degrees of success. In some cases, deformed, barely standing 3D structures were demonstrated with intent to showcase
the possibility of such processing. In other cases, well-deﬁned
and usable 3D objects were manufactured. Overall, this area
is relatively new, and a lot of advances in further developing
biopolymers for 3DLL might be expected.

3.1.6. Biopolymers. Ever increasing material synthesis capabilities led to the creation of polymers similar to ones found
in nature (for instance, synthetic proteins) or based on naturally derived raw materials. Due to these connections, in this
review, we will consider both of these types of materials to be
biopolymers. Their main attraction is the possibility to
extremely closely mimic the biological environment, use
readily available natural raw materials, or both.
In a world with dwindling oil resources and ever growing
consumption of energy, alternatives for oil-based polymers

3.1.7. Positive Photoresins. All photopolymers discussed so
far are of the so-called negative tone kind. It means that
areas which were exposed to the light are cross-linked and
remain after the development. However, the opposite can
also be realized by using so-called positive tone resists. In
that case, under irradiation, exposed regions of photosensitive material are removed during development. Typically,
positive resists consist of a polymer matrix with protected
functionalities, small molecular photoactive generator, solvent, and other additives [134, 135]. One of the most
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signiﬁcant requirements of these systems is photosensitivity
of the photoactive generator which is basically called a
photoacid generator due to its property to produce acid after
the light irradiation. The photoactive generators can be
divided into two types, ﬁrst is the ionic, which mostly contains onium salts and upon UV light is able to produce
Brønsted acids, while the second type is nonionic that can
generate sulfonic, carboxylic, and phosphoric acids. Generally, polymers having tertiary carboxylate, tertiary carbonate, tertiary ether, acetal, hemiacetal ester, or other easily
protonizable group are used in positive tone resist systems.
In that case, after the photoactivated acid-catalyzed reactions, such polymers are decomposed into poly-carboxylic
acids or poly-phenols [134], depending on the initial functional group, and the smaller molecular weight having nonpolymeric compounds. Thereafter, polymers having acidic
functional groups can easily dissolve in an alkaline solvent.
The described system is called the ampliﬁcation resins.
But what if the polymer does not have an easily protonizable functional group? The most prevalent type of positive
tone photoresist consists of diazonaphthoquinone (DNQ),
phenol formaldehyde polymer (Novolac), and propylene
glycol monomethyl ether acetate (PGMEA) as the solvent
[136–139]. In this way, at normal conditions, the dissolution of the polymer is blocked by the hydroxyl group of
Novolac and DNQ interactions. However, after the photoillumination, indenecarboxylic acid is formed via ketenes
[136] of the DNQ; as a result, the Novolac polymer becomes
soluble [140].
Positive tone resists were applied in 3DLL [141] with the
primary focus on the possibility to use them in microﬂuidics
[142]. However, due to their nature, they are relatively chemically unstable with short shelf life and narrow fabrication
window. Thus, in recent years, they were used less and less
in favour of easier to use and applicable negative tone resists.
3.2. Photoinitiators in Regenerative Medicine. The correct
choice of PI or photoexcitation mechanism is imperative
for 3DLL. In most cases, a speciﬁc PI is used for it. PI’s inﬂuence to the whole printing process is immense because it
determines what laser wavelength should be used and what
is the fabrication window. When 3DLL was ﬁrst used, photopolymers with PIs designed for one UV photon absorption
were applied due to being readily available [18, 121]. From
the ﬁrst glance, it might seem that adoption of one-photon
PIs for TPA should be pretty straightforward by just making
sure that the fs laser wavelength is half of the absorption peak
of the PI. However, interestingly enough, it was shown that
sometimes PIs with huge one-photon absorption crosssection σ1 can have very small σ2 in the range of tens of
GM [143]. In comparison, if appropriate chemistry is used,
σ2 can go as high as more than a thousand GM [143]. This
proves the necessity to create PIs specially designed for TPA.
TPA-oriented PIs can be realized by applying D-π-D,
D-π-A, D-π-A-π-D, and A-π-D-π-A types chemical
compounds showing large changes of dipole/quadrupole
moments upon excitation, with extended conjugation in
molecules [144]. Here, π is a π-conjugated backbone (for
example, vinyl groups in ethynylphenyl, ethynylene, or

International Journal of Polymer Science
phenyl); D usually represents hydrogen, methoxy, and
alkylamino, such as dimethylamino, diphenylamino, and
dibutylamino groups which act as electron donators; and
A is the acceptors (for instance, various cycloketones,
ketones, pyridine, or pyridinium) [144–146]. D-π-D and
D-π-A-π-D are two of the most commonly used PI systems
in TPA. One of the D-π-D type, commercially available PIs,
which is known as Irgacure 2959, could have attractive
properties for medicine application as PI, due to its biocompatibility and solubility in water [145]. However, it is only
appropriate to the 515 nm wavelength, which may cause the
denaturation of proteins, which is critical when processing
in the presence of cells [145, 147]. Therefore, D-π-A-π-D
system PIs are more attractive in medical applications due
to the charge transfer between electron donor (D) and acceptor (A) groups which are responsible for the appearance of
low-energy excitations [148], such as 800 nm [146].
If the ﬁnal structure is expected to be used in RM PI,
despite the discussed necessity of low energy excitation, it
must match even more requirements. First, it has to be biocompatible. This can be tricky, because PI molecules are purposely designed to be extremely chemically active resulting in
possible cytotoxicity [95, 149]. It is known that the cytotoxicity is determined by singlet oxygen quantum yields during
photoinitiation. In the case of D-π-A-π-D, cytotoxicity was
found to be inﬂuenced by the composition of the activator.
The smaller number of C atoms in the cycle of cycloketones
(at least from C4 to C7) showed the less amount of the singlet
oxygen quantum yield [150]. Furthermore, they have to be
water dissolvable. This requirement stem from the desire to
use water-soluble hydrogels in RM and potentially avoid
organic solvents in development process. It was shown that
some standard PIs can be biocompatible as long as they are
used in inert hard polymer matrices, such as hybrid
organic-inorganic photopolymers [16, 73, 113]. Purposedesigned bio-PIs were also developed. In order to achieve
water solubility, water-born functional groups can be introduced. These can be, for instance, quaternary ammonium
cations or carboxylic sodium salts. Biocompatibility of such
water-soluble PIs was proven by both seeding scaﬀolds with
cells and printing structures with whole organisms. It was
shown that such bio-PIs can have σ2 high enough to support
printing speeds well over cm/s [151]. Therefore, the selection
of PIs suitable for RM is quite big, fully supporting the
growth of the technology.
As mentioned above, another important requirement of
PIs is the suﬃcient two-photon absorption cross-section
value which is most dependent on the chemical structure,
hydrophilicity/-phobicity, and solvent. According to Albota
et al., the two photon absorption cross section increases due
to the increasing conjugation length of the molecule or the
increasing extent of symmetrical charge transfer from the
ends of the molecule to the middle or vice versa [152]. Furthermore, with the hydrophilic PI P2CK (Figure 9) under
800 nm excitation in water, the TPA cross-section value was
equal to 176 GM, while its hydrophobic analogue (B3FL) in
chloroform was 466 GM [153]. The hypothesis of such behavior is interpreted by hydrogen bonding between the solute and
solvent and changes in the PI geometry or aggregation [145].
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While PIs are the primary way to induce cross-linking, it
was also shown that in some cases, polymerization reaction
can be induced even without PI present [2, 133, 154]. This
potentially eliminates the need to use PI and, thus, optimize
its printing and biocompatibility-related properties. On the
other hand, it reduces the fabrication window, potentially
weakens the structure mechanically, and creates additional
requirements for the light source [154]. This is due to the
change in the undergoing light-matter interaction. It was calculated that if PI is not present, avalanche ionization might
become comparable or an even greater contributor to chemical bond cleavage than TPA [40]. However, as the avalanche
requires time to achieve its full potential, relatively longer
pulses in the range of hundreds of fs are necessary. Another
way to achieve PI-less structuring is to specially design the
material to have double bonds breakable directly by TPA
[133] (Figure 10). Then, the material acts as polymer and
PI. PI-free structuring alongside bio-PIs make selection of
photosensitization mechanisms very broad which is
extremely suitable for such a subtle ﬁeld as RM.
3.3. Material Functionalization and Modiﬁcation. In a lot of
cases correct choice of the polymer and PI is suﬃcient to satisfy the needs of the application. However, in some special
cases, further modiﬁcation of the material might be desired.
Due to the extreme ﬂexibility of 3DLL, a lot can be done to
the polymers used while retaining the possibility to structure
them in 3D fashion.
3.3.1. Organic Modiﬁcations. Polymeric matrix might be
enhanced by using organic additives. These might serve several functions. First, these additives might be various biological or curing agents that are released as the biodegradable
polymer dissolves in a living tissue or bioliquid [155]. If the
scaﬀold is produced out of such material, it both supports
the cell growth and potentially provides cure for the trauma/disease in its proximity. Second, additional organic dyes can
be added [6, 111]. It makes structures easier to see in either
ambient lighting or under UV light. This is attractive for
medical applications if nondegradable scaﬀolds need to be
observed or removed. However, as with the PIs, care should
be taken to make sure that such dyes are not cytotoxic if
application is biology oriented. Also, the absorption of the
dye needs to be considered and 3D printing performed with
laser wavelength for which such material is transparent [6].
3.3.2. Inorganic Modiﬁcations. The problem with organic
ﬂuorescent dyes is their bleaching overtime under UV radiation. If long-term emission is needed, inorganic additives are
superior. In that case, 3DLL-applicable polymers can be
mixed with various inorganic nanoparticles and quantum

dots. Indeed, by controlling the shape and size of such
nanoobjects, their absorption and emission characteristics
can be changed from UV to IR wavelengths [156, 157]. In
the 3DLL case, they can be introduced into polymer either
after printing [158] or just by mixing them into prepolymer
before printing [112, 159, 160]. The second option is
extremely attractive due to its simplicity and is always used
if possible. Alongside well-controlled absorption/emission
characteristics, nanoadditives can also be used in other ways.
For instance, they can be used as PIs. With very small concentrations needed (∼10−3% w.t.) and comparable photoactivation to standard Pi [112], gold nanoparticles are promising
in biological applications as a replacement for standard PIs.
Finally, enhanced and/or controlled photosensitivity can be
realized with other nanoadditives such as ZrO2 [161] or
upconverting lanthanide-doped upconversion materials
[162]. Thus, this approach can be considered to be extremely
versatile and applicable to multiple materials.
Modiﬁcations using inorganic additives extend beyond
just a control of photosensitivity. Quantum dots can also be
used to modify the mechanical and optical properties of the
nanocomposite beyond what could be achieved with only
polymer chemistry [159] (Figure 11(a)). Furthermore,
magnetic properties can be introduced to the polymer via
magnetic nanoparticles [163]. Alongside 3DLL-enabled conductive nanocomposites [164], it creates a precedent for the
completely controllable electromagnetic properties of the
structure. This is extremely relevant for RM as some tissues
rely on electric conductivity of the surrounding medium. At
the same time, it would enable printing miniaturized active
implants such as heart simulators or microrobots. Therefore, nanoadditives and resulting nanocomposites are an
extremely important area for development with huge promises to 3DLL overall and with interesting implication to RM
in particular.
3.3.3. Postprocessing Solutions. In its essence, 3DLL is only
capable of printing polymeric materials. While polymers
can be tuned in extremely diverse ways, there are properties
that are nearly unreachable with polymers. Thus, ways to
expand additive laser 3D manufacturing beyond polymers
exist. Recent works showed that one of the best ways to
achieve free-form 3D nanomanufacturing of inorganic materials is combining 3DLL and thermal postprocessing [154,
165–167]. The usage of this methodology can lead to several
outcomes. Heat might be used to remove organic polymer
completely. Then, it can be used as a mold for a material that
could not be directly structured via 3DLL, for instance, metal
[168]. The end result in such a case is high-quality metallic
micro- and nanostructures. In a similar fashion, heat can also
be used to directly form inorganic structures. Then, the 3D
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Direct cleavage via nonlinear absorption of a double bond in a group results in radicalization and subsequent polymerization. Adopted
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Figure 11: (a) Refractive index change and structure topography of material doped with diﬀerent concentration of PbS quantum dots.
Substantial change of both is clearly visible. Scale bar: 50 μm (adopted from [159]). (b) Scaﬀold structure made out of hybrid organicinorganic photopolymer SZ2080 (1) and then modiﬁed into glass-ceramic via thermal postprocessing. Clear downscaling while preserving
the shape and structural complexity is evident (Adapted with permission from [166] © The Optical Society).

structure is produced by using 3DLL using hybrid organicinorganic photopolymer or similar mixture. Postprocessing
is then used to remove most of the organic constitutes leaving
inorganic 3D structure. As an added bonus, during this process, a substantial downscaling of a structure occurs—up to
21% of initial size in the 2D line case [165] and 60% in the
3D case [154]. The shrinkage was observed in both nanolatices [154, 165] and bulk 3D structures [166, 167]. It is also
completely isotropic in all directions making it very predictable [166]. Thus, it was used to produce even extremely complex 3D microstructures [166, 167] (Figure 11(b)). A method
of this kind was already shown to have huge promise in producing true 3D glass microﬂuidic systems [169]. While it was
not applied in RM, so far, the possibility here would be to
produce ceramic implants that could well mimic bone or
teeth. Scaﬀolds of required geometry and overall size were
already demonstrated with possible further works in RM
direction in the near future.
Finally, surface modiﬁcations should not be overlooked.
It was shown that correct surface topography and chemistry
has immense impact on the functionality of medical implant.
Functional groups like carboxylic acid groups, hydroxyl
groups and amine groups generally produced by plasma
treatment are used to chemically functionalized polymer surfaces. In the case of 3DLL-made structures, such as scaﬀolds,
surfaces can be functionalized by plasma treatment for
acrylic acid surface polymerization and further grafted with
laminin-1 or gelatin in order to enhance human cardiac pro-

genitor cell (CPC) survival and diﬀerentiation potential
[170]. Furthermore, surface properties which are signiﬁcant
in medical application, such as adhesion, surface hardening,
surface wettability, tribology, blood compatibility, and diﬀusion barrier, can be obtained by functionalizing polymeric
surfaces with organic materials. For example, superhydrophobic materials are obtained by using tetraﬂuoroethylene
or 1H,1H,2H,2H-perﬂuorooctyl acrylate precursor plasma
polymerization. Also, in order to make blood-compatible
surfaces, the hexamethyldisiloxane can be used to reduce loss
of blood cells through blood contact. For the thermal resistance and electrical properties, a polymer can be functionalized by covering of cyano groups [171]. At the same time,
conductive and/or magnetic coating can be selectively deposited on 3DLL-made objects. Then, the metallization process
is based on three stages. The ﬁrst stage is seeding of metal,
such as silver, when the 3D structure is immersed in an aqueous solution of silver nitrate (AgNO3), where silver ions connect together with amine moieties, which are only on the
polymeric structure’s surface, thus forming the initiation of
the silver nanoparticles growth. In the second step, metal ions
are reduced, in this case, by aqueous solution of sodium
borohydride (NaBH4), and silver nanoparticles are formed.
The amount of silver plated onto the structures depends on
the duration of these stages. Finally, during the plating, the
structure is immersed in the reducing agent to form a smooth
ﬁnal layer of metal [10, 172, 173]. The result is a metal layer
just only on 3DLL-made structures. This was shown to lead
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to conductive 3D structures [172] or plasmonic functionality
[10]. Magnetic interaction-based cell transportation was also
shown [173]. In medicine, this can be relevant as a way to
introduce electricity to various electromechanical implants
or simulators.

4. Applications in Regenerative Medicine
In order to achieve the ﬁnal goal of RM, a lot of diﬀerent, separate, yet intertwined research topics have to be investigated.
Living cell behavior on diﬀerent materials and geometrical
topographies have to be onsidered. These results have to be
compared to true living tissues. Novel designs for RMoriented structures then have to be developed in accordance
to obtained results and precise medical needs. Then, overall
body response to printed objects have to be known as the
ﬁnal goal of the RM is to have structures and methods that
could be used in the human body. All of these directions
are being tackled with the help of 3DLL.
One of the key backbones of RM research is scaﬀolds for
cell growth and tissue engineering [174]. They allow both
investigating cell behavior in diﬀerent conditions and being
used for curing damaged tissue. When creating scaﬀolds, a
lot of diﬀerent considerations have to be taken into account.
The 3D aspect is especially important here. While a huge
array of cell-related research was performed with 2D structures [175–177], the extent of capabilities to mimic living
body in 2D environments is limited. Thus, 3D objects are
required for any high-level research. Diverse methods were
used to fabricate scaﬀolds. Some of them are considered passive and include phase separation [178], porogen leaching
[179], gas foaming [180], freeze-drying [181], and electrospinning [182]. The key advantage of these methods is the
capability to create scaﬀolds for virtually any synthetic or
natural material. Furthermore, the feature/pore size in such
structures can be tuned to be in the range of what is found
in natural ECM. This is extremely important in RM, as
ECM inﬂuences cell behavior in a variety of diﬀerent ways,
including their proliferation, migration, or mass transportation. However, all of these methods are to some extent random
in nature, making predetermined scaﬀolds with precise architecture nearly impossible. Here, various 3D printing techniques show huge advantage due to structure on-demand
capabilities [183]. However, from all of the standard 3D printing techniques available today, only 3DLL have the correct
blend of achievable resolution and acceptable throughput [1].
3DLL-made scaﬀolds were used in a huge variety of ways
to investigate the peculiarities of cell and printed structure
interaction. Specially designed wells with channel-like structures were applied to investigate the peculiarities of neuron
growth and connection, showing that directionality of surrounding structures is extremely important [184]. Also, pore
size in the scaﬀold can have huge implications to cell migration and mass transportation [185] (Figure 12(a)). Even if
gaps in the scaﬀold structure are smaller than the cell itself,
the macromolecules can still pass through such barrier
[186]. Understanding these mechanics is imperative in
creating scaﬀolds that are custom tuned to allow certain cell
migration and, at the same time, unrestricted communication
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between cells. Cell adhesion is another important topic. Biochemistry behind the cell-ECM interaction is extremely elaborate. Some materials might have superb cell adhesion while
others might repel the cells. The ﬁrst eﬀect was shown to be
extremely useful when controlling cell attachment points in
a specially designed scaﬀold having functionalized points
made out of bioactive species on top of the inert scaﬀold. This
can be further expanded to include both repelling and
attracting species in a single scaﬀold [17]. Then, the foursided supports are printed out of a basic hydrophilic resist,
consisting of a mixture of commercially available components: a trifunctional acrylate as the network-forming species
(trimethylolpropane ethoxylate triacrylate, TPETA) and a PI
(Irgacure369), with a functional photoresist, which has protein- and cell-repellent properties along with a photoreactive
component that can be activated by DLW in order to change
its properties to attract protein binding; as a result, proteinbinding surfaces are obtained on the cross-beams. Such resist
is obtained by mixing previously described basic resist
(TPETA) and a methacrylate containing either a phenacyl
sulﬁde (PS) or an o-methylbenzaldehyde (photoenol precursor) (PE) part. Finally, the inorganic-organic hybrid photoresist OrmoComp is used as a third resist providing an inherent
protein-adhesive surface on the opposite cross-beam ends of
the scaﬀold. Subsequent UV light leads to biotinylation of the
functional resist cross-beams, making them either attracting
for speciﬁc binding of the vitronectin. Due to the passivating
properties of both basic and biotinylated resists, ﬁbronectin
on laminin only bind to the OrmoComp beams. In this particular case, epithelial (A549) and ﬁbroblast (3T3) cells were
chosen: the ﬁrst kind has good adhesion to OrmoComplaminin cross-beams and is repealed by the vitronectin, while
the second type has completely inverted adhesion-repulsion
properties [17]. As expected, cells were shown to attach to a
preferential material proving that 3DLL can be employed
for complete tissue engineering, starting with the completely
freely deﬁnable 3D geometry and on-demand chemical functionality all done in the size range that can be smaller, bigger,
or the exact cell size.
Having good knowledge about cell-scaﬀold interaction,
scaﬀolds can be applied directly for treatment purposes. Here
3DLL can be used in a huge variety of ways. For instance,
scaﬀolds might be used as a breeding platform to acquire cells
for various cell-based treatments [73] (Figure 12(b)). Then,
relatively simple geometry scaﬀolds with pore sizes optimized for the particular cell type can be made. Such colonies
can be up to mm in size, making the entire amount of growth
chambers in the range of tens or even hundreds. Furthermore, it can induce the genetic reprogramming of the cell,
once again showing the importance of the scaﬀold shape
and subsequent cytoskeletal tension in the cell [187]. While
direct cell therapies have huge promise, in some cases,
movement of the liquids in the body might destroy new cell
colonies. A primary example is the blood ﬂow in the cardiovascular system. Then, more rigid scaﬀolds can be applied to
keep cells in place [71]. Then, the question of biodegradability arises.
Sometimes it would be desired that after cells are self-sufﬁcient, the scaﬀold would degrade and entirely normal tissue
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Figure 12: (a) SEM images of 3DLL-made structures with varied pore areas used to test cell interaction in scaﬀolds which might be smaller
than the cell itself [186]. (b) Supermatrix of nichoids as a cell culture containing 218 matrices at a distance of 30 μm. Such structures show
clear capabilities of 3DLL to be employed at mass production of biological scaﬀolds [73]. (c) Real-time view via setup imaging system
depicting the writing of a scaﬀold in the presence of a living Caenorhabditis elegans showcasing that 3DLL combined with a biopolymer
can be completely biofriendly and does not have adverse impact on living organisms [72].

would grow [188]. On the other hand, in some cases, nondegradable scaﬀolds are also acceptable. For instance, they
could be employed in bone regeneration where they outperform modern cologne membranes [16, 189]. The middle
ground between degradable and stiﬀ scaﬀolds is shapeshifting structures [113]. 3DLL can be employed to print
burr-like structures that could later be seeded with cells.
Due to relatively small size and hooks on the outside, such
balls can then be applied to the wound as a gel. It then mimics
the shape of the wound. The freedom of geometry is a massive enabler in RM, and one could expect only more precisely
tuned or nontrivial geometries to be used.
Most of the research conducted so far was performed
in vitro. Results acquired in this manner are extremely
important for the development of the ﬁeld. However,
in vivo applications need to follow. So far, several works were
done in this area. For example, a 3D structure was printed in
hydrogel in the presence of the whole organism [72]. The
Caenorhabditis elegans used in this work was shown to not
only survive in photoactive hydrogel but also live through
the printing process (Figure 12(c)). This again shows that
the cold nature of fs processing is extremely attractive in

RM. Keeping in mind that 3DLL can be realized through an
optical ﬁber [190] which can also have advanced imaging
lenses [12] or manipulation tools attached to it [14], true in
situ bioprinting inside a living human can be envisioned in
the future. Finally, preclinical in vivo trials were also performed, showing that hard hybrid polymer 3D scaﬀolds can
outperform standard collagen membranes in healing trauma
[16]. The presented results were acquired in the time frame of
up to 6 months. It proves that 3DLL made scaﬀolds can be
implanted into living organisms for prolonged amount of
times with the positive impact to the healing, which is the
ﬁnal goal of RM.

5. Challenges and Perspectives
The results presented so far show great potential of 3DLL in
RM. Nevertheless, a lot more needs to be done before it
becomes a widespread solution. Here, we look into some of
the newest trends in 3DLL with the emphasis on how these
can beneﬁt RM in the future.
Biocompatibility is the key requirement in RM. While a
lot of biocompatible materials were tested already [26, 124,

International Journal of Polymer Science

15

1 mm

Single working field (125 𝜇m)
250 𝜇m
(a)

70 𝜇m
(b)

(c)

Figure 13: (a) A gradient chainmail-like structure which could be used as a mechanically ﬂexible scaﬀold while still being made out of hard
material. The mm scale size is suﬃcient for usage in real clinical trials. It is important to note that it was done using a galvo scanner and linear
stage synchronization allowing to avoid stitching. It would have been detrimental to the mechanical quality of the structure (Adapted with
permission from [6] © The Optical Society.). (b) Burr-like ball seeded with cells. Due to the geometry of the structure and hook-like outer
ends, multiples of such objects can join together in the wound forming a shape-replicating structure (Reproduced from [113], with the
permission of American Vacuum Society.). (c) Example of a passive microvalve allowing the ﬂow of liquid only in one direction.
Enhanced and custom-tuned objects of this kind could potentially be used in the veins to replace worn out biological analogs (adopted
from [110]).

188], this area is still relatively active. The key questions here
are compromise between eﬀectiveness of PI and fabrication
throughput, dissolvability in water, and other appropriate
solvents and long-term eﬀects of PI presence in the living
body. Indeed, some materials require extensive exposure to
fully start the polymerization reaction [52]. Fast-acting PIs
are being constantly developed [191]. Thus, one might expect
that with the constant increase in fabrication throughput
photoexcitation should not become the bottleneck of the
3DLL. What is more, these fast-acting new generation PIs
are also being made to be dissolvable in water, allowing them
to be used in biodegradable hydrogels [151]. On the other
hand, they also have to be biocompatible. Some of the longterm studies showed that in some cases, PI can be completely
inert in nondegradable scaﬀolds even after being in a living
organism for up to 6 months [16]. Hydrogel-compatible
high-speed PIs also show great promise in this regard [151].
However, more research in this area is needed. Also, one
must not forget about the possibility to directly polymerize
materials without PI completely forgoing the problem of
PI’s biocompatibility [133, 154]. This is especially true keeping in mind that PI-free printing was shown to be applicable
even at high-speed fabrication.
The next challenge lies in producing deformable scaffolds and structures that could move inside soft tissue after
being implanted. Most 3DLL-processable materials are relatively stiﬀ, with Young’s modulus well into ∼GPa. Therefore, bone tissue replacement is one of the main areas
where 3DLL was tested extensively [16, 189]. In order to
apply it for soft tissue, several 3DLL-enabled tricks were
also employed. A scaﬀold can have deformable geometry
due to being made out of intertwined parts [6]
(Figure 13(a)) or having very small features that can
deform [13, 14]. Also, shape-shifting scaﬀolds made out
of microballs seeded with cells are also an interesting prospect [113] (Figure 13(b)). However, true 3D nanostructuring of elastomer is desired. Despite this, so far, it was
shown to be relatively complicated for several reasons. If
standard PDMS is used, translation velocity is limited and/or
the fabrication window is narrow (in comparison to standard
3DLL materials) [121, 122]. Shrinkage can also be a problem

[124]. Current progress in the ﬁeld allows to relatively easily
print mm scale scaﬀolds out of elastic materials [192]. Further
downscaling could be expected in near future.
Alongside movement of soft tissue, mechanical ﬂexibility
is also relevant for mechanical metamaterials. In short, metamaterials are artiﬁcial materials with rationally designed features allowing properties beyond what is normally possible
in nature [193], hence the Greek word meta, which means
“beyond.” So far, it was demonstrated that 3DLL is capable
of producing objects with negative Poisson index [194], controllable thermal expansion [13], and negative eﬀective static
compressibility [195]. The prospect of such special properties on-demand brings the new dimension to RM. First, 3D
microprinted stents become a possibility [196]. Then, basically any-sized blood vessel can be accommodated with
them. Furthermore, scaﬀold reacting to the temperature,
pressure, or chemical composition of surroundings can be
created. Indeed, the polymer has an inherent property to
swell or expand in the diﬀerent liquids [197], meaning that
the scaﬀold can react to this as well, potentially protecting
cells from adverse materials in the immediate surrounding
or, alternatively, opening more when special healing liquids
are present. Overall, combining unlimited 3D geometry
and smart architecture has a huge promise in RM, and one
can expect this area to be exploited more and more in the
near future.
Purpose-driven material development also led to polymers that can be dissolved after manufacturing. Indeed,
3DLL supports multimaterial printing [17, 197–199]. While
it is already a powerful tool in RM, the possibility to “erase”
some of the components that were 3D printed is an interesting prospect. Thus, polymers based and dissolvable in softer
chemical solutions were developed [200]. The implication to
RM is scaﬀolds that can be dissolved in the body at diﬀerent
stages on the treatment. Furthermore, keeping in mind
diverse chemistry of the body, such scaﬀolds might be
degraded by the body itself. Also, nondegradable and permanent materials might be combined in one structure.
One of the possible applications could be a nondegradable
valve [110] (Figure 13(c)) placed in veins with accompanying scaﬀold for better initial growth. After some time, the

16
scaﬀold would degrade leaving a very well-attached permanent valve.
Finally, material development should not overshadow
challenges in the hardware and software needed for 3DLL.
The key advances here are related to minimized workload
to the user and increased throughput. Operator workload is
being reduced by employing advanced software, which
allows to perform monotonous tasks (for instance, structure
placement on substrate) and printing optimization easier
[70, 74]. In terms of hardware, additional components can
be placed into the optical path enhancing throughout or versatility of the setup. The primary example in this regard is the
spatial light modulator (SLM), which might help to increase
fabrication throughput [201, 202]. If a cheaper and simpler
solution is required, passive light shaping can be done [203,
204] sacriﬁcing ﬂexibility and tunability. Spatiotemporal
light shaping is also possible [62, 63]. While it is highly promising for RM due to the capability to print relatively big (up to
cm) structures, it has a disadvantage of being relatively complicated. Lastly, hardware solutions for very fast translation
velocities are also coming. Current positioning systems based
on galvo scanners, linear stages, or their synchronization can
go as fast as mm/s–cm/s [6, 72]. However, with the advent of
polygon scanners [205] and acoustooptics [206], these translation velocities might exceed m/s or even more. Nevertheless, both of these solutions have some distinct limitations.
Polygon scanners cannot easily change the direction of scanning and have limited ﬂexibility. Thus, they are suitable only
for mass production of designs that will not change or will
change minimally. Acoustooptical deﬂectors do not have this
problem but are bound by limitation in sustaining polarization and possible temporal broadening of a fs pulse due to
the severe dispersion. Therefore, a lot of work has to be done
in order to apply these solutions to 3DLL technology.

6. Conclusions
RM is an extremely complex and challenging topic. As shown
in this review, 3DLL is capable of overcoming these challenges. One of the main reasons is the extremely wide selection
of materials and structuring regimes. Indeed, combining free
choice of 3D architecture of a structure and usage-speciﬁc
monomer-PI covers basically any need for RM, starting from
hard scaﬀolds for bone regeneration to EM-imitating multicomponent structures. Keeping in mind that new materials
directly tailored for this ﬁeld are being constantly developed,
printing technology improved, and new 3D geometries tested,
one might realistically expect widespread adoption of this
technology in the near future.
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5-Fluorouracil (5-Fu) is one of the frequently used ﬁrst-line cytotoxic drugs for chemotherapy against gastric cancer.
Chemotherapy and immunotherapy are currently the main methods for treating gastric cancer. Immunotherapy can enhance
the antitumor eﬀect of chemotherapy drugs at the same time reducing its toxicity. The combination of these two therapies to
treat cancer has become a mainstay and has received increasing attention in clinical practice. Ganoderma lucidum
polysaccharide (GLP) is isolated from the Ganoderma lucidum fruiting body. Studies have shown that GLP has antitumor
eﬀects, where GLP does not directly kill tumors, rather exerting its antitumor function by stimulating immune cells including
natural killer (NK) cells and T cells. In this study, the antitumor eﬀect of GLP combined with 5-Fu was studied in vivo. At the
same time, the associated mechanism of GLP combined with 5-Fu in gastric cancer cell lines BGC823 and SGC7901 was
investigated in vitro. The results showed that GLP could stimulate the killing eﬀect of NK-92 cells on gastric cancer cell lines
BGC823 and SGC7901 and synergistically enhance the toxic eﬀects of NK-92 cells on gastric cancer cell lines BGC823 and
SGC7901. Moreover, GLP could further promote the activity of NK-92 cells by activating the NK cell activating receptor
NKG2D and its downstream DAP10/PI3K/ERK signaling pathway.

1. Introduction
Cytotoxic chemotherapy is an eﬀective treatment for cancer.
However, the use of cytotoxic drugs tends to be toxic to normal tissues, aﬀecting the body’s hematopoietic function and
destroying the body’s immune suppression system and easily
leads to tumor resistance [1, 2]. Recently, an increasing
amount of attention has been given to the combination use
of chemotherapy and immunotherapy which not surprisingly has also been frequently practiced in clinical settings
[3]. Not only sustaining the antitumor eﬀect of chemotherapy drugs, immunotherapy can also reduce the immune
damage incurred during chemotherapy [4]. The synergistic
eﬀects between chemotherapy and immunotherapy have
been conﬁrmed in several clinical trials. For example, gemcitabine combined with interleukin-2 has a signiﬁcant eﬀect in
the treatment of metastatic colorectal cancer. In these studies,

chemotherapy and immunotherapy synergistically enhanced
the presentation of tumor antigens by the immune system
and made cytotoxic lymphocytes (CTL) and natural killer
(NK) cells more sensitive for tumor cells [5–7].
Ganoderma lucidum belongs to the family Ganoderma
lucidum and is a rariﬁed Chinese herbal medicine [8]. Ganoderma lucidum polysaccharides (GLP) are the major active
substances of Ganoderma lucidum and have various biological functions, including antitumor [9], immunomodulation
[8, 10], antioxidation, and hypolipidemic eﬀects [10]. Studies
have shown that GLP can inhibit tumor growth in S180
sarcoma-bearing mice and can increase the proportion of
CD4 or CD8 T cell subsets in S180 tumor-bearing mice.
However, GLP had no cytotoxic eﬀect on S180 cells and PG
cells (human lung cancer cells) in vitro. Interestingly, the
serum from GLP-treated S180 tumor-bearing mice signiﬁcantly inhibited the proliferation of S180 cells and PG cells
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in vitro. In addition, GLP can also promote the proliferation
of spleen lymphocytes induced by concanavalin A (ConA) or
lipopolysaccharide (LPS) and enhance the cytotoxic eﬀects of
natural killer (NK) cells and increase the rate of neutral red
phagocytosis of macrophages as well. These ﬁndings suggested that the antitumor activity of GLP may be mainly
associated with the host immune response stimulated by
NK cells, T cells, and macrophages [11].
5-Fluorouracil (5-Fu) is a commonly used antimetabolic
chemical agent that is widely used clinically in cancer treatment. However, application of 5-Fu can inhibit the immune
system and cause leukopenia and atrophy of hematopoietic
organs [12–14]. At the same time, 5-Fu also has immunomodulatory eﬀects [15]. And clinically, 5-Fu is often used
in combination with cytokines to treat cancer. One of a phase
II trial for the treatment of pancreatic cancer with the combination of 5-Fu and Interferon (IFN) showed a 5-year overall
survival rate of 55% [16].
In this study, we explored the antitumor eﬀects and associated mechanism of 5-Fu combined with GLP in vivo. In
vitro, GLP directly stimulated NK-92 cytotoxicity by upregulating the expression of NKG2D and activating the downstream DAP10/PI3K/ERK signaling pathway. As for 5-Fu, it
has been shown to increase and maintain the expression of
MHC class I-related molecule A (MHC class I-related china
A, MICA) a ligand for NKG2D on gastric cancer cell XXX
membrane by inhibiting the expression of ADAM10 (A Disintegrin And Metalloprotease 10) on tumor cells. In summary, the synergistic eﬀect of GLP and 5-Fu enhanced the
in vitro toxicity of NK-92 cells to gastric cancer cell lines
BGC823 and SGC7901. These results suggested that the combination of GLP and 5-Fu may be a potential strategy for
future treatment of gastric cancer.

2.2. Extraction and Puriﬁcation of GLP. GLP was extracted
with a hot water extraction method [17]. The protein in the
crude polysaccharide of Ganoderma lucidum was removed
by following the sevag method [18]. The crude GLP from
which the protein was removed were separated using a cellulose column (DEAE-52, 1:6 cm d × 40 cm h) to obtain GLP.
Distilled water was then used to elute the resulting sample
and followed with a gradient of 0.1 M, 0.2 M, 0.3 M, and
0.4 M sodium chloride solution separately. A Sephadex G100 column (1:6 cm d × 60 cm h) was then used to elute the
obtained main component at a ﬂow rate of 0.7 ml/min. Following that the phenol-sulfuric acid method was used to
measure the concentration of the polysaccharide at 490 nm.
The resulting components were then concentrated, dialyzed,
and lyophilized to obtain the puriﬁed GLP.

2. Material and Methods

2.4. Measurement of NK Cell Killing Activity. CytoTox96
nonradioactive cytotoxicity assay was used to detect the killing of NK cells against gastric cancer cells. Speciﬁcally, PBS
was ﬁrst used to rinse the tumor cells, and a fresh NK-92
medium was used for cell suspension, and ﬁnally, the cell suspension was seeded in 96-well plates with a density of 5 × 103
cells/well. NK-92 cells were then added to 96-well plates at a
ratio of 10 : 1, 5 : 1, and 1 : 1, respectively (NK-92 cells to
tumor cell). The 96-well plates were cultured for 4 h at 37°C
in a 5% CO2 atmosphere, then the supernatant in each well
was collected, and the absorbance was measured at 490 nm.
The killing eﬀect of NK cells on target cells was evaluated
by the following formula:

2.1. Material. The Ganoderma lucidum fruiting body was
obtained from Changbai Mountain in Jilin Province (Northern elevation 42°35 ′ , longitude 127°54 ′ , 731 meters above sea
level). DEAE-52 cellulose and Sephadex G-100 were purchased from Sigma (USA). Fetal bovine serum, DMEM
medium, 1640 medium, and trypsin were purchased from
Gibco (USA). The reagents used in this study were analytical
grade. The human natural killer cell line NK-92 and the gastric cancer cell lines BGC823 and SGC7901 were purchased
from the Shanghai Institute of Cell Biology. The CytoTox96®
nonradioactive cytotoxicity assay was purchased from Promega (USA).

%cytotoxicity =

2.3. Cell Culture. The human natural killer cell line NK-92
was inoculated into α-MEM complete growth medium
(DMEM medium was added with 0.2 mM inositol, 0.1 mM
2-mercaptoethanol, 0.02 mM folic acid, 200 U/ml recombinant IL-2, 12.5% horse serum, and 12.5% fetal bovine serum)
and cultured in a constant temperature incubator at 37°C
with 5% CO2. Cells in the logarithmic growth phase were
selected for subsequent experiments.
The gastric cancer cell lines BGC823 and SGC7901
were inoculated into RPMI-1640 medium supplemented
with 10% fetal bovine serum, 100 μg/ml penicillin, and
100 μg/ml streptomycin and cultured in a constant temperature incubator at 37°C with 5% CO2. The growth of tumor
cells was monitored under the microscope, and the cells in
the logarithmic growth phase were selected for subsequent
experiments.

experiment − spontaneous effector cell − spontaneous target cell
× 100
maximum target cell − spontaneous target cell

2.5. Measurement of Cell Proliferation with Cell Counting Kit8 (CCK8) Assay. BGC823 and SGC7901 cell suspensions
were seeded in 96-well plates at a density of 5 × 104 cells/ml,

ð1Þ

100 μl per well. The cells were cultured overnight at 37°C
in a 5% CO2 incubator. Cells were then given diﬀerent concentrations of 5-Fu (concentration range: 1-50 μg/ml). After
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culturing for 24 h, 10 μl of CCK8 solution was added to each
well, and incubation was continued for another 4 h. The
absorbance value of each well was measured at 450 nm with

%cell survival =

the microplate reader, and the experiment was repeated 3
times. The survival rate of BGC823 and SGC7901 cells was
calculated by the following formula:

Mean value of absorbance in the treatment group
× 100
Mean value of absorbance in the control group

2.6. Establishment and Administration of BGC823 and
SGC7901 Tumor-Bearing Mouse Models. BGC823 and
SGC7901 cells (0.1 ml, 5 × 106 cells) were subcutaneously
transplanted into the right ankle of balb/c nude mice. When
the tumor grew to 100 mm3, the mice were randomly divided
into the following 7 groups, 5-6 mice per group: model
group: intraperitoneal injection of saline; three diﬀerent 5Fu single groups: 6.25, 12.5, and 25 mg/kg (intraperitoneal
injection of the corresponding 5-Fu drug); combined treatment group: three 5-Fu drug concentrations (6.25, 12.5, or
25 mg/kg) were combined with 200 mg/kg GLP for intraperitoneal injection [19]. Tumor size was measured every 3 days
for 12 days, and data from day 12 was taken for analysis.
2.7. Detection of NKG2D Protein Expression with FluorescenceCoupled Enzyme-Linked Immunosorbent Assay. NK-92,
BGC823, and SGC7901 cell suspensions were seeded in 96well plates at a density of 5 × 104 cells/ml, 100 μl per well.
The cells were cultured overnight at 37°C in a 5% CO2 incubator. The cells were then given diﬀerent concentrations of
GLP (concentration range: 0-200 μg/ml). After being cultured
for 24 h, the disrupted cells were centrifuged to remove the
supernatant, and the expression of NKG2D protein in the
cells was detected by ﬂuorescence-coupled enzyme-linked
immunosorbent assay.
2.8. Western Blot. NK-92 cell suspensions were seeded in 96well plates at a density of 5 × 104 cells/ml, 100 μl per well.
The cells were cultured overnight at 37°C in a 5% CO2 incubator. The cells were then given diﬀerent concentrations of
GLP (concentration range: 50-200 μg/ml). After being cultured for 24 h, cells were collected and total proteins were
extracted with the protein lysate. After quantiﬁcation, proteins were separated by SDS-PAGE and transferred to a
PVDF membrane. After blocking for 2 h at room temperature, 5 diﬀerent primary antibodies were added and incubated overnight at 4°C. The primary antibodies were then
discarded and the corresponding secondary antibodies were
added. After incubation at room temperature for 1 h, the
images were developed.
2.9. Statistical Analysis. All data were expressed as means ±
SEM. ANOVA was used to analyze statistical signiﬁcance
between each experimental group.

3. Results and Discussion
Chemotherapy along with immunotherapy is one of the current research hotspots in the clinical treatment of cancer. The

ð2Þ

combination of chemotherapy and immunotherapy not only
has a synergistic antitumor eﬀect but can also reduce the
immune damage caused by chemotherapy [20, 21]. 5-Fu is
a widely used chemotherapy drug in clinical settings.
Although 5-Fu has immunosuppressive eﬀects, several studies have demonstrated synergistic antitumor eﬀects of 5-Fu
when combined with immunomodulators such as IL-12
and IL-15 [21, 22]. The present study investigated the activity
and mechanism of GLP combined with 5-Fu for cancer treatment in vitro and in vivo.
3.1. Extraction and Puriﬁcation of GLP. The deproteinization
rate for the crude polysaccharides was 1.5%, and the total
sugar content was 27.85%. DEAE-52 cellulose was then used
to separate and to obtain two components, DEAE-1 and
DEAE-2, with a total sugar content of 58.21% and 18.96%,
respectively. The DEAE-1 fraction having a higher polysaccharide content was further puriﬁed with a Sephadex G-100
to obtain GLP with a total sugar content of 75.56%.
3.2. GLP Directly Activated the Antitumor Eﬀects of NK-92
Cells. It is well known that NK cells are an important part
of the innate immune system and play an important role in
combating cancer [23].
The eﬀects of GLP on the activity of NK-92 cells were
determined using the CytoTox96 nonradioactive cytotoxicity
assay. As shown in Figure 1(a), NK-92 cells were used as
eﬀector cells, and BGC823 gastric cancer cells were used as
target cells. The results showed that the killing eﬀects of
NK-92 cells on BGC823 gastric cancer cells were enhanced
after GLP treatment (p < 0:05), and the activity of NK-92
cells reached the highest when GLP was at 400 μg/ml, indicating that GLP can directly stimulate the antitumor activity
of NK cells in vitro. The results of Figure 1(b) indicated that
the 50% inhibitory concentration (IC50) of 5-Fu against
BGC823 and SGC7901 gastric cancer cells was about
50 μg/ml at 24 h. Therefore, in the subsequent experiment,
5-Fu was used at a concentration of 20 μg/ml, which was
about half of the IC50 value. GLP was used at a concentration
of 400 μg/ml.
3.3. GLP and 5-Fu Synergistically Enhanced the Cytotoxic
Eﬀects of NK-92 Cells on Tumor Cells. CytoTox96 nonradioactive cytotoxicity assay was used to determine whether
GLP combined with 5-Fu can enhance the cytotoxicity of
NK-92 cells against BGC823 and SGC7901 cells. NK-92
cells pretreated with GLP (400 μg/ml, 24 h) and BGC823 cells
or SGC7901 cells pretreated with 5-Fu (20 μg/ml, 24 h) were
cocultured and compared with the normal control group.
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Figure 1: GLP directly enhanced the cytotoxicity of NK-92 cells. (a) GLP increased NK-92 cell cytotoxicity against BGC823 gastric cancer
cells in a dose- and ratio-dependent manner. (b) CCK8 cell proliferation assay showed that 5-Fu had cytotoxic eﬀects on BGC823 and
SGC7901 gastric cancer cells. Data were expressed as means ± SEM, and compared with the normal group, ∗ indicated p < 0:05.
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Figure 2: GLP and 5-Fu synergistically enhanced the cytotoxic eﬀect of NK-92 cells on BGC823 gastric cancer cells (a) and SGC7901 gastric
cancer cells (b). The data were expressed as means ± SEM; compared with the control group, ∗ indicated that p < 0:05, ∗∗ indicated p < 0:05;
compared with the 5-Fu group, # indicated p < 0:05, ## indicated p < 0:05; compared with the GLP group, & indicated p < 0:05, && indicated
p < 0:05.

The results showed that the toxicity of NK cells to both
cancer cell lines was signiﬁcantly enhanced in the cocultured group (p < 0:05; Figures 2(a) and 2(b)). When the
eﬀector-target ratio (E : T) was at 1 : 1, 5 : 1, and 10 : 1, compared with the 5-Fu group, the toxicity killing rate of
NK-92 cells to BGC823 cells in GLP combined with 5-Fu
treatment groups increased by 16%, 6.33%, and 20.33%,
respectively (Figure 2(a)). As for the SGC7901cells, this
increase in killing rate was 16.07%, 7.06%, and 19.73%,
respectively (Figure 2(b)).

3.4. GLP Enhanced the Antitumor Activity of 5-Fu in Gastric
Cancer Mice. In vitro, GLP and 5-Fu synergistically stimulated the activity of NK cells to kill tumor cells. By establishing BGC823 and SGC7901 tumor-bearing mouse models,
we then explored whether GLP combined with 5-Fu can
enhance the antitumor eﬀect exerted by 5-Fu. The results
showed that GLP combined with 5-Fu signiﬁcantly inhibited
the tumor growth in both models compared to 5-Fu alone
(p < 0:01; Figures 3(a) and 3(b)). As shown in Figure 3(a),
in the BGC823 gastric cancer cell-bearing mouse model, the
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Figure 3: GLP increased the antitumor activity of 5-Fu in gastric cancer-bearing mice. (a) During the treatment of BGC823 gastric cancerbearing mice, GLP enhanced the antitumor activity of 5-Fu at the 12th day of administration. (b) During the treatment of SGC7901 gastric
cancer-bearing mice, GLP enhanced the antitumor activity of 5-Fu at the 12th day of administration. Data were expressed as means ± SEM;
compared with the control group, ∗ indicated p < 0:05, ∗∗ indicated p < 0:05; compared with the 5-Fu (6.25 mg/kg) group, # indicated p <
0:05, ## indicated p < 0:05; compared with the 5-Fu (12.5 mg/kg) group, & indicated p < 0:05, && indicated p < 0:05; compared with the 5-Fu
(25 mg/kg) group, $ indicated p < 0:05 and $$ indicated p < 0:05.
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Figure 4: GLP activated NK-92 cells via the NKG2D pathway. (a) GLP enhanced the expression of NKG2D on NK-92 cells in a dosedependent manner. Compared with the untreated group, ∗ indicated p < 0:05, ∗∗ indicated p < 0:05. (b) GLP enhanced the
phosphorylation levels of Akt and erk and the expression level of DAP10 protein in NK-92 cells. (c) Enhanced phosphorylation level of
Akt and erk and the expression level of DAP10 protein in NK-92 cells by GLP treatment were reduced by silencing NKG2D in NK-92
cells with NKG2D antibody.

tumor volume in the combination treatment group was
signiﬁcantly reduced (p < 0:05) at the 12th day of administration in comparison to the 5-Fu treatment alone (6.25 or
12.5 mg/kg: one quarter or half of the highest dose). The
tumor inhibition rate reached 68.04% (Figure 3(a)) when 5Fu (12.5 mg/kg) was combined with GLP (200 mg/kg) as
the treatment. Similar results were obtained in SGC7901

tumor-bearing mice. Compared with the 6.25 or 12.5 mg/kg
5-Fu treatment group, the tumor volume decreased signiﬁcantly on the 12th day in the combination treatment group
(p < 0:05). When 5-Fu (12.5 mg/kg) was combined with
GLP (10 mg/kg) as the treatment, the tumor inhibition rate
reached 68.4% (Figure 3(b)). The results showed above indicated that GLP increased the antitumor activity of 5-Fu

6
during the treatment of BGC823 and SGC7901 gastric
cancer-bearing mice.
3.5. GLP Activated NK-92 Cells via the NKG2D Pathway.
Studies have shown that on NK cells NKG2D was expressed
as a receptor, whereas phosphatidylinositol-3 kinase (PI3K)
is a downstream signaling molecule of NKG2D [24]. Moreover, the PI3K-ERK pathway plays an important role in NK
cell activation and cytotoxicity [25, 26]. Therefore, the relationship between GLP and NKG2D receptor and its downstream DAP10/PI3K/ERK pathway was veriﬁed with ELISA
and Western blot.
The results indicated that GLP promoted the expression
of NKG2D receptor, as shown in Figure 4(a). The expression
of NKG2D was signiﬁcantly upregulated in NK-92 cells that
were treated with GLP compared with the control group
(p < 0:05). In addition, phosphorylation levels of Akt and
erk and expression levels of DAP10 protein were signiﬁcantly
increased in NK-92 cells of the GLP-treated group compared
with the control group (Figure 4(b)). After NKG2D was
silenced by NKG2D antibody, the phosphorylation levels of
Akt and erk and the expression level of DAP10 protein in
NK-92 cells of the Anti-NKG2D+GLP group were signiﬁcantly lower than those treated with GLP alone. And there
was no signiﬁcant diﬀerence compared to the control group
(Figure 4(c)). These results suggested that GLP may activate
the downstream DAP10/PI3K/ERK pathway by upregulating
the expression of the NKG2D receptor, resulting in the activation of NK cells.

4. Conclusion
Our study showed that GLP not only inhibited tumor growth
in gastric cancer cells and gastric cancer-bearing mice but
also promoted NK-mediated cytotoxicity. Moreover, GLP
may activate the downstream DAP10/PI3K/ERK pathway
by promoting the expression of the NKG2D receptor, thus
leading to the activation of NK cells. These results revealed
the potential eﬃcacy of GLP combined with 5-Fu in the treatment of cancer and further supported the strategy of combining cytotoxic drugs with immunomodulators for eﬀective
cancer treatment.
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Objective. This study is aimed at investigating the eﬀects of Lycium barbarum polysaccharide (LBP) on the proliferation and
apoptosis of human cutaneous squamous cell carcinoma A431 cells in vitro and in vivo via its regulation on autophagy.
Methods. In vitro experiment: A431 cells were treated with diﬀerent concentrations of LBP, and cell viability was measured by
the CCK8 method. Flow cytometry was used to detect the cell apoptosis rate. The expression of Ki67, PCNA, cl-caspase-3, Bcl-2,
and LC3II and the phosphorylation status of JNK and ERK1/2, as well as the eﬀect of SP600125 cotreatment on the expression
of autophagy and apoptosis-associated proteins, were determined via Western blot. In vivo experiment: a transplanted tumor
model was established by subcutaneous injection of A431 cells to the nude mice. 50 mg/kg LBP was injected into the mice
intraperitoneally; the survival rate of mice, volume, and weight of tumor were determined on the 30th day. The expression of
Ki67 and MMP-2 proteins was measured by immunohistochemistry. Results. LBP at concentrations of 400 μg/ml and above was
signiﬁcantly cytotoxic to A431 cells, whereas, within the dose range of 50 μg/ml~200 μg/ml, LBP signiﬁcantly inhibited the
expression of Ki67 and PCNA proteins, promoted the expression of cl-caspase-3, inhibited the expression of Bcl-2 protein,
downregulated the expression of autophagy marker LC3II, and reduced the phosphorylation of ERK1/2, whereas the level of
JNK phosphorylation was upregulated. At the same time, the regulation of Beclin1, LC3II, Bcl-2, and cl-caspase-3 by LBP was
eﬀectively reversed by the cotreatment of SP600125. In addition, LBP increased the survival rate of transplanted nude mice,
reduced tumor volume and weight, and downregulated the expression of Ki67 and MMP-2. Conclusion. LBP can induce
apoptosis of A431 cells by inhibiting autophagy and can inhibit tumor growth in vivo.

1. Introduction
Cutaneous squamous cell carcinoma (CSCC) is one the most
common skin malignancies, only second to basal cell
carcinoma (BCC), which is developed in keratinocytes in epidermal or adnexal structures. It is more common in male
patients and preferentially occurs in the elderly. It often
happens in the patient’s face, head, and parts where light
exposure is more frequent; advanced patients are prone to
lymph node metastasis, posing a serious threat to their lives
[1–3]. At present, surgical resection is the main treatment
for early-stage CSCC patients for whom the prognosis is typically good; however, for the middle- and late-stage patients,

they often need to receive a combination of various treatments such as surgery, radiotherapy, and chemotherapy,
and the prognosis is usually less desirable. In recent years,
targeted therapy for cancer patients has made great progress
[4, 5] and ﬁnding a suitable drug combined with targeted
delivery is one of the approaches for cancer therapy. Along
with that, many plant extracts with antitumor activity have
begun to be used as an adjunct medication to cancer treatment. Studies have shown that Lycium barbarum polysaccharides (LBP), the main bioactive ingredient of Chinese
herbal medicines and food supplements, have antioxidation,
antiaging, and neuroprotective eﬀects [6]. It is also worth
noting that LBP has been shown to exhibit signiﬁcant
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biological activity in inhibiting tumor growth both in vitro
and in vivo, including bladder, cervical, colon, liver, and
kidney cancers [6–10]. Autophagy is an evolutionarily conserved catabolic process that recycles proteins and damaged
organelles and plays an important regulatory role in the
balance of cell survival and death. It is also involved in the
development of various diseases, including cancer [11, 12].
However, the main focus has been on the mechanism of inhibition of tumor cells by LBP through its eﬀects on cell
growth, apoptosis, and autophagy; the relationship between
LBP on human CSCC A431 cells and autophagy has not been
reported. Therefore, this study preliminarily focuses on the
eﬀects of LBP on proliferation and apoptosis of A431 cells
in vitro and in vivo and its associated mechanism.

2. Materials and Methods
2.1. Main Materials. Human cutaneous squamous cell
carcinoma cell line A431 was purchased from the American
model culture pool; DMEM from Sigma; DMSO from Shanghai Biotech; fetal bovine serum, 0.25% trypsin, from Gibco;
CCK8 kit from Jiangsu Kaiji Biotechnology Co., Ltd.; Annexin
V-FITC/PI Apoptosis Detection Kit from Beijing Solarbio Science & Technology Co., Ltd.; BCA kit from Biyuntian Biotechnology Co., Ltd.; and Ki67 antibody (Cat. No.: ab16667),
PCNA antibody (Cat. No.: ab92552), cl-caspase-3 antibody
(Cat. No.: ab32042), Bcl-2 antibody (Cat. No.: ab32124),
JNK antibody (Cat. No.: ab76125), p-JNK antibody (Cat.
No.: ab4821), ERK1/2 antibody (Cat. No.: ab17942), pERK1/2 antibody (Cat. No.: ab214362), LC3B antibody (Cat.
No.: ab51520), Beclin1 antibody (Cat. No.: ab210498),
MMP-2 antibody (Cat. No.: ab92536), and goat anti-rabbit
IgG-HRP secondary antibody (Cat. No.: ab6721) from
Abcam; the immunohistochemistry kit was purchased from
Zhongshan Jinqiao, Beijing. Mannose, glucose, galactose,
xylose, rhamnose, and arabinose were purchased from the
China National Pharmaceutical Group Co., Ltd. (Sinopharm).
2.2. Methods
2.2.1. Cell Culture. Human CSCC A431 cells were inoculated
in DMEM medium containing 10% fetal bovine serum and
1% penicillin-streptomycin and cultured in an incubator
with a constant temperature at 37° C and concentration of
CO2 at 5%. The microscope was used to observe the growth
of cell adherence. When the cell fusion rate reached 80% or
more, it was digested and passaged with 0.25% trypsin. Cells
in the logarithmic growth phase were selected for subsequent
experiments.
2.2.2. Separation and Puriﬁcation of LBP. The Lycium
barbarum was dried at room temperature. Then, it was
reﬂuxed with 95% ethanol at 75°C for 5 hours and repeated
3 times to remove the lipid and the supernatant in order to
extract the dried fruit residue. The dried fruit residue was
washed with 10 volumes of distilled water at room temperature for 3 hours each time and repeated 4 times. It was then
centrifuged at 5000 rpm for 10 minutes at 20°C, and the
supernatant was collected and concentrated 10 times,
followed by precipitation with 95% ethanol at a volume ratio
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of 1 : 5 at 4°C for 12 hours. The precipitate was then washed
with absolute ethanol, acetone, and ether, through which
the crude polysaccharide (CLPB) was obtained. CLBP
(100 mg) was dissolved in 0.1 M NaCl (10 mg/ml) solution,
and 2 ml of this solution was then placed in a DEAE
cellulose-52 column (2:6 × 30 cm) and then gradually eluted
with 0.1, 0.3, and 0.5 M NaCl solutions at a ﬂow rate of
60 ml/h. The eluate (5 ml/tube) was collected automatically,
and the carbohydrate was determined by the phenolsulfuric method using glucose as a standard. These polysaccharides were lyophilized for further study after dehydration
and dialysis.
2.2.3. Cell Proliferation Measured with CCK8 Assay. The
A431 cell suspension was seeded at a concentration of
2:0 × 105 cells/ml in a 96-well plate at 100 μl per well
and randomly divided into 10 groups where LBP solutions
of diﬀerent ﬁnal concentrations were given to each group
(0, 5, 10, 20, 50, 100, 200, 400, 800, and 1000 μg/ml).
6 duplicate wells were set up for each group. After
24 hours of culture, 10 μl of the CCK8 solution was
added to each well, and incubation was continued for
another 4 h. After that, the absorbance value of each well
was measured at 450 nm by a microplate reader, and the
experiment was repeated 3 times. The survival rate of
human CSCC A431 cells is equal to the average value
of absorbance in the treatment group divided by the
average value of absorbance in the control group multiplied by 100%.
2.2.4. Apoptosis Detected by Flow Cytometry. A431 cells
(density, 1 × 106 cells/well) were seeded on 6-well plates,
and cells at 80% conﬂuence were divided into four groups:
Ctrl group, LBP (50 μg/ml) group, LBP (100 μg/ml) group,
and LBP (200 μg/ml) group, and were incubated with
medium containing the ﬁnal concentrations of LBP for
24 h. Cells from each group were collected and adjusted
to a density of 1 × 106 cells/ml. According to kit instructions, 100 μl of cells were added with 5 μl of Annexin
V-FITC and 10 μl of PI staining solution and incubated
at room temperature in the dark for 15 min for detection.
2.2.5. Autophagy, Apoptosis, and Pathway-Related Protein
Expression Measured by Western Blot. The cells cultured for
24 h in each experiment were collected, and the total protein
was extracted on an icebox by using the RIPA protein lysate.
After centrifugation at 4°C, the supernatant was taken for
protein quantiﬁcation. It was then subjected to SDS-PAGE
and transferred to a PVDF membrane. The resulting protein
was blocked with 5% skim milk powder for 2 h at room temperature. After that, the primary antibody was added and
incubated overnight at 4°C. The primary antibody was then
discarded, and the corresponding secondary antibody labeled
with horseradish peroxidase was added and incubated for
another 1 h at room temperature. The ECL was then added
dropwise in the darkroom for exposure development. The
GAPDH was used as an internal control.
2.2.6. Preparation of the Transplanted Tumor Model. 6-8week-old BALB/c nude mice were purchased from Beijing
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Table 1: Polysaccharide content at each elution peak.
Designations

Content

Composition

LBP-1
LBP-2
LBP-3
LBP-4
LBP-5
LBP-6

2.23%
0.88%
3.11%
2.43%
83.68%
5.36%

Xylose, glucose, and rhamnose
Arabinose, xylose, and glucose
Mannose, xylose, and glucose
Arabinose, and glucose
Arabinose, mannose, xylose, glucose, and rhamnose
Xylose, glucose, and rhamnose

Charles River Laboratory Animal Technology Company,
and the experiment was carried out after one week of
adaptive feeding. A431 cells in the logarithmic growth
phase were adjusted to a density of 1 × 107 cells/ml, and
0.2 ml of the cell suspension was injected at the nape
subcutaneously. Nude mice were randomly divided into
the control group and the LBP (50 mg/kg) group. Animals in the LBP (50 mg/kg) group were given 10 mg/kg
of 50 mg/kg LBP solution intraperitoneally, and the control group was given an equal amount of matrix solution.
The drug was administered everyday consecutively for a
week. The survival data of the mice was recorded, and
the tumor volume was measured every 5 days. The mice
were sacriﬁced on the 30th day, and the tumor was separated
and weighed. Tumor volume = 0:5 × length × width2 .
2.2.7. The Expression of Ki67 and MMP-2 in Tumor Tissues
Detected by Immunohistochemistry. The tumor tissue
obtained in Section 2.2.4 was routinely prepared and sectioned, and immunohistochemical staining was performed
according to instructions. In brief, the sections were
immersed in a 3% H2O2 solution at 37°C for 30 min, then
washed with PBS for 5 min for 3 times. It was then blocked
with 10% BSA, after which, the primary antibody was added
and incubated overnight at 4°C. It was then rinsed with PBS
for 5 min and repeated 3 times. After that, the secondary antibody was added and incubated at 37°C for 1 h, then rinsed
with the PBS for 5 min for 3 times. DAB was used to color

it for 10 s and fully rinsed with the running water before
being counterstained with hematoxylin for 30 s. After that,
it was fully rinsed with the running water again and neutral
gum was added after the conventional dehydration and
ﬁnally covered with a coverslip. The expression of Ki67 and
MMP-2 was observed under the microscope.
2.2.8. Statistics. All the obtained data were analyzed with
SPSS 17.0. Diﬀerences conformed to a normal distribution
between groups were tested by one-way ANOVA. The results
were denoted as mean ± standard deviation. The diﬀerence
was considered statistically signiﬁcant when P < 0:01.

3. Results
3.1. Separation and Puriﬁcation of LBP. In this paper, CLBP
was isolated by ethanol precipitation, and the UV spectrum
showed no absorption peak at 280 nm, indicating that there
was no protein in CLBP, as shown in Figure 1. The content
of polysaccharides puriﬁed by column chromatography was
measured by phenol-sulfuric acid method. Six elution peaks
of the polysaccharides were designated as LBP-1, LBP-2,
LBP-3, LBP-4, LBP-5, and LBP6 according to the sequence
of the elution column. The polysaccharide contents at the
six peaks are shown in Table 1. A mixed monosaccharide
solution containing mannose, glucose, xylose, rhamnose,
and arabinose was used as a control for HPLC detection. By
comparing the mixed monosaccharide solution curves, the
composition at each peak was diﬀerent (see Table 1). LBP-5
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Figure 2: LBP inhibited the viability of A431 cells (n = 9).
Compared with the control group, ∗ P < 0:01.

having the highest content of polysaccharides consisted of
arabinose, mannose, xylose, glucose, and rhamnose, among
which glucose showed much higher content than the other
monosaccharides. Therefore, we chose LBP-5 for follow-up
experiments and study, which was referred to as LBP in the
following experiments.
3.2. The Eﬀects of LBP on the Survival Rate of A431 Cells In
Vitro. The CCK8 method was used to measure the eﬀect of
LBP on the survival rate of A431 cells in vitro. The results
in Figure 2 showed that the survival rate of A431 cells in each
LBP treatment group decreased gradually. Compared with
the control group, the survival rate of the LBP-treated group
at 400, 800, and 1000 μg/ml decreased signiﬁcantly (P < 0:01),
and the half inhibitory concentration of LBP was 873.7 μg/ml.
In other words, when the concentration of LBP exceeds
400 μg/ml, it caused signiﬁcant cytotoxicity to A431 cells
in vitro, and the survival rate of A431 cells was less than
80%. Therefore, subsequent experiments were performed
using three maximum treatment concentrations of LBP without causing signiﬁcant cytotoxicity, namely, 50, 100, and
200 μg/ml.
3.3. Eﬀect of LBP on Apoptosis Rate of A431 Cells and the
Expression of Proliferation and Apoptosis-Related Proteins
in A431 Cells Cultured In Vitro. The apoptotic rate of A431
cells was detected by ﬂow cytometry, and the results shown
in Figure 3(a) indicated that the proportion of apoptotic
A431 cells was increased in each LBP-treated group
compared with the control group (P < 0:01), which was in a
LBP dose-dependent manner.
The expression of proliferation and apoptosis-related
proteins in A431 cells was determined by Western blot. The
results are shown in Figure 3(b). Compared with the control
group, the expression levels of proliferation-related proteins
(Ki67 and PCNA) in A431 cells treated with LBP of diﬀerent
concentrations were signiﬁcantly lower than those in the
control group (P < 0:01). The expression level of apoptosisrelated protein cl-caspase-3 was signiﬁcantly increased
(P < 0:01), while the expression level of Bcl-2 was signiﬁcantly decreased (P < 0:01). Additionally, the eﬀects of LBP
on the expression of these proteins are dose-dependent.

3.4. Eﬀect of LBP on the Expression of Autophagy Markers
and Phosphorylation of JNK1/2 and ERK1/2 in Cultured
A431 Cells. Similarly, the expression of LC3II and phosphorylation status of JNK1/2 and ERK1/2 in A431 cells were measured by Western blot. The results are shown in Figure 4.
Compared with the control group, the expression of LC3II
and p-ERK1/2/ERK1/2 protein in A431 cells of each LBP
treatment group was signiﬁcantly lower (P < 0:01), while
the expression of p-JNK/JNK protein was signiﬁcantly
upregulated (P < 0:01). And these regulations by LBP were
all in a dose-dependent manner.
3.5. Eﬀect of LBP on the Expression of Autophagy Marker and
Apoptosis Proteins Mediated by the MAPK Pathway in
Cultured A431 Cells. The eﬀect of JNK inhibitor SP600125
on the expression of autophagy markers and apoptotic proteins in A431 cells was determined by Western blot. As
shown in Figure 5, compared with the control group, Beclin1,
LC3II, and Bcl-2 protein were signiﬁcantly downregulated in
A431 cells after treatment with 50 μg/ml LBP (P < 0:01) and
the expression of cl-caspase-3 protein was upregulated
(P < 0:01). When A431 cells were cotreated with LBP
(50 μg/ml) and SP600125 (10 μM), compared with LBP
(50 μg/ml), the expression of these proteins was reversely regulated (P < 0:01).
3.6. Eﬀect of LBP on the Survival of Transplanted Tumor Mice
and Their Tumor Growth. The survival rate of transplanted
tumor mice, volume, and weight of the tumor in the two
groups are shown in Figures 6(a)–6(c). The survival rate of
transplanted tumor mice in LBP treatment groups was significantly higher than that in the control group (P < 0:001), and
the tumor volume and weight were signiﬁcantly lower than
those in the control group (P < 0:001). At the same time,
immunohistochemistry performed on the tumor tissues of
nude mice demonstrated that the expression levels of Ki67
and MMP-2 were signiﬁcantly lower in the LBP-treated
group than in the control group (see Figure 6(d)) (P < 0:01).

4. Discussion
The occurrence and development of human cutaneous squamous cell carcinoma is an extremely complex process, which
is controlled by a variety of genes and various factors and is
associated with abnormal proliferation, diﬀerentiation, and
apoptosis of tumor cells. Previous studies have shown that
LBP, the main eﬀective component of Lycium barbarum,
has shown in antitumor studies some eﬃcacy that it can
inhibit the growth of a variety of tumor cells and has the
advantages of low toxicity, fewer side eﬀects, and availability
[6–10]. In recent years, autophagy is emerging as a new strategy for cancer prevention and treatment and has been proven
to be closely related to tumor cell growth and proliferation, as
well as malignant metastasis [13]. In addition, studies have
shown that LBP can protect against cell injury by regulating
autophagy and apoptosis [14–19]. The study was aimed at
investigating the regulatory eﬀect of LBP on autophagy, and
its eﬀect on the proliferation, apoptosis of squamous cells

International Journal of Polymer Science

5
50

10

LBP (50 𝜇g/ml)

10

3

102

102

10

1

Q1

Q2

Q3

Q4

102

10

1

100

10

3

Q1

Q2

Q3

Q4

10

100

LPB (200 𝜇g/ml)

10

3

Apoptosis rate (%)

Ctrl

3

LPB (100 𝜇g/ml)

102

1

Q1

Q2

Q3

Q4

10

1

100

Q1

Q2

Q3

Q4

100

⁎

40

⁎

30

⁎

20
10
0

100

101

102

103

100

101

102

103

100

101

102

103

100

101

102

Ctrl
LBP (50 𝜇g/ml)
LBP (100 𝜇g/ml)
LBP (200 𝜇g/ml)

103

(a)

LBP (𝜇g/ml)
0

50

100

200
1.2
Relative protein level

Ki67
PCNA
cl-caspase-3
Bcl-2

0.9
0.6
0.3

GAPDH

⁎

⁎
⁎

⁎
⁎

⁎
⁎

⁎

⁎
⁎

⁎

⁎

0.0
Ki67
Ctrl

PCNA

LBP (50 𝜇g/ml)

cl-caspase-3

Bcl-2

LBP (100 𝜇g/ml)
LBP (200 𝜇g/ml)

(b)

Figure 3: Eﬀect of LBP on proliferation- and apoptosis-related protein expression in A431 cells. (a) Apoptosis rate of A431 cells was detected
by ﬂow cytometry. (b) Expression of apoptosis-related proteins in A431 cells was detected by Western blot. Compared with the control group,
∗
P < 0:01.

developing carcinoma in vitro and in vivo, and survival rate
of tumor-xenografted nude mice.
The occurrence of cancer is often associated with abnormal proliferation and apoptosis resistance of tumor cells.
Therefore, in this study, human skin cutaneous squamous
cell carcinoma A431 cells were ﬁrst cultured in vitro and
treated with LBP at concentrations of 0, 5, 10, 20, 50, 100,
200, 400, 800, and 1000 μg/ml. And the survival rate of
A431 cells was determined by the CCK8 method. The results
showed that the survival rate of A431 cells in culture was signiﬁcantly reduced when the LBP concentration reached
400 μg/ml and above. Studies have shown that the proliferative activity of tumor cells is an important prognostic indicator for tumor diagnosis. Ki67 is a widely used proliferation
marker, and PCNA is a proliferating cell-speciﬁc expression
protein, which is also an important participant in DNA
replication and repair process [20]. Caspase-3 is the major
executive protein for protein degradation during apoptosis;
when cells are abnormally stimulated, cytochrome enzyme
C together with procaspase-9 forms an apoptosome to
activate caspase-9, which further activates caspase-3 to form
cl-caspase-3 (cleaved caspase-3), thereby triggering apoptosis

[21], whereas Bcl-2 is a class of anti-apoptotic protein that
plays a key role in promoting cell survival [22]. Therefore,
the expression levels of proliferating and apoptotic key proteins were measured by Western blot in this study. It was
found that LBP treatment induced cl-caspase-3 protein
expression in A431 cells in a dose-dependent manner within
the concentration range of 50 μg/ml~200 μg/ml. In parallel,
inhibition of Ki67, PCNA, and Bcl-2 expression was observed
at the same time. The above results indicate that LBP can
induce the apoptosis of A431 cells in vitro.
It has been proved that LC3 proteins are autophagy
markers, including LC3I (soluble, cytosolic protein) and
LC3II (lipid-soluble, membrane protein), and that LC3I
transforms to LC3II and localizes to autophagosomal membranes upon autophagy activation; therefore, LC3II expression can reﬂect the level of autophagy [13]. Western blot
showed that LBP upregulated JNK phosphorylation and
downregulated ERK1/2 phosphorylation and LC3II protein
expression in A431 cells in vitro in a concentration range of
50 μg/ml~200 μg/ml with a dose-dependent manner. Studies
have shown that autophagy is diﬀerent from apoptosis, and
autophagy is related to the balance of intracellular
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environment and plays an important role in cell survival. In
addition, the signaling pathways involved in apoptosis and
autophagy actually constitute an interconnected network,
including Beclin1 and Bcl-2 [23]. JNK is closely related to
autophagy by preventing the phosphorylated Bcl-2 family
of proteins from binding to Beclin1, thereby regulating
autophagy levels, while activation of the JNK pathway is
often caused by MAPK cascades [24]. This study also found
that the expression levels of Beclin1, LC3II, and Bcl-2 in
A431 cells were upregulated after ANK cells were treated
with both JNK inhibitor SP600125 and LBP, while the

expression of apoptosis-executing protein cl-caspase-3 was
downregulated. Taken together, the above results indicate
that the inhibition of A431 autophagy by LBP is achieved
by the JNK pathway.
Finally, we established a nude mouse model of A431 cell
xenografts in order to further investigate the eﬀect of LBP on
the survival rate of transplanted tumor models, in vivo tumor
growth, and proliferation, as well as migration protein
expression. The results showed that LBP signiﬁcantly
reduced tumor tissue volume and tumor weight, signiﬁcantly
increased the survival rate of tumor-bearing nude mice, and

7

120

3000

100

2500

80

⁎⁎

60
40
20
0

0

6

12

18 24 30 36 42
Days post infection

48

54

Tumor volume (mm3)

Percent survival

International Journal of Polymer Science

2000
1500

⁎⁎

1000
500
0

60

0

10 15 20 25 30
Days

Ctrl
LBP (50 mg/kg)

Ctrl
LBP (50 mg/kg)
(a)

(b)

80

0.6

⁎⁎

0.4
0.2
0.0

Positive cells (%)

0.8

Tumor weight (g)

5

60

⁎

20
0

Ctrl

⁎

40

Ki67

LBP (50 mg/kg)

MMP-2

Ctrl
LBP (50 mg/kg)
(c)

(d)

Figure 6: Eﬀect of LBP on the growth of A431 cells in vivo (n = 6). (a–c) Eﬀects of LBP on the survival rate of transplanted tumor mice,
weight, and volume of the tumor. (d) Ki67- and MMP-2-positive cells were detected by immunohistochemistry. Compared with the
control group, ∗ P < 0:01 and ∗∗ P < 0:001.

signiﬁcantly downregulated the expression of Ki67 and
MMP-2, thereby achieving the in vivo inhibition of A431
cells. Combined with these results, it appears that LBP can
inhibit autophagy, induce apoptosis, and inhibit cell proliferation in vitro and in vivo, and its mechanism may be related
to the upregulation of JNK and downregulation of ERK1/2
phosphorylation.
In summary, LBP at concentrations of 400 μg/ml and
above produced signiﬁcant cytotoxicity in A431 cells cultured in vitro. When within a concentration range of
50 μg/ml~200 μg/ml, LBP dose-dependently regulated proliferation, apoptosis, and autophagy-related protein expression
as well as upregulated the JNK and downregulated the
ERK1/2 signaling pathway. Furthermore, the regulation of
LBP on autophagy and apoptosis-related proteins was
reversely regulated by JNK inhibitor SP600125. And LBP
can also inhibit the growth and metastasis ability of A431
cells in vivo. This paper ﬁrstly explored the eﬀect of LBP on
the proliferation and apoptosis of human cutaneous squamous cell carcinoma A431 by inhibiting autophagy; however,
there are still many areas to be explored in the future, such as
the eﬀect of LBP on the autophagy of other human skin squamous cell carcinoma cell lines and on other apoptotic signaling pathways.
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Hydrogels are commonly used as Drug Delivery Systems (DDS) as patches due to its ability to store drug molecules within their
structures. The release can be activated under certain stimuli, such as temperature and pH. In this paper, the mathematical
modelling of acetaminophen release in hydroxypropyl cellulose with polyacrylamide (HPC/PAAm) is reported. The
HPC/PAAm gel was synthesized in proportions of 25/75 wt% and was characterized by FTIR, DSC, optical microscopy, SEM,
and TGA, with and without acetaminophen. The release tests were performed for hypothermic, normal, and febrile human
body conditions, at 35, 37, and 39°C, respectively, on two release media: water and phosphate buﬀer solution. In order to
describe the release of acetaminophen in HPC/PAAm gel, a genetic programming algorithm was used to accomplish
Multigene Symbolic Regression (MSR). Characterization results showed that the drug was crystallized on the surface of the
HPC/PAAm gel. Release test results showed that several simultaneous processes occurred in the acetaminophen diﬀusion
phenomenon. A unique mathematical model was obtained by MSR. This model was able to describe the release of
acetaminophen in HPC/PAAm gel with high values of R2 and adjusted R2 and to simulate the drug release at times beyond
the end of the experiment. High values of R2 and low values of Coeﬃcient of Variation (CV), Root-Mean-Square Error
(RMSE), and Mean Absolute Error (MAE) were obtained from the comparison between the simulated and the experimental
data. This allows to conclude that the mathematical model is reliable to represent and simulate the acetaminophen release in
HPC/PAAm gel at 35, 37, and 39°C.

1. Introduction
Drug Delivery Systems (DDS) are those transport mechanisms that allow the drug active substances to be released in
the human body. Some well-known examples of DDS are

pills, capsules, and injections. Nevertheless, the long-term
use of pills or capsules may cause damage in the patient’s
digestive system. Nowadays, several alternatives have been
sought, including the use of DDS as patches. How to use
the patches is depicted in Figure 1.
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(a)

(b)

(c)

Figure 1: Drug Delivery System as patch: (a) the patch is removed from its protective membrane; (b) the patch is placed on the body; (c)
phase of drug release, e.g., the release can be activated by stimuli as temperature or pH.

The patches are commonly made of hydrogels, due
to its capacity to store drug molecules within their
structures and then release them under certain conditions. Hydrogels are hydrophilic polymers that swell in
the presence of a liquid, where the swelling continues
until the equilibrium between the cohesive forces of
the polymeric network and the osmotic forces originated
by the entrance of the liquid into it [1]. The highly
porous nature of the hydrogels allows the loading and
unloading of drug particles, where the porosity can be
adjusted by altering the density of the crosslinks of the
polymer network. In addition, the release of hydrogel
content may be activated due to environmental stimuli,
such as pH or temperature [2]. Therefore, it is important to search for hydrogels capable of releasing drugs
at pH and temperature values typically reached by the
human body, from 7.35 to 7.45 and from 35 to 39°C
(in hypothermic, normal, and febrile human body conditions), respectively.
Currently, numerous scientiﬁc researches on hydrogels
as Drug Delivery Systems have been reported in [3–22].
Hydroxypropyl cellulose with polyacrylamide (HPC/PAAm)
is a particularly interesting hydrogel because it is biodegradable. Castillo-Miranda et al. reported in [3] a study on the
crystallization of (RS)-2-(4-isobutylphenyl)propionic acid, a
drug commonly known as ibuprofen, within a HPC/PAAm
gel, as well as the kinetics of drug release in it. The drug
release tests were performed at three temperatures (35, 37,
and 39°C) and using two diﬀerent solvents: a buﬀer solution
of water and phosphate with a pH of 7.38 and a (50 : 50) mixture of ethanol with water with pH 7. The drug release was
modelled with the zero-order, ﬁrst order, Higuchi, and
Korsmeyer-Peppas models, represented in Equations (1),
(2), (3), and (4), respectively. In most cases, the best adjustments were found with the Korsmeyer-Peppas model, meaning that the drug was released as part of a non-Fickian
phenomenon, through the viscoelastic relaxation of the
polymer.
The drug release modelling has two main objectives: to
understand the phenomenon that governs the release of the
drug and to facilitate the design of the drug release devices
that will be manufactured and distributed on a large scale
commercially. The traditional methods of modelling that
are currently used allow to reach only the ﬁrst objective,
but not the second. Among these models, the most widely
used are the following [23, 24]:

(1) Zero-order equation:
Mt
= k0 t + C 0
M∞

ð1Þ

(2) First-order equation:


Mt
ln 1 −
= −k1 t + C 1
M∞

ð2Þ

(3) Higuchi equation:
Mt
= kH t 1/2 + CH
M∞

ð3Þ

(4) Korsmeyer-Peppas equation:
Mt
= kKP t n
M∞

ð4Þ

where M t is the mass of water absorbed in time t and
M ∞ is the mass of water in the equilibrium; k0 , k1 , kH ,
and kKP are the release rate constants which incorporate structural and geometric features of the delivery
system; C0 , C 1 , and CH are the intercepts in their
equations; and n is an exponent that indicates the
mechanism by which drug release occurs.
These models are certainly useful to determine the possible drug release mechanism. Nevertheless, they do not allow
the user to make reliable predictions or simulations for drug
releasing, e.g., traditional models are not ideal for plotting
drug release curves with a limited amount of concentration
versus time data.
The present research has two objectives. The ﬁrst one is
to study the incorporation and release of acetaminophen on
hydroxypropyl cellulose with polyacrylamide. And the second one is to mathematically model the release of the drug
on HPC/PAAm by Multigene Symbolic Regression (MSR).
The proposed method can be used to simulate the concentrations of acetaminophen released in HPC/PAAm and to predict the time at which the drug release will be ﬁnished.
The rest of this paper is structured as follows: The synthesis of hydroxypropyl cellulose with polyacrylamide as well as
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the incorporation of the drug acetaminophen on the
HPC/PAAm gel and its characterization are described in
the following section. The results of the characterization
and the release tests, as well as the details of the mathematical
modelling of the acetaminophen release in HPC/PAAm, are
reported in Results and Discussion. Finally, the paper closes
with a section that summarizes the ﬁndings and concludes
the paper with a brief discussion on the scope for future
work.

2. Materials and Methods
2.1. Materials. For the development of this work the following chemical reagents were used: hydroxypropyl cellulose
(HPC), acrylamide (AAm, purity 97%), methylenebisacrylamide (MBAm, purity 99%), tetramethylethylenediamine
(TEMED, purity 99%), acetaminophen (PAR), ammonium
persulfate (APS, purity 98%), sodium hydroxide (NaOH,
purity 97%), and divinyl sulfone (DVS, purity 97%), all of
which were purchased from Sigma-Aldrich. Deionized (DI)
water and a phosphate buﬀer solution (PBS) with pH 7.38
were supplied by Hycel.
2.2. Synthesis of HPC/PAAm and Incorporation of
Acetaminophen. The HPC/PAAm gel was synthesized
according to the method of Castro et al. [25], at a ratio of
25/75 wt%. The reaction was carried out in a four-necked
ﬂask with a temperature controlled at 40 ± 1° C and an inert
nitrogen atmosphere. The solution consisted of 90% deionized water and 10% reagents in the desired amount to work.
At the beginning, 1 g of HPC was diluted in 20 mL of DI
water, and the mixture was stirred at room temperature for
about 15 hours to achieve a homogeneous solution. Then,
the reactor was purged with nitrogen, and 3 g of AAm was
added. Thus, 0.06 g of APS was dissolved with 0.003 g of
MBAm in a vial containing 8 mL of DI water, while in
another vial containing the same amount of water, 0.06 g of
TEMED was dissolved; both vials were stirred for 20 minutes.
Once well dissolved, the content of the ﬁrst vial was injected
into the reactor, and 0.3 mL of DVS was added; ﬁnally, the
second vial was injected into the reactor as well. The
polymerization was done for one hour at 40°C in an inert
atmosphere and with constant stirring at pH 7. After the
reaction was ﬁnished, the solution was poured in a petri dish,
and it was dried at 40°C in an oven in vacuum for one week.
Once dried, the resulting ﬁlms were washed with DI water in
order to remove the unreacted substances, and then, they
were left to dry again. Acetaminophen was incorporated into
the HPC/PAAm gel by swelling, using solutions of 5 mg/mL
of drug in ethanol-water at 50-50 proportion in volume.
2.3. Characterization of the Materials. Fourier transform
infrared spectroscopy (FTIR) was performed using a
PerkinElmer Spectrum 100 in the range 4500-500 cm-1.
Diﬀerential Scanning Calorimetry (DSC) was performed
from 50 to 200°C. The samples were observed in a ZEIZZ
microscope model AX10, in polarized mode, using the software Motic Images Plus 3.0. Micrographs of the samples were
obtained in a JEOL Scanning Electronic Microscope (SEM),
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model JSM-5900, using a size of sample of 1 cm2; the gels
were sputtered with a gold layer. Finally, samples were analyzed with a TA Thermo Gravimetric Analyzer (TGA),
model SDT Q600, in the range 30-700°C; data was processed
with the software OriginPro 8.6.
2.4. Release Tests. The release tests were performed in deionized water (pH 7) and in a phosphate buﬀer solution (PBS)
with pH 7.38 (in the range of pH values of the human body).
Three diﬀerent temperatures were evaluated: 35, 37, and 39°C
(hypothermic, normal, and febrile human body temperatures). Each piece of gel was placed in a container with
5 mL of liquid and remained there for 24 hours subjected to
electromagnetic vibrations (80 cycles/minute) and maintaining a constant temperature (35, 37, or 39°C, depending on the
case). During the ﬁrst hour, the PBS was removed and
replaced by new liquid at the same temperature every 15
minutes. Subsequently, the PBS was changed once every hour
until eight hours is completed. A ﬁnal change of liquid was
also made upon completion of 24 hours of drug release.
The drug release was quantiﬁed by UV-Vis spectroscopy.
2.5. Mathematical Modelling. The mathematical model that
describes the release of acetaminophen in HPC/PAAm was
determined by means of the free-access genetic programming tool GPTIPS software in its version 1.0, used to perform
Multigene Symbolic Regression in MATLAB [26–28]. The
objective of this mathematical modelling was to ﬁnd a function in the form of Equation (5) to describe the release of
acetaminophen over time:
y = f ðx Þ,

ð5Þ

where x is the time in minutes and y is the concentration of
released acetaminophen in mg/mL.
Experimental measurements of the concentrations of
acetaminophen released in mg/mL over time in minutes were
used to feed the algorithm. The obtained equation allowed to
predict the concentration that would have been released
beyond the experiment.
2.5.1. Symbolic Regression. Symbolic regression is an application of genetic programming that ﬁnds the best ﬁtting
mathematical equation for a data set. This is achieved by generating a random population of mathematical functions in
the form of tree structures composed of three parts: a root
node, functional nodes, and terminal nodes, as the one
shown in Figure 2. The best performing ones are then
selected to breeding together in order to generate a new population of functions by means of genetic operators: mutation
or crossover, as shown in Figure 3, or direct reproduction
(when a tree structure is selected to transfer to the new generation without changes). This process is repeated until the
population contains a function that correctly adjusts to the
statistical data or until the maximum number of iterations
is reached [26–28].
Unlike traditional regression analysis, in which the structure of the model must be speciﬁed prior to the ﬁt, SR generates the mathematical function which best ﬁts the available
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Figure 2: Tree representation of the model y = log ð6 + 9/xÞ.

data by an evolving tree process. Consequently, the main
advantage of SR is the possibility of creating structures that
include and combine linear, polynomial, potential, logarithmic, exponential, and sinusoidal functions, among many
others [26–28].
2.5.2. Multigene Symbolic Regression. Multigene Symbolic
Regression (MSR) is an improvement of SR which enables
to generate data structures containing several tree structures
within. The most typical equation generated by MSR has the
form of
y = d0 + d 1 ∗ f ðxÞ + d2 ∗ gðxÞ,

ð6Þ

where f ðxÞ and gðxÞ are functions generated each one by one
tree structure. The complexity of the model is controlled by
the number of genes Gmax and the depth of each gene Dmax ,
both deﬁned by the user. Each structure generated in the initial population contains a random number of genes (from 1
to Gmax ). For each model, the linear coeﬃcients d 0 , d 1 , and
d 2 are calculated by least squares methods. The best performing ones are then selected to breeding together in order to
generate a new population of functions by crossover. In this
process, random crossover points are assigned to each structure to breed, and the genes within these crossover points are
exchanged with each other. If, after the exchange, the number
of genes in a structure exceeds Gmax , a random set of genes
will be eliminated until it reaches Gmax [28, 29].

3. Results and Discussion
3.1. Characterization of HPC/PAAm. After swelling, an
incorporation of 70.03 grams of acetaminophen was achieved
for each gram of HPC/PAAm gel. It is to be noticed that the
appearance of the HPC/PAAm gel with the incorporated
acetaminophen is whitish.
3.1.1. FTIR. In Figure 4, a comparison between the FTIR
spectra of HPC/PAAm gel, acetaminophen, and HPC/PAAm
gel with incorporated acetaminophen is shown, represented
by the blue, black, and red lines, respectively. Acetaminophen

shows a signal at 3330 cm-1 due to the N-H bond of the amide
group, followed by a wide and pronounced peak at 3151 cm-1,
which is attributable to the O-H bond of the hydroxyl group.
There is also an intense band at 1653 cm-1 corresponding to
the C=O bond of the amide group; the peaks at 1563, 1505,
and 1435 cm-1 are due to aromatic vibrations, and ﬁnally,
peaks at 796-859 cm-1 are attributable to the substituted
benzene ring in the paraposition.
The HPC/PAAm gel with incorporated acetaminophen
has an overlap between the N-H bonds of the amide group
and the O-H bonds of the hydroxyl group at 3190 cm-1; these
two assignments belong to both the HPC/PAAm gel and the
acetaminophen; therefore, an increase in its intensity is
appreciated in the HPC/PAAm gel with acetaminophen.
HPC/PAAm polymers display the stretching bands of N-H
and O-H due to both, the cellulose derivative and the
polyacrylamide [25, 30, 31]. At 1653 cm-1, the C=O bond of
the amide group is observed. At 1563, 1509, and 1454 cm-1,
some aromatic vibrations can be seen. Finally, between
800 and 860 cm-1, the substituted benzene ring in the
paraposition is observed. These peaks were previously
reported in [32].
The diﬀerences between the spectra of acetaminophen
and the spectra of HPC/PAAm gel with acetaminophen are
observed in as far as amide stretching (3329 cm-1 for monoand 3330 cm-1 for ortho-), O-H stretching (3182 cm-1 for
mono- and 3199 cm-1 for ortho-), C=O stretching
(1649 cm-1 for mono- and 1652 cm-1 for ortho-), and C-H
symmetric stretching (1506 cm-1 for mono- and 1504 cm-1
for ortho-). The shifting was also observed for skeletal aryl
C-C stretching vibrations (1435 cm-1 for mono- and
1442 cm-1 for ortho-) and C-N stretching mode vibration
(1228 cm-1 for mono- and 1220 cm-1 for ortho-). The peaks
observed at 837, 686, and 601 cm-1 for mono- and 837, 686,
and 601 cm-1 for ortho- are due to out of plane C-H bending
(aryl-1, 4 disubstituted). Interestingly, the peaks of the spectra of HPC/PAAm gel with acetaminophen in the range
4000-3500 cm-1 diﬀer from that showed in the spectra of
acetaminophen; this diﬀerence is due to the HPC/PAAm
polymer peaks. From this FTIR results, it can be inferred that
acetaminophen was correctly incorporated into the
HPC/PAAm gel.
3.1.2. DSC. In Figure 5, the DSC thermograms of (a)
HPC/PAAm gel and (b) HPC/PAAm gel with incorporated
acetaminophen are shown. In the thermogram of the pure
HPC/PAAm gel, it is observed that the material does not
have any T g peak. On the other hand, in the thermogram
of the HPC/PAAm gel with incorporated acetaminophen, a
well-deﬁned exothermic peak at 172°C is observed. In [32],
a peak of acetaminophen close to 170°C was reported, which
allows us to deduce that the peak in Figure 5 corresponds to
acetaminophen. According to [33], fully miscible systems of
two compounds present a single T g , even when each
compound in the composite has its own T g . Similarly,
Castillo-Miranda et al. [3] reported a single exothermic peak,
corresponding to the melting point of the active substance, in
a DSC thermogram of HPC/PAAm gel with incorporated
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Figure 3: Genetic operators: (a) mutation operation; (b) crossover operation.
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Figure 5: Thermograms of (a) HPC/PAAm gel and (b)
HPC/PAAm gel with incorporated acetaminophen.

ibuprofen. This supports the statement that acetaminophen
was correctly incorporated into the HPC/PAAm gel, previously established based on the FTIR results.
4500
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Figure 4: FTIR spectra of (a) HPC/PAAm gel, (b) acetaminophen,
and (c) HPC/PAAm gel with incorporated acetaminophen.

3.1.3. Optical Microscopy. In Figure 6, the optical micrographs of (a) HPC/PAAm gel, (b) HPC/PAAm gel with acetaminophen, and (c) HPC/PAAm gel with acetaminophen
after 24 hours of swelling in water can be observed. All three
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Figure 6: Optical micrographs of (a) HPC/PAAm gel, (b) HPC/PAAm gel with acetaminophen, and (c) HPC/PAAm gel with acetaminophen
after 24 hours of swelling in water.

micrographs were taken with 5x and 75° prism opening. In
Figure 6(a), the absence of acetaminophen particles in the
HPC/PAAm gel is observed. On the other hand,
Figure 6(b) shows acetaminophen crystals that are mostly
between 3.2 and 6.4 μm in size, although there are some few
conglomerates whose size reaches over 15 μm. As it is
observed, the said crystals are abundant and well dispersed
all over the surface of the HPC/PAAm gel. Finally, in
Figure 6(c), it is shown that after 24 hours of swelling in
water, most of the acetaminophen particles have been
released from the HPC/PAAm gel, observing only two
remaining conglomerates of approximately 15 μm each that
can be observed within the dotted circle.
3.1.4. SEM. The micrographs of the HPC/PAAm gel with
incorporated acetaminophen are shown, at diﬀerent magniﬁcations, in Figure 7. A homogeneous surface is observed,
where the crystals are well distributed on the surface of the
HPC/PAAm gel.
Two populations of crystals were seen on the micrographs. One of these consists in rectangular prisms with
columnar growth in the {001} plane and a size of approximately 4 μm (2:1 × 5:2 × 1:7 μm average). The other one
consists in irregular prims with columnar growth in the
planes {110}, {201}, {001}, and {011} and with no agglomerates, which indicates that the acetaminophen was crystallized
on the surface of the HPC/PAAm gel and not between its
internal chains. Irregular acetaminophen prisms were also
reported in [32]. Besides, other polymers have also presented
drug crystallization on the surface. Castillo-Miranda et al. [7]
reported the formation of acetylsalicylic acid crystals on the
surface of hydroxyethyl cellulose/polyacrylamide gel; they

also observed a smooth surface formed by the cellulose
derivative. Orthorhombic crystals were also observed on the
surface, with larger crystals in the range of 4-10 μm; this morphology is a stable polymorph of acetaminophen at room
temperature [34].
Both acetaminophen and the HPC/PAAm gel have atoms
that can form hydrogen bonding. Hydrogen bonding
between acetaminophen and HPC/PAAm can lead to the formation of not deﬁned crystals, but the formed crystals are
stabilized by hydrogen bonding to the polymer surface [35].
3.1.5. TGA. The TGA results are shown in Figure 8.
Figure 8(a) shows the weight loss (%) for both the
HPC/PAAm gel and the HPC/PAAm gel with incorporated
acetaminophen. It can be observed that the thermal behaviour of the drug/polymer system is similar to that of the pure
HPC/PAAm gel. The degradation of both materials begins at
approximately 225°C, and the ﬁnal diﬀerence between them
is approximately 1.4% extra loss of mass when adding acetaminophen to the HPC/PAAm gel. The residual mass was
about 18.3% for the pure HPC/PAAm gel and about 16.9%
for the HPC/PAAm gel with incorporated acetaminophen.
Both curves have also a mass loss of approximately 3%
between 175 and 225°C; this loss of mass could be attributed
to the decomposition of functional groups on the surface
of the HPC/PAAm gel, similarly as explained in [36]. Further, Figure 8(b) shows the derivative thermogravimetric
(DTG) curves for both the HPC/PAAm gel and the
HPC/PAAm gel with incorporated acetaminophen. It can
be observed that the rate of mass loss increased when
acetaminophen was added to the HPC/PAAm gel. Also,
HPC/PAAm gel peaks moved towards lower temperatures
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Figure 7: Micrographs of the surface of HPC/PAAm gel with incorporated acetaminophen: (a) 100x, (b) 500x, and (c) 1500x.

when acetaminophen was added. This indicates that the
HPC/PAAm gel with incorporated acetaminophen has a
lower thermal stability than the pure HPC/PAAm gel, as
can be inferred from [37].
From Figure 8 can be observed, besides, that the acetaminophen is stable until some point between 200 and
300°C, and after that, its loss of mass increases rapidly. This
was also reported in [32]. Additionally, the thermal degradation for the HPC/PAAm gel is similar to that of the hydroxyproyl methyl cellulose/polyacrylamide polymer, with weight
losses due to humidity content and the degradation of the
cellulosic polymer at 250°C, while the degradation of the
polyacrylate was observed in the 350°C range [38, 39].
3.2. Release Tests. Castillo-Miranda et al. [3] modelled ibuprofen release in HPC/PAAm gel by the traditional
methods (Equations (1)–(4)), and the best adjustments
were obtained with the Korsmeyer-Peppas model, meaning
that the release of drug in HPC/PAAm gel occurred
through the viscoelastic relaxation of the polymer, as a
non-Fickian phenomenon. Therefore, it was decided to
model the acetaminophen release in HPC/PAAm gel with
the Korsmeyer-Peppas model, assuming that acetaminophen release would also occur through the viscoelastic
relaxation of the polymer, since the hydrogel used as
DDS was the same.
The values of the constant rate k and exponent n obtained
for the release of acetaminophen in water and in buﬀer (PBS)
from the HPC/PAAm gel by the Korsmeyer-Peppas model,
at the three proposed temperatures (35, 37, and 39°C), are
presented in Table 1.

From Table 1, it is observed that in all the results the
values of n are less than 0.5. Therefore, they do not correspond to any of the intervals described in [40]; this indicates
the existence of several simultaneous processes in the phenomenon of acetaminophen diﬀusion from HPC/PAAm,
contrary to the assumption based on [3]. This indicates that
the drug to be released from a hydrogel has an inﬂuence on
the release mechanism.
The concentration of acetaminophen released in the
HPC/PAAm gel, with water as the release medium, increased
proportionally to the temperature; during the second hour of
the release test, at 39°C, the maximum concentration was
0.35 mg/mL. This concentration was also achieved by using
buﬀer as the release medium but at 35°C instead, while the
values at 37 and 39°C are a little higher; this indicates that, at
the same temperature, a higher release of acetaminophen in
HPC/PAAm is obtained by using PBS (pH 7.38) instead of
water (pH 7) as the release medium. Therefore, as reported in
[4, 5], the pH value has an inﬂuence on the release of the drug.
3.3. Mathematical Modelling of the Acetaminophen Release in
HPC/PAAm. The time versus concentration data sets
obtained from the release tests were mathematically modelled by MSR. A unique equation was obtained by modelling
the data sets of the acetaminophen release in HPC/PAAm at
35, 37, and 39°C. Therefore, this equation describes the
release of the drug at all of the evaluated temperatures. The
used data sets were those of the drug release in PBS (pH
7.38), since this release medium proved to be the most optimal in the release tests. The modelling was carried out using
the following conﬁguration of parameters: a tree depth of 5 at
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Figure 8: TGA results: (a) TGA curves for HPC/PAAm gel and HPC/PAAm gel with incorporated acetaminophen; (b) DTG curves for
HPC/PAAm and HPC/PAAm with incorporated acetaminophen.
Table 1: Values of n obtained for the release of acetaminophen in
HPC/PAAm.
Solvent
Water
PBS

35°C

37°C

39°C

n

k

n

k

n

k

0.1282
0.1901

0.4913
0.3699

0.1042
0.1400

0.5607
0.4889

0.1277
0.1471

0.4933
0.4623

the beginning of the process, a population size of 100 function trees, and a maximum of 200 iterations. The representative mathematical model for the three experimental
temperatures can be described by Equation (7). The coeﬃcients of determination R2 and adjusted R2 are calculated as
0.98849 and 0.98795, respectively:
y = 26:3 ∗ tanh



0:2784
1:559
− 0:0003271 ∗ x1 −
+ 0:7194,
2
ln ðjx1 jÞ
x1

ð7Þ
where x1 is the time in minutes and y is the concentration of
released acetaminophen in mg/mL.
This mathematical model allows to simulate the concentrations of released acetaminophen even at times beyond the
tested and to predict the moment in which the drug release
will be ﬁnished. Figure 9 shows, in black, the simulation for
the release of acetaminophen from HPC/PAAm gel in PBS
at any of the three evaluated temperatures, obtained with
Equation (7). The red lines in the same ﬁgure represent the
experimental data at each temperature. As observed, the red
curves constructed with experimental data end at about 400
minutes, at which time the experiment ﬁnished. However,
the mathematical model enabled to predict the release of
the drug in times beyond the end of the experiment, allowing
to determine that the acetaminophen should be depleted at
some point close to 1500 minutes, that is, 25 hours after the
start of the release. It is also observed that the simulated data,

obtained with Equation (7), resembles the typical kinetic proﬁle of drug release [41].
The simulated data from the mathematical model was
compared with the experimental data collected at each evaluated temperature, and the results are shown in Table 2.
The listed measures are the coeﬃcient of determination R2 ,
the Coeﬃcient of Variation (CV), the Root-Mean-Square
Error (RMSE), and the Mean Absolute Error (MAE).
As observed, high R2 values and low CV, RMSE, and
MAE values were obtained for the comparisons between
the simulated data and the experimental data obtained at
all the three evaluated temperatures. These results corroborate that the mathematical model obtained by MSR is
reliable to represent the release of acetaminophen in
HPC/PAAm gel in PBS at 35, 37, and 39°C. It is also
noticeable that the highest R2 value and lowest CV, RMSE,
and MAE values were obtained when comparing the simulated data with the experimental data collected at 35°C.
This explains why, in Figure 9, the experimental data of
acetaminophen release at 35°C is the most similar to the
curve obtained from the simulation and in consequence
the most similar to the typical kinetic proﬁle of drug
release [41].

4. Conclusions
The samples of HPC/PAAm gel with acetaminophen were
characterized by FTIR, DSC, optical microscopy, SEM, and
TGA, ﬁnding that the drug was correctly incorporated in
the HPC/PAAm gel. The correct incorporation of the acetaminophen into the HPC/PAAm gel demonstrates that this
material has the potential to be used as a Drug Delivery System as a patch for this active substance. However, it is still
necessary to perform more tests to conﬁrm its suitability,
including toxicity studies and stability tests; these studies
are contemplated as future work.
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Figure 9: Concentration vs. time curves for the release of acetaminophen from HPC/PAAm gel in PBS at (a) 35, (b) 37, and (c) 39°C.

Release tests were performed in water and in a phosphate
buﬀer solution (PBS) with pH 7.38 at three diﬀerent temperatures: 35, 37, and 39°C. The release at each temperature was
modelled with the Korsmeyer-Peppas model. In all cases, the
values of n were less than 0.5, which indicates the existence of
several simultaneous processes in the phenomenon of acetaminophen diﬀusion from HPC/PAAm. Further, the concentration of acetaminophen released in the HPC/PAAm
increased proportionally with the pH value of the release
medium used.
The results of the release tests were also mathematically modelled by Multigene Symbolic Regression (MSR).
The obtained mathematical model achieved R2 and
adjusted R2 values of 0.98849 and 0.98795, respectively.
The equation was used to simulate the concentrations of
released acetaminophen in HPC/PAAm at times beyond

Table 2: Simulation statistics for the release of acetaminophen from
HPC/PAAm gel in PBS at (a) 35, (b) 37, and (c) 39°C.
Temperature
°

35 C
37°C
39°C

R2

CV

RMSE

MAE

0.99982
0.99774
0.9845

0.00625
0.01987
0.0433

0.00193
0.0063
0.01366

0.00736644
0.08379797
0.07457

the tested. It was predicted that drug release would ﬁnish
25 hours after its start. The simulated data, obtained with
the proposed mathematical model, resembled the typical
kinetic proﬁle for drug release. Also, when comparing
the simulated data that was generated from the proposed
model with the experimental data collected at all the
three evaluated temperatures, high values of R2 and low
values of CV, RMSE, and MAE (from 0.9845 to

10
0.99982, from 0.00625 to 0.0433, from 0.00193 to
0.01366, and from 0.00736644 to 0.08379797, respectively)
were obtained. The highest R2 value and lowest CV,
RMSE, and MAE values (0.99982, 0.00625, 0.00193, and
0.00736644, respectively) were obtained when comparing
the simulated data with the experimental data collected
at 35°C.
This way, it can be concluded that the proposed mathematical model is reliable. Moreover, the mathematical
modelling by MSR has proven to be an area of opportunity for pharmacological engineers and researchers who
are interested in the study of the release of drugs in
hydrogels. However, it is important to note that it is still
necessary to evaluate the application of the mathematical
model that has been presented in this work to model
and simulate drug release by using a diﬀerent drug-gel
combination. This is contemplated as future work.
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Cellulose widely existed in plants and bacteria, which takes important eﬀect on the synthesis of macromolecule polymer material.
Because of its great material properties, the cellulose nanocrystal (CNC) showed its necessary prospect in various industrial
applications. As a renewable future material, the preparation methods of the CNC were reviewed in this paper. Meanwhile, the
important applications of CNC in the ﬁeld of composites, barrier ﬁlm, electronics, and energy consumption were also
mentioned with brief introductions. The summarized preparations and considerable applications provided operable ideas and
methods for the future high-end and eco-friendly functional composites. Suggestions for potential applications were also discussed.

1. Introduction

2. Methods for CNC Preparations

Cellulose is a macromolecular polysaccharide composed of
glucose. It is also the most diverse and widespread group
of polysaccharides in nature. As a kind of natural crystalline
macromolecular compound, the cellulose nanocrystal (CNC)
widely exists in the plant ﬁbers and the capsular polysaccharide of bacteria [1] and possesses a series of characteristics of
high crystallization, high strength, large speciﬁc surface, low
density, biocompatibility, and biodegradability. Therefore,
it is usually utilized in the ﬁeld of construction, foodstuﬀ,
electronics, pharmacy, barrier industry, et al. [2–6].
The main methods for preparing CNC at present are the
mechanical process, the chemical process of hydrolysis, the
biological process of hydrolysis, and the combined method
of the above processes. All the above methods mentioned
have their own advantages and disadvantages and also diﬀerent eﬀects on their applications [7, 8]. This paper presents a
summary of the research progress of preparations, modiﬁcations, and applications of CNC in all aspects.

The plant ﬁbers are usually employed in preparing the CNC
for its low price and abundance, whose common size is
0.5~3.0 mm for length and 20~40 μm for diameter [9].
Meanwhile, the size of any one dimensionality of cellulose
locating in 100 nm is called the CNC [10]. Therefore, the
methods for obtaining the CNC are the processes of decreasing the size of natural cellulose, which includes the process of
mechanical, the chemical hydrolysis, the biological hydrolysis, and the combined methods.
2.1. Preparation of CNC via the Mechanical Process. The
mechanical process is a physical method for getting the
CNC and consists of four ways: homogenization under high
pressure, microﬂuidization, ﬁne grinding, and freezing
smashing [11].
2.1.1. Homogenization under High Pressure. Homogenization
is a one-step process to make a stable suspension by smashing the solid to form ultraﬁne particles in the solution [12].
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Figure 1: Technological process of the microﬂuidization [20].

Homogenization under high pressure was usually used to
produce the microcrystalline cellulose (MCC), where the
process of the homogenization under high pressure usually
occurred in the homogeneous valve [13]. The raw material
was extruded to the adjustable gap between the rod and the
seat of the valve (usually h = 0:1 mm) by the outside force
to accelerate the solution speed to 200~300 m/s. While leaving the gap, the inner press of the mixed solution fell instantaneously [14]. According to Bernoulli’s theory [15], the
great change of inner press would create an inner shearing
force to produce lots of positive holes and the turbulence,
which would break the ﬁbers into ultraﬁne particles.
The method of homogenization under high pressure was
ﬁrst improved in 1980s [16]. Turbak et al. [17] employed the
wood ﬁbers to produce the MCC with this method and
obtained the stable MCC gel with high viscosity. And then,
a series of studies reported its application for the MCC preparation with varieties of raw materials. Khiari [18] utilized
chemistry-treated residue of the Badam to produce cellulose
nanoﬁbril (CNF) gel at 600 bars for 10 times, and the resulting CNF was one with a diameter of 3~18 nm. Meanwhile,
they also indicated that the parameters of production would
be the best by holding the reaction temperature at 70~80°C,
and the homogenization under high pressure could be
applied in the continuous industry production.
Although the method of the homogenization under high
pressure possessed several advantages, its development was
also limited by its obvious disadvantages. As an energyintensive process, the homogenization under high pressure
utilizes lots of energy, which meant that its energy waste
was huge. Meanwhile, its eﬃciency was unstable because
the valve was easily jammed by the long plant ﬁbers. All the
above problems prevented its improvement.
2.1.2. Microﬂuidization. The microﬂuidization is called
microﬂuidization under high pressure [19], one of the
methods for preparing nanomaterials, and its technological
process is shown in Figure 1 [20]. The raw slurry was ﬁrstly
injected and pressurized to about 4000 bars by the ﬂuid
pump. It was then forced into a Y-form interactive vessel,
where two squirts of liquid with the speed of 1000 m/s met
head-on. This impaction would create a huge shear force as
well as the void eﬀect, which results in the manufacture of
the nanoparticle. Furthermore, the slurry goes through the
assistant vessel with several inner zigzags, which results in

more impaction occurring with the cavity walls and consequently smashing the nanoparticles further to obtain more
homogeneous CNC.
Li and Liu [21] employed the high-pressure jet machine
to prepare the NFC at 103.4 MPa for 12 times with a diameter
of 80 μm of its inner cavity. They indicated that the jet
machine with small-bores in its main cavity could improve
the relative water content of the prepared MCC. The test
result showed that the relative water content of MCC was
1105% prepared by the machine with a diameter of 75 nm
of its inner cavity for 10 times. Meanwhile, the MCC size
decreased with the homogeneous times increasing and
reached 100~200 nm after 5-time microﬂuidization, when
the diameter of the main cavity was 100 nm. Compared to
the homogenization under high pressure, the microﬂuidization had the disadvantage that the cavity was easily jammed
by long ﬁbers, and its energy consumption was high. It is
not easily applicable in the industry.
2.1.3. Fine Grinding. The method of ﬁne grinding was a novel
physical way in preparing the MCC, which was realized by
the ﬁne grinder and a commercial grinder as shown in
Figure 2. It was obvious that the core components consisted
of two discs, the inner and the external, where both discs
were covered with grooves with diﬀerent parameters. The
initial step of the process for the MCC preparation was ﬁrstly
to pour the raw slurry into the gap between two discs, while
the external disc remained stationary and the inner disc kept
rotating. The relative rotation of the two discs produced the
force of crush, shearing, friction, grinding, and tearing to
divide the ﬁbers as well as decrease their sizes to obtain the
MCC. By controlling the grinding parameters, the MCC with
varieties of size levels ended up with low energy consumption; meanwhile, the grinder was easy to clean and maintain.
But it was incredibly ineﬃcient, and little application was
reported. Li and Liu [21] used the pretreated ﬁbers of the
coniferous tree to prepare the MCC by grinding the slurry
for 15 times, and the diameter of the obtained MCC was
10~40 nm.
2.1.4. Freezing Smashing. The freezing smashing technique
was used in smashing the frozen cellulose ﬁber with mechanical force to divide the cellulose ﬁbers and produce the CNC.
Liquid nitrogen was usually employed as the freezing
medium to freeze the cellulose slurry, which could transfer
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hydrolysis on the microstructure of the CNC. They showed
that the productivity of II-form CNC was 54.50% with an
average diameter of 156.9 nm, and its parameter was handling the cellulose with 5 M NaOH solution at 60°C for 2
hours. Although several studies have reported the application
of alkali in hydrolyzing cellulose, the alkali was mainly
employed in pretreating the cellulose to dissolve the lignin
and pectin.

Figure 2: A commercial ﬁne grinder.

the ﬁbers from toughness to brittleness under low temperature and subsequently increase its internal stress. The powerful impaction from the mechanical smashing easily broke the
structure of the frozen ﬁbers hence dividing it to nanosize
[22]. However, its cost was too high while it was also too
low to be promoted.
2.2. Preparation of Chemical Process. Although all the above
mechanical processes were employed in preparing the
CNC, they were not widely applied due to their great energy
consumption. Therefore, the chemical process was focused
on treating the natural cellulose. As a kind of polysaccharide,
the cellulose is made from the glucose molecules, which are
connected by the β-1,4-glucosidic bond with each other
[23]. Thus, the process of partially breaking glucosidic bonds
is the key way to obtaining the CNC, and the chemical hydrolysis oﬀers a case for realizing it [24].
2.2.1. Process of Alkali Hydrolysis. As a kind of natural polymer, the cellulose had the supramolecular structure which
made it diﬃcult to be hydrolyzed. However, the alkali had
the ability to swell the cellulose as well as break its inner
hydrogen bonds [25]. Therefore, the alkali was employed to
hydrolyze the cellulose.
Research showed that the crystal form of natural cellulose
was transferred from I-form to II-form after treatment with
9 wt% NaOH [26]. Zhang et al. [27] obtained the II-form
spherical CNC by treating the cellulose with 5 M NaOH at
80°C and acid solution, successively. Tang et al. [28] used
NaClO solution to hydrolyze the microcrystalline cellulose
(MCC) to obtain spherical CNC with the diameter of
20~40 nm, and its crystalline was 79.71%. Hagman et al.
[29] dissolved the MCC with 2 M NaOH solution and found
that the MCC was hydrolyzed to new chains with a lower
crystalline degree and kept stable in the solution. Xie et al.
[30] investigated the eﬀects of the parameters of the alkali

2.2.2. Process of Acid Hydrolysis. The microstructure of the
cellulose ﬁber consisted of discontinuous regions of crystalline cellulose and amorphous cellulose, where the unconﬁned
amorphous region was between two inerratic crystalline
regions, and the ﬁber was made from the repetition of the
above structures. Therefore, researches were aimed at how
to remove the amorphous regions quickly and keeping the
crystalline regions as well.
Liu et al. [31] prepared the CNC from reed pulp with
55 wt% sulfuric acid, using sodium m-nitrobenzene sulfonate
(SMS) as the cocatalyst. It was indicated that the optimum
parameters for the CNC preparation were the reaction at
50°C for 5 hours accompanied with 10 wt% SMS. Compared
to the method with two catalysts, sodium dodecyl benzene
sulfonate (SDBS) and cupric sulfate simultaneously, the
CNC obtained from this process was smaller and more
homogeneous, with much higher yield. Wu et al. [32] indicated that the ultrasound-assisted sulfuric acid method could
be applied for the preparation of CNC, and its parameters
were about 10 nm for diameter and 200~400 nm for length
with a crystallinity of 63.3%. Meanwhile, the thermal insulation foam made of the CNC with the freezing-drying method
expressed its perfect thermal insulation performance under
normal condition.
You et al. [33] used the ultrasonic-assisted method to
hydrolyze the MCC with carbon-based phosphotungstic acid
as the catalyst. The obtained CNC was rod-like and I-form
with a length of 146~862 nm and a diameter of 12~79 nm,
whose crystallinity was 76.1%. Sun et al. [34] hydrolyzed
the cotton ﬁbers with 63.9% sulfur acid at 50°C and tested
its microstructure, solubility in alkali solution, molecular
weight, and other characteristics. It was found that the
hydrolysis time of 45~55 min was the optimum time range
when the CNC yield was 32.2~41.7%, and the 18% NaOH
solution was a perfect indicator for the CNC preparation.
The process of acid hydrolysis is widely applied all over the
world, but the terrible wastes are unavoidable, wasted solution of acid, alkali, water, and residua. And the novel ways
for obtaining the CNC have drawn the attentions all the time.
2.2.3. Process of TEMPO Hydrolysis. The TEMPO is a series
of reagents used to oxidize the alcohol and ether, including
2,2,6,6-tetramethylepiperridin-1-oxyl and its ramiﬁcations
with the structure of 1-oxyl, an oxygen radical. Research
showed that the function of the TEMPO was its oxidation
eﬀect on the alcoholic hydroxyl group [9]. As an eﬃcient
and pollution-free reagent, the TEMPO was employed to
produce the CNC, and its common reaction system consisted
of the TEMPO, the NaBr, and the NaClO [35].

4

International Journal of Polymer Science
R-COOH
NaCIO 2

NaCIO
R-CHO

R-CH 2OH

1/2 NaCIO
N
O
•
TEMPO

+
N
O

N
OH

NaCI

Figure 3: Oxidation of primary hydroxyls to carboxyls by the
TEMPO/NaClO/NaClO2 system under weak acidic or neutral
conditions [37].

2.2.3.1. Development of TEMPO Reaction System. Research
indicated that the process of the TEMPO oxidation of the
cellulose was a process where the C6-formyl group was transformed to the C6-carboxyl group [36]. As the main oxidation
reagent, the NaClO ﬁrstly transformed the NaBr into NaBrO,
and the produced NaBrO would oxide the TEMPO to be a
nitrosonium. Nitrosonium underwent oxidation to transform the alcoholic hydroxyl group and produced an aldehyde
or carboxylic acid, where its mechanism was displayed in
Figure 3 [37].
However, further study showed that the basicity of alkalinity had great eﬀect on the degree of dissociation of the
CNC, which might have led to the decrement of the mechanical properties of the CNC, as the strength and ﬂexibility of
the nanoﬁbers [38]. Therefore, the present researches of the
reaction systems were mainly focused on the adjustment
and controlling of the reaction system [39].
Saito et al. [37] replaced the NaBr in the reaction system
of the TEMPO/NaBr/NaClO with the NaClO2 and found the
phenomena that the aldehyde groups teemed in the produced
CNC surface obtained from the reaction system of the
TEMPO/NaBr/NaClO, and it did not occur in the TEMPO/NaClO/NaClO2 system. This mechanism is shown in
Figure 3. Meanwhile, the size of the CNC made from the above
reaction system was long for 2 μm and wide for 5 nm; the
degree of polymerization was 900, with an optimum reaction
pH of 6.8.
Although the system of the TEMPO/NaClO/NaClO2
displayed its advantages, its disadvantages were also
unavoidable, such as its terrible reaction rate and relatively
low content of the carboxyl in the CNC. Attentions were
drawn to improve the eﬃciency of the TEMPO/NaClO/NaClO2 system [40]. Iwamoto et al. [41] employed ten
kinds of systems consisting of TEMPO ramiﬁcation, NaBr,
NaClO, and NaClO2 to compare their eﬃciencies in preparing the CNC. It resulted that the 4-acetamido-TEMPO and

the 4-methoxy-TEMPO showed their optimum catalytic eﬃciencies; however, the 4-hydroxyl-TEMPO and 4-oxygenTEMPO showed the worst eﬃciencies. In addition, the
ultrasonic assistance was usually used in the chemical reaction. Mishra et al. [42] utilized the system of the TEMPO to
hydrolyze the cellulose with the ultrasonic assistance, and
the productivity of the CNC was raised by about 10%, when
the content of the carboxyl was raised by 10~15%. According
to the above investigations, it was obvious that the preparations with the system of TEMPO were a pollution-free and
eﬃcient way to produce the CNC, which also sketched the
contours of its development prospect of the assistanceTEMPO methods.
2.2.3.2. Eﬀect of Treatment on the Dispersion of the CNC. The
preparation of the CNC was aﬀected by a series of factors that
involved the reaction conditions, the carboxyl content,
the homogenization treatment, and other circumstances
[43–45], in which the carboxyl content of the CNC controlled the dispersity of the cellulose ﬁber in water as well
as the productivity of the CNC [46].
Hirota et al. [47] indicated that the oxide cellulose ﬁber
obtained with diﬀerent methods possessed a similar carboxyl
concentration of 1.8~2.2 mmol/g on the ﬁber, which was the
maximum content in the undissolved cellulose ﬁbers. On the
other hand, low content of the carboxyl in the CNC was
against its decentralization in the water. Saito et al. [48]
found that the system’s viscosity increased quickly with
2~4% solid content; however, the phenomena did not occur
while the content was below 1%. In addition, research showed
that the CNC solution possessed much more carboxyls and
displayed relatively lower viscosity, because of the electrostatic repulsive force among the carboxyls [49, 50]. Okita
et al. [43] reported that the TEMPO-CNC dissolved not only
in water but also in several organic solvents, and the CNC
could also be obtained in the organic solvent just with
extremely high energy consumption. The morphology of
CNC obtained by four methods is shown in Figure 4 [51].
2.3. Preparation of Biological Fermentation. Usually, the process of chemical hydrolysis is low-cost and convenient for
preparing the CNC, but its pollution is terrible since it leaves
lots of wasted solutions of acid or alkali, which is diﬃcult to
handle and harmful to the environment. Therefore, the noncomplicated, eﬃcient, and pollution-free method for preparing the CNC is focused on in recent years. As a perfect
solution, the biological process rises in response to the proper
time and conditions, which mainly involves the biological
hydrolysis.
The CNC was ﬁrstly obtained from some speciﬁc bacterial cellulose (BC) in 1886 [52], which was so called bacterial
nanocellulose (BNC). Several bacteria were discovered and
employed in obtaining the BNC, including the Acetobacter,
Azotobacter, Achromobacter, and Aerobacter [53]. In fact,
the BC was better than plant cellulose in terms of its higher
purity, crystallinity (over 60%), degree of polymerization
(between 2000 and 6000), and tensile strength [54, 55].
Therefore, the BC was a perfect resource for the BNC.
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Figure 4: TEM of CNCs obtained from wood pulp using diﬀerent pretreatments, (a) enzymatic, (b) TEMPO-mediated oxidation, and (c)
carboxymethylation, and obtained from (d) Opuntia ﬁcus-indica [51].
Table 1: Comparison of BNC and cellulose II.
Type
Acetobacter
Acetobacterb
Cellulose II

Length (μm)

Width (nm)

Height (nm)

Cross-section

Crystallinitya (%)

Iβ (%)

>1
>1
Filament

30-50
6-10
—

6-10
6-10
—

Rectangular
Square
Cylindrical

63
—
27-43

3-27
53
—

Usually, the BNC was extruded through the bacterium
cell pores in the form of ribbons. These ribbons started at
speciﬁc points on the cell surface and became thicker as they
built a composite ribbon. Finally, the cellulose nanoﬁbers
were with a 2~4 nm diameter and several 100 μm length
[51, 56]. However, each bacterium BNC had its own merits
according to the diﬀerence in the bacterium type as well as
its cultured conditions. For instance, the Acetobacter BNC
was with an α-crystalline structure and its ﬁber showed
a rectangular section with a parameter in ð6~10Þ nm ×
ð30~50Þ μm. A list of CNC with diﬀerent characterizations
is shown in Table 1 [57].
Although the characterizations of the component ratio of
amorphous and crystalline regions and size of the microcellulose are according to the kinds of bacteria, the ways of
dividing them from each other by removing the amorphous
zones are common, and the cellulase acts as a pair of scissors
to do it. Usually, the scissors consisted of several cellulases,
1,4-β-D-glucan glucanohydrolase, 1,4-β-D-glucan cellobiohydrolase, β-1,4-glucosidase, etc. [58]. Because of the heterogeneous catalytic reaction of the cellulase, no cellulase
possessed the ability to eﬃciently catalyze the BC hydrolysis
individually, and the biological process was always focused
on increasing the hydrolyzed eﬃciency with the combined
actions of kinds of cellulases.

BNCs obtained by catalyzing the pulp with Trichoderma
viride G were with great globular characterizations
(2.5~10 nm) with optimum conditions of pH 4.8 and temperature of 45°C for 2 h [59]. It was indicated that the BNC
produced by Acetobacter xylinum was with a great thermostability (≤330°C) and swelling resistance, while the producing
eﬃciency raised by controlling the fermentation temperature
and rotation speeds [60]. On the other hand, researches on the
BNC production by sugar derivatives were also focused on
long ago, with results showing that the productivity obtained
from arabitol and mannitol was 6.2 and 3.8 times, respectively, more than that from the glucose [61]. The MCC
obtained from the Cladophora showed an average length of
350 nm with a degree of polymerization of 690 for β-glucan
chain [59]. More and more attentions were drawn for its
economic eﬃciency and irreplaceable sustainability.
2.4. Preparation via the Combined Method. In general, all the
above solutions could be applied for CNC preparation, but
there exists lots of problems that limit the development of
those technologies, such as the energy-extensive consumption
of the mechanical process, the heavy pollution of the chemical
process, and the underactivity of the biological process on raw
plant ﬁbers. Therefore, the combination of several methods is
an irresistible trend of the CNC preparation. And the normal

6
combinations are between the process of machinery and
chemistry or biology.
By combining chemical pretreatment and mechanical
methods, Alemdar and Sain obtained the MFC with a
10~80 nm in diameter and several microns in length [62].
Meanwhile, the MFC from the preoxidized pulp were with
average diameters of 5.51 nm by rotation and 4.7 nm by
ultrasound [63].

3. Applications of CNC
Owing to lots of perfect properties of strength, light transmission, gas barrier, et al., the applications of the CNC were
focused on the optical ﬁlm, electronics, composite materials,
and other ﬁelds [64–68].
3.1. CNC Reinforcement Composites. As a prepossessing ﬁeld,
the development of nanocomposites was drawing more and
more attentions since the properties of CNC included high
strength, low density, great biodegradation, green renewability, crystallinity, porosity, and interphase eﬀects [69].
As a nanoﬁber from the natural resources, the CNC
possessed a mean strength within the ranges of 1.6~3 GPa,
which was comparable with those of commercially available
multiwalled carbon nanotubes [70]. Therefore, it was available for the reinforcement of the composites with CNC.
It was shown that the CNC-reinforced Polyvinyl Alcohol
(PVA) ﬁbrils possessed a tensile modulus of 57 GPa far
greater than those of PVA ﬁbrils as well as its storage modulus [71], which was because of uniform dispersion of CNC in
the PVA and their hydrogen bonding. Another research
employed the use of CNC to modify polyethylene oxide
(PEO) and showed that E and St of the 20%-CNC/PEO composites improved 2 and 2.5 times comparing to the pure PEO,
respectively, [72].
Li et al. [73] obtained the nanocomposites by combining
the CNC with the polymerization of phenol, and their
thermal stability was much better than the polyphenols.
Wang et al. [74] prepared a CNC/soy protein thermoplastics
and found that E and St of the composite changed from 0.53
to 1.02 GPa and from 16.7 to 31.2 MPa, respectively, by adding 20% CNC. However, it changed from 0.60 to 1.82 GPa
and from 20.2 to 59.3 MPa, respectively, with 30% CNC [75].
3.2. Barrier Films. Because of its waterproof and barrier functions, the CNC-modiﬁed composites have attracted interest
in the applications of barrier ﬁlms with potential utilizations
in ﬁltration and packaging [76]. The investigations were
mainly focused on how to prevent water vapor and oxygen
from permeation into the envelope.
It was shown that the water vapor permeability decreased
with the CNC addition in the envelope. Choi and Simonsen
[77] indicated that the CNC composite ﬁlm possessed great
water vapor preventions with a permeability decrease to
11% in thermal treatments. Chinga-Carrasco and Syverud
[78] proved that the oxygen permeating speed was
3.0 cm3·(m2·24h·0.1 MPa)-1 with a 50% relative humidity
level by testing the CNC ﬁlm. The great barrier property
was proven by Fukuzumi et al. [79] that the average pore size
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of CNC ﬁlm was about 0.47 nm close to the kinetic diameter
of oxygen, and this structure would prevent oxygen from
approaching into the envelope.
Meanwhile, applications of CNC in the oxygen permeability of composite ﬁlm were also investigated. Petersson and Oksman [80] found that the oxygen permeability
of the polylactic acid (PLA) was increased by over 3
times compared to pure PLA with 5 wt% MCC addition.
In contrast, other researches showed that the oxygen permeability of CNC/PLA ﬁlm was signiﬁcantly lowered to
1 mL·m-2·day-1·Pa-1 with a ﬁlm structure of a 0.4 mm
TEMPO-NFC ﬁlm on top of a 25 mm thick PLA ﬁlm
(746 mL·m-2·day-1·Pa-1) [81]. It was interesting that the
properties went in the opposite directions with diﬀerent ﬁlm
structures. Because the barrier properties of envelopes were
connected to factors that inﬂuence the tortuous path of the
diﬀusion species though the ﬁlm, the diﬀerence between the
two studies mentioned above might be aﬀected by several factors, such as orientation, concentration, reinforcement shape,
crystallinity, porosity, and interphase eﬀects.
Similarly, it was demonstrated that neat CNC ﬁlms possessed a relatively low oxygen permeability of 17 mL·m-2·day-1
with a thickness of 20~30 mm [82]. However, it was below
10~20 mL·m-2·day-1 of the oxygen transmission rate of the
atmosphere packaging with this CNC modiﬁcation [83]. This
property demonstrated the potential of neat and/or modiﬁed
CNC ﬁlms for oxygen barrier applications.
3.3. Biomaterials. CNC has been widely used in biomedical
scaﬀolds, strain sensor, oil/water separation, drug excipient,
wound dressings, and other biological materials for its biodegradability, high biocompatibility, and nontoxicity [84, 85].
Zhang et al. [86] developed an optical probe for the
selective and quantitative detection of Cu2+ using surfacemodiﬁed ﬂuorescent CNC. The external surface of ﬂuorescent
CNC was modiﬁed by the mild EDTAD esteriﬁcation and
amidation with 7-amino-4-methylcumarin, which caused
the topological distribution of ﬂuorescent moieties and other
functional groups. It is possible that the ﬂuorescent CNC
can be widely used for bioimaging and metal ion detection
in the coming years. Recently, the CNC-based composite
using 3D printing technology has attracted extensive attention in the medical ﬁeld. Sultan and Mathew [87] prepared
porous and 3D printable scaﬀolds from the hydrogel ink of
sodium alginate and gelatin reinforced with CNC. CNC provided nice structural orientation, rheological properties, and
mechanical properties during the 3D printing process. The
biobased scaﬀolds with pore size from 80 to 2125 μm and
nanoscale pore wall roughness were considered suitable for
cell interactions and guided cell growth during tissue regeneration. Though many researches about biocompatibility, longterm toxicology, and security between CNC-based composite
and human bodies remain in the exploration stage, lots of
results indicate a promising future.
3.4. Other Applications. As a promising material for energy
application, the ﬂexible energy storage device was made by
using the MWNT nanowire arrays of CNC [88]. The typical
structure was based on a single sheet of conductive cellulose
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paper (separator) made from room temperature ionic liquid
and CNC (electrode). Zhu et al. [89] proved that the CNC
nanopapers could be applied as the matrix for light-emitting
diode (LED) and also found that LED with CNC matrix are
highly transparent in the visible and near-infrared wavelength
regions. Meanwhile, the CNC matrix was all ﬂexible enough
to be compatible with roll-to-roll processing.
Niu et al. [90] employed the CNC for preparation of the
multilayer membrane electrode for the supercapacitor. It
indicated that the prepared composite ﬁlm exhibited great
ﬂexibility and elastic resilience for the application prospect.
Gao et al. [91] manufactured a conductive paper with a
self-assembly of the CNC and reduced graphene oxide
(RGO). It indicated that the composite paper possessed an
excellent mechanical property, and its transmittance and
sheet surface resistance could be designed by controlling
the number of layer-by-layer (LbL) assembly. For example,
the paper with a 20 LbL shows a sheet resistance of ∼2.5 kΩ
and a transmittance of 76% (at 550 nm). It revealed a
greater prospect in the ﬁeld of information-transfer than
conventional paper.
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4. Conclusions
The preparation methods and applications of the CNC were
summarized in this paper, and the scarcity of resources urged
us to ﬁnd some renewable resources to eﬀectively contrast
this phenomenon. CNC in the form of microﬁber or nanoﬁber had unique properties including high elastic modulus,
dimensional stability, outstanding reinforcement potential,
and transparency. As a natural resource, eﬃcient obtainment
and smart application were still drawing the attentions on
environmentally friendly utilization all the time. Since CNC
research is still at its booming stage, industrial commercialization has not been arrived at yet. There exists a huge market
of CNC, and indications show that the world market of CNC
would be 60 billion dollars in 2020. Therefore, a great prospect is displayed for its development. With proof-based
investigations, there would be a real improvement in this
ﬁeld to reply all circumstances.
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Objective. To investigate the eﬀect of Laminaria japonica polysaccharides (LJP) on the survival of non-small-cell lung cancer
(NSCLC) A549 cells and its mechanism. Methods. In vitro: the cells were randomly divided into control group, LJP (5 mg/ml)
group, LJP (10 mg/ml) group, and LJP (20 mg/ml) group. After corresponding treatment, the survival rate and the expression of
proteins related to proliferation, apoptosis, epithelial-mesenchymal transition (EMT), and signaling pathway were detected by
CCK8 assay and Western blot, respectively. In vivo: a xenograft model was established to detect the tumor volume and mass
and the expression of the above pathway proteins. Results. Compared with the control group, LJP decreased the survival rate of
A549 cells (P < 0:05), inhibited the protein expression of Ki67 and PCNA (P < 0:05), downregulated the expression of Bcl-2
while upregulated the expression of Bax, cl-caspase-3, and cl-caspase-9 (P < 0:05), upregulated the expression of E-cadherin,
downregulated the expression of vascular endothelial growth factor (VEGF) and N-cadherin (P < 0:05), and downregulated βcatenin, transcription factor-4 (TCF4), and c-Myc protein expression levels (P < 0:05). In vivo: LJP decreased the volume and
mass of the xenograft tumors and downregulated β-catenin, TCF4, and c-Myc protein expression levels compared with the
control group (P < 0:05). Conclusion. LJP can inhibit the survival of non-small-cell lung cancer A549 cells in vitro, and its
mechanism is related to the inhibition of activation of β-catenin/TCF4 pathway activation.

1. Introduction
Lung cancer ranks among the leading types of malignant
tumors in the world, whose incidence rate ranks the ﬁrst in
male malignant tumors and the second in female in China
with its increasing trend year by year. Among them, nonsmall-cell lung cancer (NSCLC) accounts for about 80% of
the total number of lung cancers. Although progression has
been made in new technologies for prevention, screening,
diagnosis, and treatment, the 5-year survival rate is still very
low, imposing a heavy burden on patients and society [1, 2].
At present, the treatment methods for lung cancer are relatively limited, mainly including surgery, radiotherapy, chemotherapy, and targeted drug therapy with poor prognosis
commonly seen in patients with lung cancer [3]. Therefore,
it is vital to strengthen the research on this disease in medical
and medicine ﬁeld. In recent years, many natural extracts
have been widely used in the adjuvant treatment of cancers.

Laminaria japonica polysaccharides (LJP) isolated from
Laminaria is a general term for polysaccharides including
laminarin, seaweed gel, alginic acid, and fustian. Laminaria
japonica polysaccharides show an average degree of polymerization between 26 and 31 with an average chain
length between 7 and 10 and 2 to 3 branches to each chain.
Figure 1 shows repeated structural units of LJP. Studies have
found that Laminaria japonica polysaccharides have a variety
of biological activities, including promoting fertility [4], alleviating metabolic syndrome [5], preventing vascular calciﬁcation [6], resisting virus [7, 8], immunoregulating [9], and
antioxidating [10]. In addition, Laminaria japonica polysaccharides have inhibitory eﬀect on a variety of tumor cells,
such as liver cancer cells, nasopharyngeal carcinoma cells,
cervical cancer cells, and leukemia cells [11–14], but there
are no reports on the eﬀect of Laminaria japonica polysaccharides on human non-small-cell lung cancer A549 cells. In this
study, we investigated the eﬀects of Laminaria japonica
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Figure 1: Repeated structural units of LJP.

polysaccharides on the survival of A549 cells in vitro and
in vivo and its possible mechanism.

2. Materials and Methods
2.1. Reagents and Instruments. DMEM cell culture solution,
0.25% pancreatin, and fetal bovine serum were all purchased
from Gibco Company of the United States. Streptomycin sulfate for injection was purchased from Huabei Pharmaceutical
Company. Penicillin sodium for injection was purchased
from Shanghai New Pioneer Pharmaceutical Company. Both
primary and secondary antibodies were purchased from British Abcam Company. RIPA lysate was purchased from
Sigma Company of the United States. BCA kit was purchased
from Bi Yun Tian Biotechnology Company.
Carbon dioxide incubator was purchased from ThermoForma Company of the United States. Clean bench was purchased from Suzhou Zhongya Puriﬁcation Equipment Co.,
Ltd. Electrophoresis apparatus and semidry ﬁlm transfer
apparatus were both purchased from Bio-Rad Laboratories,
Inc. of the United States. Gel View 6000 chemiluminescent
gel imager was purchased from Guangzhou Yunxing Instrument Co., Ltd. Optical microscope was purchased from
Olympus Corporation of Japan. Multifunctional microplate
reader was purchased from Bio-Rad Laboratories, Inc. of
the United States.
2.2. Cell Culture. Human non-small-cell lung cancer cell line
A549 was purchased from FuHeng Cell Center, Shanghai,
China. The cells were cultured in a 5% CO2 incubator at
37°C with DMEM medium containing 10% fetal bovine
serum and 1% penicillin-streptomycin. The cell growth was
observed daily, and subculture could be carried out when
the fusion rate reached 80%. The logarithmic growth phase
cells were taken for subsequent experiments.
2.3. Experimental Methods
2.3.1. Preparation of Laminaria Japonica Polysaccharides
and Molecular Weight Distribution Analysis. The Laminaria
japonica polysaccharides were extracted by acid process. The
Laminaria japonica dry powder was mixed with hydrochloric
acid solution at 1 : 20 (W/V), and the mixed solution was
heated at 75°C for 4 hours. After the waste residue was ﬁltered, the ﬁltrate was centrifuged. The precipitate was then
dried to obtain Laminaria japonica polysaccharides after acetone washing, TCA precipitating, dialyzing, and centrifuging.
Laminaria japonica polysaccharides with compete composition were obtained for subsequent experimental research
after the ﬁltrate was precipitated and extracted three times.
The molecular weight distribution of Laminaria japonica
polysaccharide was detected by high-performance liquid
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Figure 2: HPLC graph of the LJP.

chromatography (HPLC). The HPLC calibration curve
was prepared by using the standard dextran. TSK-GEL
G4000PW columns and a refractive index detector (RID)
were used for detection (mobile phase: double distilled water,
injection volume 20 μl, ﬂow rate 0.15 ml/min at column temperature of 70°C).
2.3.2. Cell Proliferation Detected by CCK 8 Test. Human nonsmall-cell lung cancer cell line A549 and NCI-H292 cells
were seeded into a 96-well plate at 100 μl per well, respectively. After attachment, the cells were randomly divided into
4 groups: the control group, the LJP (5 mg/ml) group, the LJP
(10 mg/ml) group, and the LJP (20 mg/ml) group, each group
having 5 duplicates and receiving corresponding treatment.
After 24 h of culture, 10 μl of CCK-8 solution was added to
each well, and incubation was continued for 4 h. The OD
value of A549 cells and NCI-H292 cells was detected at
450 nm absorbance by a microplate reader.
2.3.3. Cell Migration Measured by Transwell Assay. The A549
cells were seeded into a 6-well plate with 1 × 106 cells/well.
The cells, at 80% conﬂuence, were then grouped in the same
way as in Section 2.3.2 and the corresponding ﬁnal concentration of the solutions was added for treatment for 24 h.
The cells in each group were collected, adjusted to a density
of 2 × 105 cells, seeded on the upper chamber of a Matrigelcoated Transwell, and cultured in fetal bovine serum-free
medium. While normal cell culture medium was added in
the lower chamber for another 48 h of incubation. After incubation, the cells underwent crystal violet staining, and ﬁve
ﬁelds of view under the microscope were used to count the
stained cells.
2.3.4. Establishment of Transplanted Tumor Models. Fiveweek-old SCID nude mice were purchased from Beijing Vital
River Laboratory Animal Technology Co., Ltd., and the animal quality certiﬁcate number was SCXK (Beijing) 20140001. Mice were kept in sterile environment at temperature
(26-28°C) and humidity (50%-60%) and with free access to
food and water. After a week of acclimation, the mice were
used for experiments.
The cells were adjusted to a density of 2 × 107 /ml, and
0.2 ml of the cell suspension was administered subcutaneously to the mice at the same position in the dorsum of their
necks. The next day, the mice were randomly divided into 4
groups: control group, LJP (5 mg/kg) group, LJP (10 mg/kg)
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Figure 3: Proliferation of A549 and NCI-H292 cells. ∗ P < 0:05 versus control group. CCK8 assay was used to detect cell viability of A549 (a)
and NCI-H292 (b) after treated with diﬀerent concentrations of LJP for 24 h.
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Figure 4: Expressions of Ki67 and PCNA. ∗ P < 0:05 versus control group. Western blot assay was used to detect expressions of Ki67 and
PCNA after treated with diﬀerent concentrations of LJP for 24 h.

group, and LJP (20 mg/kg) group. Each group was intraperitoneally injected with PBS and 5, 10, and 20 mg/kg LJP drugs,
respectively, once a day for 1 week. Tumor volume was measured every 5 days. The mice were sacriﬁced on the 30th day,
and the tumor tissue weight was weighed. Tumor volume:
V = length × width2 /2.
2.3.5. Detection of Expressions of Proliferation, Apoptosis,
EMT, and Signaling Pathway-Related Proteins in Lung
Cancer A549 Cells Detected by Western Blot. A549 cells were
seeded in a 96-well plate. After attachment, the cells were
randomly divided into four groups: control group, LJP
(5 mg/ml) group, LJP (10 mg/ml) group, and LJP (20 mg/ml)
group. Each group had ﬁve duplicates and were treated with
the corresponding ﬁnal concentration of solutions for 24 h.
The cells washed with PBS were collected after trypsin digestion. The cells of each group or incubated tumor tissues as
mentioned in Section 2.3.3 were collected, and the total proteins of each group were extracted using RIPA protein lysate
on ice. Then, the protein concentrations of each group were

measured by BCA kit and adjusted. Equal amounts of proteins of each group were separated by 12% SDS-PAGE and
were then transferred to PVDF membranes. The membranes
were blocked with 5% skim milk at room temperature for 2 h.
After the blocking process, the membranes were incubated at
4°C overnight with primary antibodies of Ki67, PCNA, Bax,
Bcl-2, cl-caspase-3, cl-caspase-9, VEGF, E-cadherin, N-cadherin, β-catenin, TCF-4, and c-Myc. The primary antibodies
were discarded the next day. After being washed with buﬀer
solution, the membranes were added with the corresponding
second antibodies, blocked at room temperature for 1 h, and
then added with ECL dropwise for exposing and developing
in the darkroom. GAPDH was used as an internal reference.
2.4. Statistical Methods. All experimental data were statistically analyzed by statistical software SPSS 20.0. The experimental results were expressed as mean ± standard deviation.
Between-group diﬀerences conformed to normal distribution
were tested by one-way ANOVA. The diﬀerence was considered statistically signiﬁcant when P < 0:05.
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Figure 5: Expression of apoptosis-related proteins. ∗ P < 0:05 versus control group. Western blot assay was used to detect expression of
apoptosis-related proteins after treated with diﬀerent concentrations of LJP for 24 h.

3. Results
3.1. Molecular Weight Distribution of LJP Measured by HPLC.
Standard dextran (T-2000, T-500, T-70, T-40, T-10) was prepared for a mixture. A calibration curve (y = −0:1789x +
9:3810, R2 = 0:994) was developed based on HPLC detection
of elution time (x, min) and the corresponding logarithm of
molecular weight (y, lg (MW)). Laminaria japonica polysaccharides extracted by acid process were detected by HPLC to
obtain the LJP proﬁle (see Figure 2), which showed three
major peaks at 15.934 min, 24.817 min, and 35.855 min,
respectively. Calculation by standard curve showed the LJP
molecular weight of 3391621, 87345, and 926.

signiﬁcantly downregulated with the increase of LJP concentrations as compared with the control group (P < 0:05).
3.4. Eﬀect of Laminaria Japonica Polysaccharides on the
Expressions of Apoptosis-Related Proteins in A549 Cells. The
expressions of apoptosis-related proteins were detected by
Western blot. As shown in Figure 5, the expression levels of
Bax, cl-caspase-3, and cl-caspase-9 proteins in the LJP treatment groups were signiﬁcantly upregulated with the increase
of LJP concentrations as compared with the control group
(P < 0:05, Figure 5), while the expression of Bcl-2 protein
was signiﬁcantly downregulated.

3.2. Eﬀect of Laminaria Japonica Polysaccharides on the
Survival Rate of Lung Cancer Cells. The survival rate of lung
cancer cells was detected by a CCK 8 test. As shown in
Figure 3, with the increase of LJP administration concentration, the survival rates of A549 and NCI-H292 cells were signiﬁcantly lower in the LJP treatment group compared with
the control group (P < 0:05, Figures 3(a) and 3(b)), and the
50% inhibitory concentration (IC50) of LJP on A549 and
NCI-H292 cells was 33.21 mg/ml and 39.02 mg/ml, respectively. Therefore, 5, 10, and 20 mg/ml were selected for treatment in subsequent experiments.

3.5. Eﬀect of Laminaria Japonica Polysaccharides on Invasion
and Migration of A549 Cells and on Expressions of EMTRelated Proteins in A549 Cells. The invasion and migration
of A549 cells were detected by Transwell assay, and the expressions of EMT-related proteins in A549 cells were detected by
Western blot. As shown in Figure 6, the number of invasive
A549 cells was signiﬁcantly reduced (P < 0:05, Figure 6(a))
and the expression levels of VEGF and N-cadherin proteins
were signiﬁcantly downregulated (P < 0:05, Figure 6(b)) in
the LJP treatment groups as compared with the control
group, while the expression of E-cadherin protein was significantly upregulated (P < 0:05, Figure 6(b)), which was also
associated with LJP concentrations.

3.3. Eﬀect of Laminaria Japonica Polysaccharides on the
Expressions of Proliferation-Related Proteins in A549 Cells.
The expressions of proliferation-related proteins were detected
by Western blot. As shown in Figure 4, the expression levels
of Ki67 and PCNA proteins in the LJP treatment groups were

3.6. Eﬀect of Laminaria Japonica Polysaccharides on
Expression of Signaling Pathway Proteins in A549 Cells. The
expression of signaling pathway proteins in A549 cells cultured in vitro was detected by Western blot, and the results
shown in Figure 7 indicated that the expressions of β-catenin,
TCF4, and c-Myc proteins were signiﬁcantly downregulated
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Figure 6: Expressions of EMT-related proteins. P < 0:05 versus control group. Transwell assay was used to detect invasive ability of A549 cells
(a) and Western blot was used to detect expressions of EMT-related proteins (b) after treated with diﬀerent concentrations of LJP for 24 h.

with increasing concentrations of LJP administration in the
LJP treatment groups as compared with the control group
(P < 0:05, Figure 7).
3.7. Eﬀect of Laminaria Japonica Polysaccharides on the
Growth and Expression of Signaling Pathway Proteins in
Transplanted Tumors. A xenograft model of small-cell lung
cancer was established, and the tumor volumes were measured every 5 days. As shown in Figure 8(a), the results
showed that the volumes of mice in the LJP group (5 mg/kg),
LJP group (10 mg/kg), and LJP group (20 mg/kg) were all signiﬁcantly decreased (P < 0:05) as compared with the control
group. The tumor weights were measured at day 30, and the
results shown in Figure 8(b) indicated that the tumor weights
in the LJP dose groups were signiﬁcantly lower than those in
the control group (P < 0:05). The expressions of signaling
pathway proteins in transplanted tumors were detected by
Western blot, and the results shown in Figure 8(c) suggested
that the expressions of β-catenin, TCF4, and c-Myc proteins
in each LJP dose group were signiﬁcantly decreased (P < 0:05)
as compared with the control group.

4. Discussion
Non-small-cell lung cancer is a common lung cancer. In
recent years, investigations have found that its incidence rate
is on the rise, and the main causes leading to death are distant
metastasis and local inﬁltration. The occurrence of nonsmall-cell lung cancer is extremely complicated, involving
many factors such as molecules, cytokines, and genes. Signaling pathway is now an important ﬁeld of research. Recent
years have witnessed increasing attention of many plants
due to their wide range of biological activities. Polysaccharides from Laminaria japonica have also been shown to possess a variety of biological functions, including antioxidation,
antivirus, and tumor growth inhibition [4–14]. Therefore, we
studied the human non-small-cell lung cancer A549 cells and
discussed the eﬀects of Laminaria japonica polysaccharides
on its growth in vivo and vitro and its possible mechanism.
In this study, we found that 5, 10, and 20 mg/ml of Laminaria japonica polysaccharides could eﬀectively reduce the
survival rate of human non-small-cell lung cancer A549 cells
in vitro through a CCK8 test, and the eﬀect was dose-
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Figure 7: Expressions of signaling pathway proteins in A549 cells. ∗ P < 0:05 versus control group. Western blot was used to detect
expressions of pathway-related proteins after treated with diﬀerent concentrations of LJP for 24 h.

dependent (20 mg/ml of Laminaria japonica polysaccharides
had the most obvious inhibitory eﬀect on the survival of
tumor cells). In order to study the molecular mechanism of
Laminaria japonica polysaccharides inhibiting the survival
of A549 cells, we detected the expressions of the proliferation
marker Ki67 and PCNA in A549 cells cultured in vitro. The
results revealed that Laminaria japonica polysaccharides
showed a dose-dependent downregulation of the two proteins within the dose range of 5-20 mg/ml, suggesting that
Laminaria japonica polysaccharides could inhibit the proliferation of human non-small-cell lung cancer A549 cells in a
dose-dependent manner.
As apoptosis inhibition of tumor cells is one of the
important mechanisms of tumor development, the upregulation of apoptosis level of tumor cells is also the target of anticancer drugs to inhibit tumor development. It has been
shown that the activation of caspase-3 can trigger a series of
events leading to apoptosis, and the activation of caspase-9
can induce apoptosis and growth inhibition in tumor tissues
of xenograft mice [15, 16]; additionally, the Bcl-2 family
proteins consist of members that either promote (like
Bcl-2) or inhibit (like Bax) apoptosis [17]. We further
demonstrated by Western blot that Laminaria japonica
polysaccharides could inhibit the expressions of Bax, caspase-3, and caspase-9 and promote that of Bcl-2 in a dosedependent manner, thus resulting in the enhancement of
apoptosis of human non-small-cell lung cancer A549 cells
at molecular level.
Epithelial-mesenchymal transition (EMT) refers to a biological process by which epithelial cells lose polarity and
acquire a migratory, mesenchymal phenotype, thus increasing the ability of cell metastasis and invasion [18, 19]. The
process is essential in the occurrence, metastasis, and invasion of a variety of tumors. VEGF is a regulator of tumor
angiogenesis, mainly secreted by tumor cells. Through binding to VEGF receptor (VEGFR) on the endothelial cells, it
increases the permeability of new blood vessels through para-

crine mechanism and promotes the growth of new blood vessels in tumors. Furthermore, VEGF can promote tumor
inﬁltration and metastasis through autocrine mechanism,
which may be related to VEGF’s regulation of matrix metalloproteinases (MMPs), tumor cytokines, and integrins [20,
21]. Studies have found that the expression level of VEGF
has a certain correlation with the prognosis of lung cancer,
and its high expression can promote tumor inﬁltration and
metastasis [22]. E-cadherin, an important cell adhesion factor, participates in and mediates adhesion of cells to each
other and maintains the adhesion for tissue integrity. It is
equivalent to a cancer suppressor and is inextricably linked
to invasion and metastasis of various tumors [23]. Its low
expression or lack of expression is considered as a key step
in epithelial-mesenchymal transformation of tumors. Studies
have found that [24] the overexpression of TCF4 in canine
renal epithelial cells can increase the invasion ability of cells,
thus accelerating the occurrence of tumor EMT, of which the
obvious downregulation of epithelial marker protein Ecadherin and the increased expression of interstitial marker
protein vimentin can be observed. As for further investigation of Laminaria japonica polysaccharides aﬀecting EMT
of A549 cells, we found through experiments that the cells
in the LJP treatment group showed high expression of epithelial cell marker protein E-cadherin and low expression of
interstitial marker protein N-cadherin and migration marker
protein VEGF. The results indicate that Laminaria japonica
polysaccharides can inhibit the loss of polarity of nonsmall-cell lung cancer A549 cultured in vitro, slow down
the development of interstitial cells, and reduce the ability
of cell invasion and metastasis, thus decreasing the occurrence of EMT in A549 cells.
β-Catenin is a critical component of the Wnt signaling
pathway, which is normally inactive. And after being abnormally activated, β-catenin translocates into the nucleus
where it binds competitively to TCF4, forming a β-catenin/TCF4 complex which in turn increases the transcription
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Figure 8: Growth and expression of signal pathway protein in transplanted tumor. Mice were randomly divided into 4 groups: control group,
LJP (5 mg/kg), LJP (10 mg/kg), and LJP (20 mg/kg) group. Mice were given intraperitoneal injection once a day for a week. Tumor volumes (a)
were measured every 5 days, and the mice were sacriﬁced at the 30th day. Tumor weights (b) and expression of signal pathway proteins (c) in
tumors were detected by Western blot. ∗ P < 0:05 versus control group.

of downstream oncogenes, including target genes c-Myc,
cyclin D1, E-cadherin, and VEGF, thereby contributing to
the promotion of development, invasion, and metastasis of
such cancers [25, 26]. For example, long noncoding RNA
(ENST0000434223) reduces the proliferation, invasion, and
migration of gastric cancer cells by inhibiting this pathway
[27]. Yan et al. [28] also found that this pathway plays an
important role in the proliferation, invasion, and migration
of squamous cell carcinoma of the tongue. However, it is still
unknown whether Laminaria japonica polysaccharides can
aﬀect human non-small-cell lung cancer A549 cells by regulating the β-catenin/TCF4 signaling pathway. In this study,
we found that in A549 cells cultured in vitro, Laminaria
japonica polysaccharides inhibited the proliferation, invasion, and migration, promoted the apoptosis, and regulated
proliferation, invasion, migration, and apoptosis as well as βcatenin/TCF4 pathway-related protein expression. In order
to verify whether Laminaria japonica polysaccharides can play
a role in aﬀecting the survival of A549 cells in vivo, we

performed in vivo experiments and found that Laminaria
japonica polysaccharides inhibited the in vivo tumorigenesis of A549 cells (reducing tumor volume and mass), while
downregulating the expression of β-catenin/TCF4 as well
as its downstream C-Myc protein in tumor tissues. As shown
in Figure 9, the eﬀect of Laminaria japonica polysaccharides on A549 cell proliferation, apoptosis, invasion, and
migration in vitro and tumorigenesis in vivo was closely
related to the downregulation of the β-catenin/TCF4 signaling pathway.
In summary, this study explored the role of Laminaria
japonica polysaccharides in survival of human non-smallcell lung cancer A549 cells. We found that Laminaria japonica polysaccharides can inhibit the activation of the β-catenin/TCF4 pathway, so as to regulate the expressions of
proliferation-, apoptosis-, and migration-related proteins in
human non-small-cell lung cancer A549 cells, thus suppressing the survival rate of A549 cells in vivo and vitro. However,
future research is warranted on the eﬀect of Laminaria
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Objective. To explore the eﬀects of diﬀerent concentrations of Polygonatum sibiricum polysaccharides (PSP) on human esophageal
squamous cell carcinoma (ESCC) cell line Eca109 and explore the new approach for the treatment of ESCC. Methods. Eca109 cells
were divided into 5 groups, including one control group and 4 experimental groups where the concentrations of PSP used were 50,
100, 200, and 400 μg/mL. The proliferation rate of Eca109 cells in each group was measured with the CCK8 assay, and the apoptosis
rate in each group was analyzed by ﬂow cytometry; the in vitro scratch assay was used to determine the migration ability of Eca109
cells after PSP treatment; the expression levels of IL-1, IL-6, IL-10, TNF-α, and TGF-β were measured by RT-PCR, and the
expression levels of TLR4 and proteins that are related to NF-κB signaling pathways were determined by Western blot. Results.
PSP signiﬁcantly inhibited the proliferation of Eca109 cells (p < 0:05) on a time- and dose-dependent manner; the apoptosis
rates of Eca109 cells in experimental groups were signiﬁcantly increased after 48 h of culture (p < 0:05); PSP signiﬁcantly
reduced the migration and invasion ability of Eca109 cells (p < 0:05); RT-PCR results showed that the expression of IL-10 in
Eca109 cells increased signiﬁcantly after treatment with PSP (p < 0:05), while the expression of IL-1, IL-6, TNF-α, and TGF-β
decreased signiﬁcantly (p < 0:05). Compared with the control group, the expression level of TLR4, NF-κB/p50, and NF-κB/p65
protein in each experimental group was signiﬁcantly lower than that in the control group (p < 0:05). Conclusions. PSP
signiﬁcantly inhibited the proliferation, invasion, and migration of Eca109 cells and promoted cell apoptosis. These observed
eﬀects were probably due to the PSP’s inhibition on the NF-κB signaling pathway in Eca109 cells via the regulation of the
TLR4 expression.

1. Introduction
Esophageal squamous cell carcinoma (ESCC) is one of the
most common malignant tumors in the world, accounting
for 80% of esophageal cancer (EC) in China [1]. ESCC is
characterized by strong invasiveness, poor prognosis, and
rapid clinical progression, is often accompanied by lymph
node metastasis, and is also highly prone to recurrence.
Although the diagnostic and therapeutic techniques have
been greatly advanced, the pathological mechanism of ESCC
is still poorly understood, and the current ﬁve-year survival
rate of ESCC is only 20-30% [2]. Therefore, the exploration
of the mechanism for the occurrence, invasion, and metasta-

sis of ESCC has become one of the topical issues in the current research ﬁeld.
The NF-κB signaling pathway is involved in the regulation
of gene expression related to immune response, inﬂammatory response, and apoptosis and is an important signaling
pathway aﬀecting tumorigenesis and tumor development. It
is also of great signiﬁcance in cell stress response. The most
common form of NF-κB is a heterodimer consisting of p50
and p65, where p50 is the site for DNA binding and p65 is
involved in transcriptional regulation of genes and promotes
p50 binding to DNA [3]. In quiescent cells, NF-κB typically
binds to repressor IkBα and is present in the cytoplasm in
an inactive form. This inactive form can be degraded by a
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number of stimuli via phosphorylation of IkBα, allowing
dissociated NF-κB to enter the nucleus and expose its nuclear
recognition site, thereby promoting transcription of the
target gene. Toll-like receptors (TLRs) are a class of transmembrane receptors expressed on the surface of immune
cells, which are involved in innate immunity and indirect
activation of acquired immunity [4]; it can also activate transcription factor NF-κB by recognizing invading pathogens
and mediate the massive release of inﬂammatory cytokines
and chemokines. Studies have shown that the TLR/NF-κB
signaling pathway is involved in the development of various malignant tumors including prostate cancer, non-small
cell carcinoma, and colorectal cancer and is also associated
with tumor proliferation, apoptosis resistance, invasion, and
metastasis [5–7]. At present, there are few reports on the connections between TLR/NF-κB and ESCC.
As a traditional Chinese medicinal material, Polygonatum sibiricum has been intensively researched in recent years.
Polygonatum sibiricum polysaccharides (PSP) are the main
active ingredient extracted from Polygonatum. Because of
its low toxicity, it can be used for clinical practice in the long
term. Studies have shown that PSP plays various important
roles including antioxidation, antiaging, neuroprotection,
immune regulation, and antitumor [8]. Especially in human
breast cancer cells (MCF-27), colorectal cancer cells (HCT8), and gastric cancer cells (HGC-27), PSP can signiﬁcantly
inhibit tumor growth and promote tumor cell apoptosis [9].
Han et al. found that PSP can inhibit the proliferation of
cancer-associated ﬁbroblasts (CAFs) in prostate cancer cells
but had no eﬀect on the proliferation of normal ﬁbroblasts
[10]. At present, the therapeutic eﬀects of PSP on human
esophageal squamous cell carcinoma have not been reported,
and the associated mechanism is still unclear. Therefore, it is
of clinical signiﬁcance to study the eﬀect of PSP on esophageal squamous cell carcinoma. In this study, we investigated
the eﬀects of PSP on the proliferation, apoptosis, migration, and TLR4/NF-κB signaling pathway-related proteins
in human ESCC cell line Eca109 and explored the modes of
action of PSP on ESCC, hoping to explore new approaches
for the treatment of human ESCC.

2. Material and Methods
2.1. PSP Extraction and HPLC Analysis. The hot water leaching method was used to extract the PSP. The Polygonatum
sibiricum pieces (purchased from Golden Leaf Pharmaceutical Co., Ltd., China) were mixed with water at the volume
ratio of 1 : 8, which was then boiled for 2 h and repeated 3
times. After that, the aqueous extract was precipitated with
80% ethanol (Sinopharm Group, China) to remove the bioactive protein substance. PSP was obtained after precipitation and evaporation of ethanol. 0.25 g of PSP was then
mixed with 0.1 L of 2 mol/L TFA (Sinopharm Group, China)
solution before drying in a DHG-9070A oven (Yiheng Technology, China) at 100°C. 0.1 L of methanol (Sinopharm
Group, China) was then added to remove TFA. After being
repeated for 3 times, the resulting product was subjected to
(1-phenyl-3-methyl-5-pyrazolone) PMP for derivatization.
The product was then mixed with 0.1 L of 0.3 mol/L NaOH
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(Sinopharm Group, China), and together with 0.12 L of
0.5 mol/L methanol solution, the mixed solution was then
incubated in a 70°C water bath for 30 min. After incubation,
0.1 L of 0.3 mol/L HCL (Sinopharm Group, China) was
added and the solution was then extracted by an equal volume of chloroform to obtain an aqueous layer. And the aqueous layer was dried afterward. Finally, this extracted product
was dissolved with 0.2 L of methanol and the ﬁltrate was
taken for the test. The mixed monosaccharide (consisting of
mannose, glucose, galactose, glucuronic acid, galacturonic
acid, and trehalose purchased from Sinopharm Group,
China) solution was used as a reference for HPLC analysis.
2.2. Cell Culture and Treatment Grouping. The human
ESCC cell line Eca109 (purchased from China Center for
Type Culture Collection) was cultured in RPMI 1640 (Gibco,
USA) medium containing 10% fetal bovine serum (FBS),
100 U/mL penicillin, and 100 U/mL streptomycin at 37°C
with 5% CO2. A blank control group and 4 PSP experimental
groups with ﬁnal concentrations of 50, 100, 200, and
400 μg/mL were set up in this study.
2.3. Cell Proliferation Measured with CCK8 Assay. Cell counting kit-8 (CCK8) (Dojindo, Japan) was used to determine the
proliferation of human ESCC cells. Eca109 cells in the logarithmic growth phase were seeded in 96-well plates at a concentration of 1 × 104 cells/well. The culture was grouped as
described above, and 4 replicate wells were set for each group.
After being cultured for 0, 24, 48, and 72 h in an incubator at
37°C, with 5% CO2, 10 μL of CCK8 working solution was
added to each well, and incubation was continued at 37°C
for another 2 h. The optical density (OD) was measured at
450 nm afterward.
2.4. Apoptosis Determined with Flow Cytometry. Annexin
V-FITC (Sigma-Aldrich, USA) was used to measure the
apoptosis of Eca109 cells with ﬂow cytometry. After 48 h
of culture, cell suspensions of the control group and the
experimental group were collected and centrifuged at
1000 rpm for 5 min. Following that, the cells within the
supernatant were washed with PBS buﬀer. Centrifuge again
at 1000 rpm for 5 min, and a 500 μL of annexin binding
buﬀer was added to the pellet and mixed by pipetting. Then,
5 μL of Annexin V-FITC reagent was added, and the solution
was kept at room temperature for 10 min in the dark. 10 μL of
PI reagent was added as well, and the solution was incubated
at room temperature in the dark for another 5 min before the
apoptosis rate of cells in each group was analyzed using a
ﬂow cytometer.
2.5. Cell Migration and Invasion Measured by In Vitro
Scratch Assay. Eca109 cells in a logarithmic growth phase
were taken to prepare a cell suspension with a density of
2 × 105 cell/mL. 2 mL of cell suspension was inoculated into
a 6-well plate and cultured for 12 h. Then, a 200 μL micropipette tip was used to draw a straight line along the diameter
of the tip’s hole for the control group and experimental
group, and the scratches were recorded under the microscope
at 0 h and 48 h after scratching. PS software was used to calculate the relative ratio of cell scratching space between the
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Table 1: The primers used in this study.
Gene
IL-1

IL-6

IL-10

TNF-α

TGF-β
β-Actin

Primers
F: 5 ′ -CCACAGACCTTCCAGGAG-3 ′
R: 5 ′ -GCGTGCAGTTCAGTGATC-3 ′
F: 5 ′ -CCTCCAGAACAGATTTGAG-3 ′
R: 5 ′ -ATTTGTGGTTGGGTCAGG-3 ′
F: 5 ′ -AGTGTCTCGGAGGGATTC-3 ′
R: 5 ′ -TTCACCATGTTGACCAGG-3 ′
F: 5 ′ -TCTGCCTGCTGCACTTTG-3 ′
R: 5 ′ -AACATGGGCTACAGGCTT-3 ′
F: 5 ′ -AGAGCTGCGTCTGCTGAG-3 ′
R: 5 ′ -ACCACTGCCGCACAACTC-3 ′
F: 5 ′ -GCAAATGCTTCTAGGCGGAC-3 ′
R: 5 ′ -GCTGTCACCTTCACCGTTCC-3 ′

control group and the experimental group. The experiment
was repeated 3 times and averaged. The scratch recovery rate
was calculated with the following formula: ðwidth at 0 h −
width at 48 hÞ/width at 0 h.
2.6. Cytokine Expression Detected with RT-PCR. The mRNA
expression level of IL-1, IL-6, IL-10, TNF-α, and TGF-β
was measured with RT-PCR, and the β-actin was used as
the reference gene. Eca109 cells cultured for 48 h were collected, and the total RNA was extracted according to the
instructions of TRIzol (Invitrogen, USA). The concentration
of RNA was quantiﬁed based on the O.D. value and subsequently subjected to reverse transcription with the help of
the PrimeScipt™ RT Master (Takara, Japan) kit. The resulting cDNA was stored at -20°C. RT-PCR experiments were
then performed using cDNA as a template according to the
instructions of the SYBR Green Realtime PCR Master Mix
(Toyobo, Japan). 2-ΔΔct was used for quantitative analysis.
The primers used in this are shown in Table 1.
2.7. Expression of TLR4 and Proteins Involved in the NFκB Signaling Pathway Determined with Western Blot. Total
protein was extracted from the control group and each experimental group after 48 h of culture. The protein concentration was determined by BCA kit (Beyotime, China). After
protein quantiﬁcation, an appropriate amount of protein
was taken for electrophoresis and to ensure that the total
amount of protein added to each well is approximately
the same. Protein was separated by 12% polyacrylamide
gel electrophoresis and then transferred to the PVDF membrane. 5% BSA was then used for blocking for 1 h, followed
by addition of primary antibodies (rabbit anti-human TLR4
polyclonal antibody (Boster, China 1 : 50), rabbit antihuman NF-κB/p50 monoclonal antibody (Santa Cruz, USA
1 : 100), NF-κB/p65 polyclonal antibody (Santa Cruz, USA
1 : 100), and β-actin, after which it was then incubated overnight at 4°C. The next day, the second antibody was added
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and incubated for 2 h at room temperature. The PVDF membrane was then washed with TBST 3 times, and Image Lab
3.0 was used for imaging. ImageJ software was used to quantitatively analyze the diﬀerential expression of proteins in
each group, and β-actin was used as an internal reference
for the relative quantiﬁcation.
2.7.1. Statistical Analysis. The data were collated and analyzed using Origin 8.0. The results for each group were
expressed as mean ± SEM, and one-way ANOVA was used
for comparison between groups. p < 0:05 represents a statistical diﬀerence.

3. Results
3.1. PSP Extraction Analysis by HPLC. In order to detect the
monosaccharide component in the PSP extract, the PSP
extract (test sample) and the mixed monosaccharide solution
(control) were separately subjected to HPLC separation. As
shown in Figure 1, monosaccharide mixture control was well
separated, with each monosaccharide showing a single peak,
and there were 4 single peaks in the test sample. Compared
with the control curve, the monosaccharides with higher
content in the PSP extract were mannose, glucose, galactose,
and trehalose, among which the glucose is the major component of PSP.
3.2. Eﬀect of PSP on the Proliferation of Human ESCC. PSP of
50, 100, 200, and 400 μg/mL were added to Eca109 cells and
cultured for 48 h. CCK8 was then used to measure the eﬀects
of diﬀerent concentrations of PSP on the proliferation of
human ESCC. As shown in Figure 2(a), after 48 h of culture,
compared with the control group, the cell survival rate of
Eca109 in each experimental group decreased signiﬁcantly,
and the proliferation ability of Eca109 cells was signiﬁcantly inhibited (p < 0:05). The half-inhibitory concentration (IC50) of PSP against Eca109 cells was 262 μg/mL.
The cell viability of Eca109 after 0, 24, 48, and 72 h of PSP
culture at 200 μg/mL was further explored as well. The results
showed that the viability of Eca109 cells decreased signiﬁcantly with time (Figure 2(b)), and the diﬀerence was statistically signiﬁcant (p < 0:05). Thus, these results indicated
that PSP signiﬁcantly inhibited the proliferation of Eca109
cells in a dose- and time-dependent manner.
3.3. Eﬀect of PSP on Apoptosis of Human ESCC. Flow
cytometry was used to detect the apoptosis of Eca109 cells
in the control group and the experimental group 48 h after
culture. The results showed that the apoptosis rates of Eca109
cells cultured at 50, 100, 200, and 400 μg/mL PSP were
23.07%, 33.09%, 41.20%, 63.15%, and 69.18%, respectively
(Figure 3). Compared with the control group, the apoptosis rate of Eca109 was signiﬁcantly higher in the experimental group, and the diﬀerence was statistically signiﬁcant
(p < 0:05), which indicates the apoptosis-promoting eﬀect
of PSP on Eca109 cells.
3.4. Eﬀect of PSP on Migration and Invasion of Human ESCC.
After 48 h of Eca109 cells cultured with diﬀerent concentrations of PSP, the cell migration and invasion ability was
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Figure 2: The proliferation of esophageal squamous cell carcinoma Eca109 cells was inhibited by PSP. (a) The toxicity of diﬀerent
concentrations of PSP on Eca109 cells (culture for 48 h) measured with CCK8, compared with the control group, ∗∗ p < 0:01; ∗∗∗ p < 0:001.
(b) The toxicity of PSP on Eca109 cells after diﬀerent durations (200 μg/mL PSP) measured with CCK8, compared with the control group;
∗∗∗
p < 0:001. The proliferation of Eca109 cells in each group measured by CCK8 assay. Compared with the control group: ∗∗ p < 0:01 and
∗∗∗
p < 0:001.

detected by in vitro scratch assay. The results showed that the
cell scratch recovery rate of the experimental group was
signiﬁcantly lower than that of the control group (Figure 4,
p < 0:05). Speciﬁcally, the recovery rates of the control group
and the experimental group were 80.37%, 76.63%, 68.77%,
50.47%, and 43.63%, respectively, which indicated that PSP
decreased the ability of Eca109 cells to migrate and invade.
3.5. Eﬀect of PSP on Cytokine in Human ESCC. Furthermore,
the expression of various cytokines (IL-1, IL-6, IL-10, TNF-α,
and TGF-β) aﬀected by PSP in Eca109 cells was measured by
RT-PCR. As shown in Figure 5, the mRNA expression levels
of IL-I and IL-6 in Eca109 cells were signiﬁcantly downregulated compared with those in the control group after 48 h of
culture with PSP at 200 μg/mL (p < 0:05). This decreasing
trend was heightened with the increasing concentration of
PSP. However, as the concentration of PSP increased, the
expression level of IL-10 was signiﬁcantly upregulated
(p < 0:05) while there was a signiﬁcant decrease in the
expression level of TNF-α and TGF-β (p < 0:05).

3.6. Eﬀect of PSP on the Expression of TLR4 and Proteins
Involved in the NF-κB Signaling Pathway in Human ESCC.
The expression of TLR4 and proteins involved in the NFκB signaling pathway in Eca109 cells was determined after
48 h of cell culture (Figure 6). Compared with the control
group, the expression of TLR4 showed a signiﬁcant decrease
with the increase of PSP concentration, and the diﬀerence
was statistically signiﬁcant (Figure 6(b), p < 0:05); the expression levels of proteins related to the NF-κB signaling pathway
(NF-κB/p50 and NF-κB/p65) were also signiﬁcantly downregulated (Figure 6(c), p < 0:05). This result indicated that
in Eca109 cells, PSP may decrease the expression of NF-κB
signaling pathway-related proteins by inhibiting the TLR4
protein expression.

4. Discussion
In China, the majority of esophageal cancers are squamous
cell carcinoma and the incidence of ESCC ranks ﬁfth in all
malignant tumor types [11]. At present, the research on
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ESCC mainly focuses on the excessive activation of key
signaling pathways involved in disease occurrence and the
abnormal expression of some proteins and cellular inﬂam-

matory factors. Although the survival of ESCC patients has
been eﬀectively prolonged with the progress of various treatments such as early diagnosis, surgery, and chemotherapy
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Figure 5: RT-PCR was used to detect the expression of cytokines in Eca109 cells: (a) IL-1; (b) IL-6; (c) IL-10; (d) TNF-α; (e) TGF-β.
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Figure 6: Expression of TLR4/NF-κB signaling pathway protein in Eca109 cells. (a) Western blot analysis of TLR4, NF-κB/p50, and NFκB/p65 protein expression in Eca109 cells. (b) Quantitative results of (a), compared with the control group, ∗ p < 0:05, ∗∗ p < 0:01, and
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p < 0:001.

drugs, the eﬃcacy of ESCC treatment is still not ideal due to
the characteristics of ESCC being easy to relapse and easy to
metastasize. Therefore, investigating the pathogenesis, invasion, and metastasis of ESCC and developing more eﬀective
therapeutic drugs are of great signiﬁcance for the treatment
of ESCC.
Studies have found the abnormal activation of NF-κB in a
variety of malignant tumors, which suggests a certain correlation with tumor proliferation, invasion, and migration
[12]. For example, Sovak et al. have reported that NF-κB
was in a state of constant activation in ER-negative breast
cancer cells and it was associated with poorly diﬀerentiated,
highly metastatic cancer cells [13]. In this study, we showed
that PSP signiﬁcantly inhibited the proliferation of Eca109
cells and enhanced the apoptosis of Eca109 cells in vitro; in

addition, PSP also showed inhibitory eﬀects on the migration
and invasion of Eca109 cells. PSP is a class of polysaccharide
that is extracted from a traditional Chinese medicine Polygonatum sibiricum. In recent years, research has suggested that
PSP has certain antitumor and immune-enhancing functions. In this study, we found that the proliferation and
migration ability of Eca109 cells were decreased signiﬁcantly
with the increase of PSP concentration and the inhibitory
eﬀect of PSP on the proliferation of human ESCC was doseand time-dependent. Furthermore, we found that PSP significantly increased the apoptosis rate of human ESCC and
inhibited the migration ability of ESCC in this study. These
results indicated that PSP has a certain antitumor eﬀect on
ESCC in vitro. After cultured with various concentrations
of PSP, on the one hand, the expression levels of IL-1 and
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IL-6 in Eca109 cells showed a decreasing trend, and when the
concentration of PSP was 200 μg/mL, the expression levels of
IL-1 and IL-6 were signiﬁcantly reduced. IL-1 is a proinﬂammatory cytokine whose biological properties are mainly
involved in mediating inﬂammatory responses and regulating immune responses. In the cancer cell development, IL-1
not only provides cancer cells with inﬂammatory signals,
stimulates the production of other proinﬂammatory cytokines, and mediates changes in the tumor microenvironment, but also directly participates in cancer-related
signaling pathways and promotes the occurrence and development of cancer [14]. In fact, one study has found that the
level of IL-6 in the serum of patients with gastric cancer
is signiﬁcantly higher than that of the normal control
group [15]. To actively play the biological role, IL-6 needs
to bind to its speciﬁc receptor IL-6R, which subsequently
induces proliferation and diﬀerentiation of immune cells,
regulates immunity, and promotes diﬀerentiation and maturation of hematopoietic stem cells. These functions are realized through a complex and delicate regulation within the
body. Thus, when the timely and correct regulation of diﬀerentiation, proliferation, apoptosis, etc. is out of order, they
may cause and promote tumors. On the other hand, the
expression of TNF-α and TGF-β in Eca109 cells decreased
signiﬁcantly, whereas the expression of IL-10 signiﬁcantly
increased. TNF-α is one of the key cytokines involved in
inﬂammatory and immune responses, which accelerates
tumorigenesis by promoting tumor proliferation and metastasis [16] whereas TGF-β can promote tumorigenesis by
inhibiting T cell immune response [17]. As for IL-10, it is a
multifunctional cytokine. In melanoma, researchers have
found that IL-10 has certain antitumor functions [18]. Not
surprisingly, our research has some similarities with those
reported in the literature. The eﬀects of PSP on cytokines
such as IL-1, IL-6, TNF-α, TGF-β, and IL-10 indicate that
in human ESCC, PSP probably exerted a certain immunomodulatory eﬀect and inhibited the development of tumor
cells, which is consistent with the eﬀect of PSP in other tumor
cells. Our results showed that PSP speciﬁcally downregulated the expression of TLR4 protein, thereby inhibiting the
expression of NF-κB/p50 and NF-κB/p65 proteins in the
NF-κB signaling pathway. Inhibition of p50 and p65 protein
expression indicates that PSP may inhibit the NF-κB signaling pathway by regulating the TLR4 protein, thereby exerting
immunoregulatory and anticancer eﬀects, and hindering the
proliferation, occurrence, and development of ESCC cells.
PSP has shown broad promise as an antitumor drug, which
also provides perspectives for further research on ESCC.
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Lentinan is a biologically active ingredient isolated from the fruiting body of Lentinula edodes (shiitake) and has antitumor
properties. Cytokines, at the same time, are a key factor in regulating immune responses in physiological and pathological states.
Many cytokines have shown positive eﬀect on diﬀerent malignancies in clinical trials. Studies have shown that such cytokines as
IL6, TNF-α, and TGF-β play a quite important role in the formation of tumor microenvironment. In this study, we investigated
the antitumor eﬀect of combined medication of lentinan and cisplatin, another antitumor drug, and its impact on cytokines IL6, TNF-α, and TGF-β in the treatment of tumor. The results showed that lentinan enhanced the cytotoxic eﬀect of cisplatin on
tumor cells. Furthermore, it was proved that the combined treatment of lentinan and cisplatin enhanced the inhibitory eﬀect of
cisplatin on the expression of IL-6, TNF- α, TGF-β and tumor growth in mice bearing human ovarian cancer xenograft, human
prostate tumor xenograft, and human non-small cell lung cancer xenograft.

1. Introduction
Lentinan (LNT) is a structural component of the mushroom
cell wall which contains two main polymers, namely, chitin
and β-glucans. The single strands of both molecules are
linked to a hydrogen bridge bond to form a covalent bond
between the two polymers. This process leads to the formation of a strong cell wall in which chitin ﬁbers are linked to
glucans to form a network of matrix [1]. The cell wall structure of Lentinus edodes can be divided into three layers. The
outer layer is heteropolysaccharide and β-(1→3)-glucans
with a β-(1→6) branch, which can be extracted with water
and dilute alkali solution. The middle layer is mainly β(1→6)-glucans containing a few β-(1→3)-branched chains,
which are insoluble in water and can be extracted with strong
alkali solution. The inner layer is a compound of chitin, βglucans, and a small amount of acidic polymers [2].
The extraction method of polysaccharides varies with its
structure and water solubility. The basic rule is to destroy the
cell wall from the outer layer to the inner layer under mild
conditions. The extracted polysaccharides can be further

puriﬁed by a series of combinatorial techniques. Acid solution, alkali solution, and water are the three basic extraction
solvents, in which water extraction is the most commonly
seen. At present, several polysaccharides have been identiﬁed
through diﬀerent extraction methods and puriﬁcation processes. The extraction method varies depending on the chemical structure of the polysaccharides from diﬀerent parts of
Lentinus edodes. Lentinan is insoluble in cold water and
slightly soluble in hot water [3]. Another study showed that
lentinan is β-d-(1,3)-d-glucopyranose with a branched chain
of β-d-(1,6)-monosaccharide, which is water soluble and has
the property of ½α d = +20o−+22o (NaOH) [4]. The structures of the side chains together with their physical properties
are slightly diﬀerent.
Based on the fact that lentinan is harmless and does not
impose additional stress on the human body, lentinan is also
considered as biological response modiﬁers (BRMS). It has
been shown that lentinan has antitumor properties and its
antitumor mechanism includes prevention of tumorigenesis
(cancer prevention activities, enhancement of human immunomodulatory activity, and direct antitumor activity by
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inducing apoptosis of tumor cells (direct tumor suppressor
activity) [5].
Lentinan also has an eﬀect of preventing cancer, which
was discovered in farmers who were engaged in the cultivation of mushrooms. The study showed that the cancer mortality rate of these farmers was remarkably 40% lower than
that of the common people [6]. It was proved that cytochrome P450s (CYP) is involved in the cancer prevention
of lentinan. CYP is a kind of exogenous digestive enzyme
mainly expressed in the liver. The study showed that inhibition of CYP activity helps to enhance the cancer prevention
of lentinan, because the CYP1A subfamily induced by exogenous substances such as polycyclic aromatic hydrocarbon
can metabolize carcinogens [7]. In Hashimoto’s study, the
female BALB/C mice were intraperitoneally injected with
lentinan and it was observed that lentinan downregulated
the expression of CYP and the activity and level of CYP1A
induced by 3-methylcholanthrene. In addition, it was
accompanied by the inhibition of the production of tumor
necrosis factor-α (TNF-α) and the DNA-binding activity
of aryl hydrocarbon receptor as well as the enhancement
of the DNA-binding activity of nuclear factor-κB [7, 8].
These results suggested that mushroom polysaccharides,
such as lentinan, had anticancer activity, as downregulation of CYP1A was considered to prevent metabolic activation of protocancer cells [7, 8]. In addition, the cancer
prevention of lentinan may also be related to the fact that
lentinan can inhibit the activity of telomerase [9]. Lentinan not only has anticancer activity but also can be used
as an immunopotentiator to treat tumors in combination
with anticancer drugs.
Since lentinan requires a functional T cell to exert its antitumor activity, it is also considered as a T cell-directed immunopotentiator. It has also been shown that the enhancement of
the host immune system by β-(1→3)-glucans is mainly manifested in three aspects—an increase in the number of T helper
cells (Th), enhancement of macrophage activation, and nonimmunological activity, where proliferation of macrophage
and peripheral monocyte and the activation of lymphocyte
and complement system are successively aﬀected by stimulating the host defense mechanisms and colony-stimulating factor (CSF) of acute phase proteins [10, 11].
Cytokines are key factors in regulating immune
responses under physiological and pathological conditions.
Many cytokines have had a positive clinical eﬀect on diﬀerent
malignancies in clinical trials [12]. It was shown that the
cytokines IL6, TNF-α, and TGF-β play a very important role
in the formation of tumor microenvironment [13].
Interleukin-6 (IL-6) is an essential cytokine involved in
innate immunity. In a series of animal cancer models, IL-6
secreted by malignant tumor cells and mesenchymal stem
cells has been proved to promote tumor growth [14]. Meanwhile, IL-6 also acts as a downstream eﬀector of the oncogene
ras [15] and is considered to be an important component of
certain cancer cytokine networks, such as ovarian serous
and clear cell carcinoma [16], multiple myeloma [17], ricin
poisoning [18], and hepatocellular carcinoma [19].
There is preclinical evidence that IL-6 can increase the
survival rate of ovarian cancer cells and enhance the resis-
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tance to chemotherapy by JAK/STAT signaling in tumor cells
and translocation of IL-6 receptor alpha on tumor endothelial cells. In addition, IL-6 also has angiogenic properties
and regulates immune cell inﬁltration, matrix response, and
tumorigenic eﬀects of Th17 lymphocytes [20, 21].
Many studies have conﬁrmed that tumor necrosis factorα (TNF-α) is a cytokine produced by activated macrophages
and has multiple biological eﬀects. TNF-α has been shown to
inhibit the growth of both tumor cells and tumor-bearing
mice in some vitro experiments, but clinical trials, taking it
as an antitumor agent, have not achieved positive clinical
results [22]. What is more, TNF-α has also been shown to
be a key cytokine that promotes tumor cell proliferation
and invasion in tumor microenvironment. After treatment
with anti-TNF-α antibody in mice with in situ pancreatic
tumors, the tumor growth and migration ability of mice were
inhibited [23]. TNF-α has been proved to be closely associated with tumor cell growth and metastasis in studies of thoracic tumors, skin tumors, and gastrointestinal cancers [24].
The level of TNF-α has a certain correlation with the extent,
recurrence, metastasis, and prognosis of malignant tumors in
patients with prostate cancers [25]. Meanwhile, TNF-α has
also been shown to enhance the invasive ability of pancreatic
cancer cell lines in vitro [26].
The speciﬁc mechanism of TNF-α promoting malignant
tumor progression has not been elucidated. Certain studies
have found that TNF-α promotes the inﬂammatory response
of various cytokines and chemokines, thereby aﬀecting the
formation and development of tumor vessels and promoting
tumor invasion and metastasis [27]. TNF-α may also aﬀect
the activity of tumor cells and promote tumor cell proliferation by activating transcription factors and related gene cell
signaling pathways [28]. TNF-α has also been proved to
directly cause genetic damages, mutations, and DNA ampliﬁcation, and thereby inﬂuence tumor development [29, 30].
Besides, TNF-α can also alter the function of immune cells
and promote tumor progression [30].
Transforming growth factor-β (TGF-β) is a necessary
cytokine for activating tumor stroma. TGF-β plays a vital
role in tumor microenvironment, promotes the recruitment
of immune cells, inhibits the antitumor immune response,
and aﬀects the diﬀerentiation of epithelial cells and endothelial cells. The signaling pathway of TGF-β could be simpliﬁed as the binding of TGF-β to its TGF-β receptor II
(TβRII), which promoted the activation of TβRI molecules,
and phosphorylated the sites of TβRI serine and threonine,
thus activated the catalytic activity of TβRI and generated
the trimeric complexes of TGF-β/TβRII/TβRI proteins.
The complexes could be activated by autophosphorylation
and activated the TGF-β/Smad pathway through a series
of signal activations, thereby inducing or inhibiting gene
expression [31].
The study was to investigate the antitumor eﬀect of the
combined use of lentinan and antitumor drug cisplatin
and its eﬀect on cytokines IL-6, TNF-α and TGF-β in tumor
therapy. Its speciﬁc mechanism, however, remains to be
discovered in further studies. In general, the study provides a potential therapeutic method and research protocol
for cancer treatment.
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Figure 1: Extraction of lentinan from the shiitake.

2. Materials and Methods
2.1. Experimental Materials. Hey ovarian carcinoma cells,
prostate cancer LNCaP cells, and non-small cell lung cancer
A549 cells were all purchased from Shanghai Cell Bank of
the Chinese Academy of Sciences. Fetal bovine serum
(FBS), RPMI-1640 medium, EDTA trypsin, penicillin, and
streptomycin were purchased from Gibco Life Technologies.
The CCK-8 kit was obtained from Dojindo (Japan). IL-6
ELISA kit and TNF-α ELISA kit were purchased from
Xinbosheng Biotechnology Co., Ltd. RNAiso Reagent (total
RNA extraction reagent) and SYBR® Premix Ex TaqTM II
Reagent and PrimeScript™ RT Master Mix (reverse transcription kit) were purchased from Takara. Ethanol, chloroform,
and methanol were purchased from Sinopharm Chemical
Reagent Co., Ltd. Diethyl pyrocarbonate (DEPC) was purchased from Beyotime Biotechnology. SPF male BALB/C/nu
nude mice weighing 18 ± 2 g were purchased from Shanghai
Slack Laboratory Animal Co., Ltd.
2.2. Preparation of Lentinan (LNT). Lentinula edodes powder dissolved in water was incubated at 90-95°C for 6 hours.
The ultraﬁltration membrane was used to ﬁlter components
having a molecular mass greater than 6000 Da, and only
Lentinula edodes extract with molecular weight less than
6000 Da was collected. The shiitake material, from which

low molecular weight substances were removed using 80%
ethanol, was then extracted three times with water (100°C,
3 h), 2% ammonium oxalate (100°C, 6 h), and 5% sodium
hydroxide (80°C, 6 h). The polysaccharides obtained in the
ﬁrst time were water soluble, while those in the other two
times were water insoluble. The extracted polysaccharides
were further puriﬁed by diﬀerent concentrations of ethanol
and other technologies. Firstly, neutral and acidic polysaccharides were separated by DEAE cellulose column in ionexchange chromatography. The neutral polysaccharides were
further classiﬁed into α-glucan (adsorbed fraction) and βglucan (nonabsorbed fraction) by gel ﬁltration and aﬃnity
chromatography. Puriﬁed polysaccharides were obtained by
the elution of acidic polysaccharides with 1 M sodium chloride [5], as shown in Figure 1.
2.3. Cell Culture. Hey ovarian carcinoma cells, prostate
cancer LNCaP cells, and non-small cell lung cancer A549
cells were cultured in RPMI-1640 medium containing 10%
fetal bovine serum, penicillin (100 U/ml), and streptomycin
(100 mg/ml) in a humidiﬁed atmosphere of 5% CO2 at
37°C. Cells in exponential growth phase were collected for
the investigation of antitumor eﬀect.
2.4. Detection of Cytotoxic Activity of Cells by CCK8 Assay.
Cell suspension (100 μL) was inoculated in a 96-well plate.
The plate was then precultured at 37°C in an incubator supplied with 5% CO2. Thereafter, 10 μL of CCK8 solution was
added to each well, and the plate was incubated for 2 hours,
followed by the measurement of absorbance at 450 nm.
Viability calculation : cell viability ∗ ð%Þ = ½AðdosingÞ −
AðblankÞ × 100/½Að0 dosingÞ − AðblankÞ, where A (dosing)
is the absorbance of a well containing cells, CCK8 solution,
and drug solution; A (blank) is the absorbance of a well having a medium and CCK8 solution but no cells; A (0 dosing) is
the absorbance of a well having cells and CCK8 solution but
no drug solution; and ∗ is the cell viability (cell proliferation
or cytotoxic activity).
2.5. Establishment of Tumor-Bearing Mice Models
2.5.1. Mice Bearing Human Ovarian Cancer Xenograft. Hey
cells in logarithmic growth phase were prepared into single
cell suspension. The 0.2 ml of cell suspension (containing
about 1 × 105 Hey cells) was taken and inoculated subcutaneously into the right axilla of BALB/c/nu nude mice. After the
tumor grew to about 50 mm3, the tumor-bearing mice were
divided into 3 groups for drug treatment: the normal group,
treated with intraperitoneal injection of the same amount of
normal saline for 30 days; the cisplatin group, given intraperitoneal injection of 0.2 ml (2 mg kg−1) cisplatin solution once
a day for 30 days; the cisplatin-lentinan group, treated with
intraperitoneal injection of 0.2 ml (cisplatin: 7 mg kg−1; lentinan: 25 mg kg−1) cisplatin and lentinan solution once a day
for 30 days. The size and weight of tumor were measured
every 3 days for generating a tumor growth curve.
2.5.2. Mice Bearing Human Prostate Tumor Xenograft. LNCaP
cells in logarithmic growth phase were prepared into single
cell suspension. 0.2 ml of the cell suspension (containing about
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1 × 106 LNCaP cells) was taken and inoculated subcutaneously into the right axilla of BALB/C/nu nude mice. As the
tumor grew to about 50 mm3, the tumor-bearing mice were
divided into 3 groups for drug treatment: the normal group,
treated with intraperitoneal injection of the same amount of
normal saline for 30 days; the cisplatin group, given intraperitoneal injection of 0.2 ml (7 mg kg−1) cisplatin solution once
a day for 30 days; and the cisplatin-lentinan group, treated
with intraperitoneal injection of 0.2 ml (cisplatin: 7 mg kg−1;
lentinan: 25 mg kg−1) cisplatin and lentinan solution once a
day for 30 days. The size and weight of tumor were measured
every 3 days for generating a tumor growth curve.
2.5.3. Mice Bearing Human Non-Small Cell Lung Cancer
Xenograft. A549 cells in logarithmic growth phase were prepared into single cell suspension. 0.2 ml of the cell suspension
(containing about 1 × 107 A549 cells) was taken and inoculated subcutaneously into the right axilla of BALB/c/nu nude
mice. When the tumor size was up to 50 mm3, the tumorbearing mice were divided into 3 groups for drug treatment:
the normal group, treated with intraperitoneal injection of
the same amount of normal saline for 30 days; the cisplatin
group, given intraperitoneal injection of 0.2 ml (7 mg kg−1)
cisplatin solution once a day for 30 days; and the cisplatinlentinan group, treated with intraperitoneal injection of
0.2 ml (containing cisplatin: 7 mg kg−1; lentinan: 25 mg kg−1)
cisplatin and lentinan solution once a day for 30 days. The
size and weight of tumor were measured every 3 days for generating a tumor growth curve.
2.6. ELISA Test. Serum was prepared from the orbit blood
sampling. 100 μl per well of serum was then added to the
enzyme label plate coated with monoclonal antibody and
mixed gently. After incubation for 90 min at 37°C, the supernatant liquid was discarded, and the secondary antibody was
added for further incubation at 37°C for 1 h. Working solutions of the enzyme conjugate was then added, followed by
incubation at 37°C for 30 min. Afterwards, the supernatant
was discarded, and the substrate solution was added for further incubation in the dark for 20 min. Finally, the termination solution was added to stop the reaction. The value of
optical density of each well was measured at a wavelength
of 450 nm. Finally, the content of IL-6, TNF-α, and TGF-β
in serum was calculated according to the standard curve.
2.7. Flow Cytometry Assessment. We investigated the expression of cluster of determinant (CD) of cell surface molecules
targeting immunophenotyping of cells. Single-cell suspension was extracted from tumor-bearing mice, and the mice
were cultured with monoclonal antibodies, CD3-PERCP,
CD4-FITC, FOXP3-PE, and IL-17-APC. After incubation at
4°C for 3 hours, the expressing cell population was analyzed
by ﬂow cytometer (Becton Dickinson and Company).
2.8. Statistical Analysis. The experimental data were
expressed as mean ± S:E:M and were analyzed by oringe
8.0 software. Signiﬁcant diﬀerence was measured by SPSS
19.0 one-way analysis of variance (ANOVA). ∗ P < 0:05
and ∗∗ P < 0:01 were considered signiﬁcant statistically.
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3. Results
3.1. Enhanced Cytotoxic Eﬀect of Cisplatin on Tumor Cells by
Lentinan. To explore the antitumor eﬀect of lentinan, the
cytotoxic eﬀect of lentinan, cisplatin, or the combined use
of both on Hey human ovarian carcinoma cells, LNCaP
human prostate cancer cells and human non-small cell lung
cancer A549 cells were evaluated by CCK-8 assay. The results
showed that the IC50 of lentinan for killing Hey cells, LNCap
cells, and A549 cells was 800 μM, and the IC50 of cisplatin
for killing the cells was 30 μM. The combined use of lentinan
(800 μM) and cisplatin reduced the proliferation of Hey cells,
LNCap cells, and A549 cells in a dose-dependent manner
(Figures 2(a) and 2(b)). In the meantime, the combined treatment of lentinan and cisplatin signiﬁcantly increased the killing eﬀect of cisplatin on the tumor cells (P < 0:05, as shown
in Figures 2(c), 2(d), and 2(e)).
3.2. Enhanced Inhibitory Eﬀect of Cisplatin on Expressions of
IL-6, TNF-α, TGF-β, and Tumor Growth in Mice Bearing
Human Ovarian Cancer Xenograft by Combined Treatment
of Lentinan and Cisplatin. To explore the eﬀect of the combined use of lentinan and cisplatin on the cytokines IL-6,
TNF-α, and TGF-β in tumor therapy, the expressions of
IL-6, TNF-α, and TGF-β in mice bearing human ovarian
cancer xenograft after the combination therapy were
detected by ELISA and qPCR. The experimental results
are shown in Figure 3. The expressions of IL-6, TNF-α,
and TGF-β proteins in serum of tumor-bearing mice in
the normal saline group were 95:40333 ± 2:69563 pg/ml,
1536:84333 ± 41:83909 pg/ml, and 194 ± 2:5 pg/ml, respectively. The expressions of IL-6, TNF-α, and TGF-β proteins
in serum of tumor-bearing mice in cisplatin group were
53:02667 ± 3:09189 pg/ml, 1270:97 ± 26:21165 pg/ml, and
153 ± 3:84 pg/ml, respectively. The expressions of IL-6,
TNF-α, and TGF-β proteins in serum of tumor-bearing mice
in lentinan-cisplatin group were 43:74333 ± 2:31067 pg/ml,
966:98333 ± 34:28658 pg/ml, and 137 ± 2:51 pg/ml, respectively. The expressions of IL-6, TNF-α, and TGF-β in serum
of mice were signiﬁcantly decreased in both the cisplatin
group and lentinan-cisplatin group (P < 0:01) compared
with the normal saline group. The expressions of IL-6,
TNF-α, and TGF-β were signiﬁcantly decreased in the
lentinan-cisplatin group (P < 0:05) compared with the cisplatin group. The results indicated that the combined use of
lentinan and cisplatin signiﬁcantly enhanced the inhibitory
eﬀect of cisplatin on the expressions of IL-6, TNF-α, and
TGF-β in the serum of mice bearing human ovarian cancer
xenograft (Figures 3(a), 3(b), and 3(c)). Meanwhile, the combination enhanced the inhibitory eﬀect of cisplatin on tumor
growth of mice bearing human ovarian cancer xenograft as
well (Figure 3(d)).
3.3. Enhanced Inhibitory Eﬀect of Cisplatin on Expressions of
IL-6, TNF-α, and TGF-β and Tumor Growth in Mice Bearing
Human Prostate Tumor Xenograft by Combination Therapy
of Lentinan and Cisplatin. To explore the eﬀect of combined
use of lentinan and cisplatin on the cytokines IL-6, TNF-α,
and TGF-β in tumor therapy, the expressions of IL-6, TNF-
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Figure 2: Cytotoxic eﬀect of cisplatin on tumor cells enhanced by lentinan. (a) The cytolytic activity of cisplatin on diﬀerent doses to Hey
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0:01, signiﬁcantly diﬀerent from the cisplatin+DMSO group.

α, and TGF-β in mice bearing human prostate tumor xenograft after the combination therapy were detected by ELISA
and qPCR. The experimental results are shown in Figure 4.
The expressions of IL-6, TNF-α, and TGF-β proteins in
serum of tumor-bearing mice in the normal saline group
were 95:40667 ± 2:83179 pg/ml, 1542:17667 ± 18:39545 pg/
ml, and 1661 ± 15:37 pg/ml, respectively. The expressions of
IL-6, TNF-α, and TGF-β proteins in serum of tumor-bearing
mice in the cisplatin group were 52:97 ± 2:29613 pg/ml,
1264:63667 ± 32:63896 pg/ml, and 126:331 ± 8:298 pg/ml,
respectively. The expressions of IL-6, TNF-α, and TGF-β proteins in serum of tumor-bearing mice in the lentinan-cisplatin
group were 44 ± 1:45039 pg/ml, 965:31667 ± 44:84394 pg/ml,
and 107 ± 3:79 pg/ml, respectively. The expressions of IL-6,
TNF-α, and TGF-β in serum of mice were signiﬁcantly
decreased in both the cisplatin group and lentinan-cisplatin
group (P < 0:01) compared with the normal saline group.
The expressions of IL-6, TNF-α, and TGF-β were signiﬁcantly decreased in the lentinan-cisplatin group (P < 0:05)
compared with the cisplatin group. The results suggested that
the combined use of lentinan and cisplatin signiﬁcantly

enhanced the inhibitory eﬀect of cisplatin on the expressions
of IL-6, TNF-α, and TGF-β in the serum of mice bearing
human prostate tumor xenograft (Figures 4(a), 4(b), and
4(c)). Meanwhile, the combination enhanced the inhibitory
eﬀect of cisplatin on tumor growth of mice bearing human
prostate tumor xenograft as well (Figure 4(d)).
3.4. Enhanced Inhibitory Eﬀect of Cisplatin on Expressions
of IL-6, TNF-α, and TGF-β and Tumor Growth in Mice
Bearing Human Non-Small Cell Lung Cancer Xenograft by
Combination Therapy of Lentinan and Cisplatin. To explore
the eﬀect of combined use of lentinan and cisplatin on the
cytokines IL-6, TNF-α, and TGF-β in tumor therapy, the
expressions of IL-6, TNF-α, and TGF-β in mice bearing
human non-small cell lung cancer xenograft after the combination therapy were detected by ELISA and qPCR. The
experimental results are shown in Figure 5. The expressions
of IL-6, TNF-α, and TGF-β proteins in serum of tumorbearing mice in the normal saline group were 96:53 ±
2:97073 pg/ml, 1548:63 ± 10:38419 pg/ml, and 194:67 ±
3:84 pg/ml, respectively. The expressions of IL-6, TNF-α,
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Figure 3: Enhanced inhibitory eﬀect of cisplatin on expressions of IL-6, TNF-α, and TGF-β and tumor growth in mice bearing human
ovarian cancer xenograft by combination therapy of lentinan and cisplatin. (a–c) It is enhanced by the combined treatment of lentinan
and cisplatin that the expression of IL-6 (a), TNF-α (b), and TGF-β (c) on the serum of mice bearing ovarian cancer induced by cisplatin.
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and TGF-β proteins in serum of tumor-bearing mice in cisplatin group were 54:03333 ± 1:92365 pg/ml, 1259:42333 ±
49:99775 pg/ml, and 140:33 ± 8:089778 pg/ml, respectively.
The expressions of IL-6, TNF-α, and TGF-β proteins in
serum of tumor-bearing mice in the lentinan-cisplatin group
were 45:37667 ± 0:69528 pg/ml, 964:77 ± 56:22525 pg/ml,
and 107:1 ± 4:37 pg/ml, respectively. The expressions of
IL-6, TNF-α, TGF-β in serum of mice were signiﬁcantly
decreased in both the cisplatin group and lentinan-cisplatin
group (P < 0:01) compared with the normal saline group.
The expressions of IL-6, TNF-α, and TGF-β were signiﬁcantly decreased in the lentinan-cisplatin group (P < 0:05)
compared with the cisplatin group. The results indicated that
the combined use of lentinan and cisplatin signiﬁcantly
enhanced the inhibitory eﬀect of cisplatin on the expressions
of IL-6, TNF-α, and TGF-β in the serum of mice bearing

human non-small cell lung cancer xenograft (Figures 5(a),
5(b), and 5(c)). Meanwhile, the combination enhanced
the inhibitory eﬀect of cisplatin on tumor growth of mice
bearing human non-small cell lung cancer xenograft as well
(Figure 5(d)).
3.5. Enhanced Antitumor Eﬀect of Cisplatin in Tumor
Microenvironment in Mice Bearing Human Non-Small Cell
Lung Cancer Xenograft by Combination Therapy of Lentinan
and Cisplatin. To further investigate the anticancer mechanism of the combined use of lentinan and cisplatin, we
detected the expressions of cytokines IL-6, TNF-α, TGF-β,
regulatory T cells (Tregs), and T helper cell 17 (Th17) in
tumor-inﬁltrating cells of non-small cell lung cancerbearing mice. Tregs play an important role in the maintenance
of immunological self-tolerance and immune homeostasis.
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Figure 4: Enhanced inhibitory eﬀect of cisplatin on expressions of IL-6, TNF-α, and TGF-β and tumor growth in mice bearing human
prostate tumor xenograft by combination therapy of lentinan and cisplatin. (a–c) It is enhanced by the combined treatment of lentinan
and cisplatin that the expression of IL-6 (a), TNF-α, and TGF-β enhanced by the combined treatment for prostate cancer induced by
cisplatin. (d) It is enhanced by the combined treatment of lentinan and cisplatin that the inhibition of tumor growth of mice bearing
prostate cancer by cisplatin. ∗ P < 0:05, ∗∗ P < 0:01, signiﬁcantly diﬀerent from the saline group. #P < 0:05, ##P < 0:01, signiﬁcantly diﬀerent
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Th17 as a newly discovered T cell subpopulation capable of
secreting interleukin 17(IL-17) is of great signiﬁcance in the
body’s defense response. Transforming growth factor b
(TGF-β), IL-6, IL-23, and IL-21 promote the diﬀerentiation
and formation of Th17. Studies have shown that the
Th17/Treg balance regulation is the focus of current studies,
and Th17/Treg immune imbalance has been linked to the
tumorigenesis [6].
The results of our study showed that the expressions of
IL-6, TNF-α, and TGF-β in the supernatant of single-cell
suspension of human non-small cell lung cancer tumorbearing mice were signiﬁcantly decreased in lentinancisplatin group (Figure 6) compared with the cisplatin
group, which is consistent with the expressions in serum
of the tumor-bearing mice.

Tregs are characterized by the expression of transcription
factor FoxP3, and Th17 cells are characterized by that of IL17. Therefore, in this study, Tregs and Th17 cells were labeled
with FoxP3 antibody and IL-17 antibody, respectively. The
results indicated that compared with the cisplatin group,
the lentinan-cisplatin group showed signiﬁcantly decreased
Tregs but increased Th17 in the single-cell suspension of
mice bearing human non-small cell lung cancer xenograft
(Figure 7).

4. Discussion
The results of this study demonstrated that lentinan
enhanced the cytotoxic eﬀect cisplatin on tumor cells and
that the combined treatment of lentinan and cisplatin
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enhanced the inhibitory eﬀect of cisplatin on the expression
of IL-6, TNF-α, and TGF-β and tumor growth in mice bearing human ovarian cancer xenograft, human prostate tumor
xenograft, and human non-small cell lung cancer xenograft.
Cytokines are key factors in regulating immune
responses under physiological and pathological conditions.
Many cytokines have shown positive eﬀect on diﬀerent
malignancies in clinical trials [12]. Tumor microenvironment is the result of the interaction of many factors,
including natural immune cells such as macrophages, neutrophils, mast cells, myeloid-derived suppressor cells, dendritic cells, natural killer cells, and adaptive immune cells
such as T lymphocytes and B lymphocytes, vascular and lymphatic networks, interstitial ﬁbroblasts, and growth factors,
inﬂammatory factors, chemokines, and the like generated
by autocrine or paracrine of cells. Cytokines IL6, TNF-α,
and TGF-β play a quite important role in the formation of
tumor microenvironment [13].
High levels of IL-6 have been found in both plasma and
malignant ascites [32] in patients with advanced ovarian
cancer, which has been proved to be associated with poor
prognosis of the cancer [33]. Some ovarian cancer cells
constitutively secrete IL-6. When these cells are cocultured
with other cells from ovarian cancer microenvironment [34,
35], the expression level of IL-6 can be found to be increased.
We found that IL-6 is part of the autocrine cytokine network
of malignant ovarian tumor cells [35]. The network was
involved in the regulation of the cytokines TNF-α and IL1β, CCl2, CXCL12, and VEGF and could aﬀect angiogenesis
in tumor microenvironment by a paracrine manner.

Th17 cell-mediated immunity plays a critical role in
maintaining the balance of the mucosa and hematopoietic
system. Meanwhile, Th17 cell response, if too intense, can
induce autoimmune diseases. It was shown that Th17 cellinduced excessive inﬂammation and Treg-induced overimmunosuppression (i.e., imbalance of Th17/Tregs) may result
in carcinogenesis [7]. In this study, we found that Tregs were
signiﬁcantly reduced and Th17 cells were obviously increased
in single-cell suspension of mice bearing human non-small
cell lung cancer xenograft in lentinan-cisplatin group as compared with the cisplatin group. And the expressions of IL-6,
TNF-α, and TGF-β in the supernatant of single-cell suspension were signiﬁcantly reduced. The above results suggested
that lentinan may regulate the balance of Th17/Tregs by
decreasing the expressions of IL-6, TNF-α, and TGF-β,
thereby enhancing the antitumor eﬀect of cisplatin.
Our study on the combination therapy of lentinan and
cisplatin against tumors provides a potential solution for
future cancer treatment.
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Fungal polysaccharides have demonstrated various biological functions such as antitumor, immune regulation, and antioxidant
activities. It has also been reported to be beneﬁcial in reshaping the immune system’s surveillance on tumor cells and in helping
the immune system kill tumor cells. In this study, a melanoma mouse model was constructed, and a macrofungal polysaccharide
(MFPS) extracted from Pleurotus ostreatus combined with Vemurafenib monoclonal antibody was used to study their eﬀects
against melanoma and its antitumor mechanism by using the lactate dehydrogenase release assay, enzyme-linked
immunosorbent assay, and ﬂow typing assay. Results indicated that MFPS enhanced the inhibitory eﬀect of Vemurafenib on
tumor growth in melanoma-bearing mice and the secretion of cytokines IFN-γ and IL-12 in PBMCs of melanoma-bearing mice.
In addition, the combination of MFPS1 and Vemurafenib can enhance the immunomodulatory activity of melanoma-bearing
mice as well as elicit the activation and proliferation of B cells and T cells.

1. Introduction
Traditional chemotherapy targets tumors, but it is often
accompanied with obvious side eﬀects including causing
toxic eﬀects in healthy organs. In recent years, with the continuous advancement in research related to cancer treatment,
the combination of immunotherapy and chemotherapy has
received more and more attention. Some clinical trials with
combined immunotherapy and chemotherapy have shown
that patients who received chemotherapy with subsequent
reception of immunotherapy had better clinical outcomes
than patients who only received chemotherapy [1, 2]. Other
preclinical and clinical studies have also shown that
chemotherapy can improve the eﬃcacy of immunotherapy
through various mechanisms [3]. Chemotherapy can not
only overcome partial immunosuppression but also heighten
the cross-expression of tumor antigens and enhance the inﬁltration of immune cells into the tumor tissue.

Fungal polysaccharides are a class of polysaccharides that
have received an increasing amount of attention in recent
years. Fungal polysaccharides have been shown to have a
variety of biological activities such as antitumor, immune
regulation, and antioxidant [4, 5]. Its biological activity
depends on the structure, molecular weight, monosaccharide
unit, and type of links in the polysaccharide. Fungal polysaccharides consist of diﬀerent types of polysaccharides found in
fungal cells, from high molecular weight to low molecular
weight and from homopolysaccharides to heteropolysaccharides with diﬀerent linkage types [6, 7].
In the advanced stages of cancer, tumor cells usually enter
the blood circulation and begin to metastasize. At this stage,
tumor cells can circulate into various organs and cells of the
body through the blood. The blood circulation system
contains certain components of the immune system, and
these components typically can play an immune surveillance
role in the early stages of cancer; however, with an advanced
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Figure 1: The molecular formula of Vemurafenib and the water-soluble component of macrofungal heteropolysaccharide (MFPS1): (a)
Vemurafenib; (b) MFPS1.

stage of cancer, the immune system has been proved to have
lost the role of immune surveillance and unable to recognize
cancer cells [8]. Therefore, remodeling the immune system’s
surveillance of tumor cells plays a key role in the treatment of
cancer. Studies have demonstrated that fungal polysaccharides can be beneﬁcial in the reshaping of the immune system
to monitor tumor cells and in helping the immune system kill
tumor cells [9–11].
Vemurafenib is a mutant-selective serine/threonine
kinase inhibitor speciﬁcally designed to inhibit V-RAF
mutations of the murine sarcoma viral oncogene homolog
B1 (BRAF) gene in the mitogen-activated protein kinase/extracellular signal-regulated kinase signaling pathway
(MAPK/ERK) that is often associated with cancer development. BRAF mutations are typically found in melanoma,
colorectal cancer, papilloma, thyroid cancer, non-smallcell lung cancer, and ovarian cancer [12]. Studies have
shown that almost 50% of patients with malignant melanoma
contain BRAF mutations [13]. With that, Vemurafenib was
approved in 2011 for the treatment of advanced malignant
melanoma with BRAF mutations [14]. The structure for
Vemurafenib is shown in Figure 1(a).
The clinical trial of Vemurafenib began in 2006. In a
phase I trial, 32 patients reported an objective response rate
of 81% after being treated with Vemurafenib. The next phase
III trial showed that patients treated with Vemurafenib had a
signiﬁcant improvement in the survival rate compared with
patients receiving dacarbazine, and the risk of death was
reduced by 63% [15].
In this study, we focus on the combined eﬀects of
macrofungal polysaccharides (MFPS) extracted from
Pleurotus ostreatus and Vemurafenib monoclonal antibody
on melanoma and its antitumor mechanism. We also
attempted to uncover the antimelanoma-associated immune
pathway aﬀected by the combination use of MFPS and
Vemurafenib.

2. Materials and Methods
2.1. Experimental Materials. Human melanoma MeWo cell
lines were purchased from the Shanghai Cell Bank of the
Chinese Academy of Sciences. Fetal bovine serum (FBS),
RPMI-1640 medium, and EDTA were purchased from
Gibco. The lymphocyte separation solution and lactate
dehydrogenase release assay (LDH) kit were purchased

from Japan Tongren Co. Ltd. The enzyme-linked immunosorbent assay kit for measurement of IL-12 and INF-γ
was purchased from Xinbosheng Biotechnology Co. Ltd.
SPF male BALB/c/nu nude mice with body weight 18 ± 2
g were purchased from Shanghai Slack Laboratory Animal
Center. CD45-percp, CD4-ﬁtc, CD19-apc, CD34-ﬁtc, and
CD335-apc antibodies were all purchased from BD Biotechnology Co. Ltd. Other biochemical reagents were purchased from Sinopharm Group.
2.2. Isolation and Puriﬁcation of Macrofungal Polysaccharide.
The mushroom fruiting bodies were washed with sterilized
double distilled water, pulverized, and then soaked at 90°C,
with 4% NaOH for 6 h. The extract was ﬁltered with
Whatman No. 1 ﬁlter paper, and the ﬁltrate was mixed
with 80% ethanol at a volume ratio of 1 : 5 and then
allowed to stand at 4°C overnight to precipitate polysaccharide. The precipitated crude polysaccharide was centrifuged at 4°C, 8000 rpm for 40 minutes, and then washed
with 80% and 90% ethanol and acetone, respectively,
followed by the collection of high alkaline crude polysaccharide solution having a pH of 11. The solution was then
dialyzed in the double distilled water against a membrane
with a molecular weight of 10000 g/mol at 4°C for 3 days
to remove compounds of low molecular weight and excess
NaOH. During the dialysis, the alkali-soluble fraction precipitates and the water-soluble components remain in the
solution. The macrofungal heteropolysaccharide (MFPS1)
was obtained after centrifugation and then lyophilized
and stored [16]. The molecular formula of MFPS1
obtained in this way is shown in Figure 1(b).
2.3. Construction of Human Melanoma MeWo Cell-Bearing
Mice. BALB/c nude mice of 6 to 12 weeks old were used to
construct human melanoma tumor-bearing mice. 3 × 106
human melanoma MeWo cells in a logarithmic growth phase
were injected subcutaneously into the right ankle of nude
mice. When the tumor grows to at least 100-300 mm3, the
mice were used for in vivo experiments [17].
2.4. Drug Treatment for Human Melanoma Tumor-Bearing
Mice. When the tumor of human melanoma-bearing mice
grows to at least 100-300 mm3, the tumor-bearing mice were
divided into the following 4 groups (6 in each group) for
drug treatment: (1) control group: normal diet for 12 days;

International Journal of Polymer Science
(2) Vemurafenib group: Vemurafenib and MFPS1 were
dissolved in DMSO and saline solution, respectively, and
then orally administered at 50 mg/kg/day for 12 days
[18]; (3) low-dose MFPS1+Vemurafenib group: Vemurafenib was orally administered at 50 mg/kg/day, and the
MFPS1 was also administered at 100 mg/kg/day at the
same time for 12 days; (4) high-dose MFPS1+Vemurafenib
group: Vemurafenib was orally administered at
50 mg/kg/day, and the MFPS1 was also administered at
150 mg/kg/day at the same time for 12 days. The control
group was given the same amount of saline or DMSO
solution per day as in the experimental group. The tumor
size was measured every 3 days and weighed; the tumor
growth curve was drawn afterward.
2.5. Isolation of Mouse Peripheral Blood Mononuclear Cells
(PBMCs). Human melanoma-bearing mice were anesthetized with an appropriate amount of pentobarbital sodium
anesthetic. Blood was then taken from the eyelids,
1 ml/mouse, and was collected into an EDTA anticoagulant
tube, and then, the PBMCs were isolated by the Ficoll
method. The isolated PBMCs were used for the lactate dehydrogenase (LDH) release assay and ﬂow cytometry.
2.6. LDH Experiment. The PBMCs of 4 groups of
melanoma-bearing mice were separately prestimulated by
adding corresponding drugs; that is, DMSO was added
to PBMCs from normal mice as a control, Vemurafenib
(2 μg/ml) was added to PBMCs from Vemurafenib mice,
Vemurafenib (2 μg/ml) and MFPS1 (4 μg/ml) were added
to PBMCs from low-dose MFPS1 combined with Vemurafenib mice, and Vemurafenib (2 μg/ml) and MFPS1
(8 μg/ml) were added to PBMCs from high-dose MFPS1
combined with Vemurafenib mice. After 24 hours of incubation, PBMCs and human melanoma MeWo cells were
subjected to LDH experiments at 1 : 1, 5 : 1, and 10 : 1 eﬀective target ratios, respectively.
2.7. Enzyme-Linked Immunosorbent Assay (ELISA). The
PBMCs of 4 groups of melanoma-bearing mice were prestimulated according to the method of LDH experiment, the
supernatant was collected after 24 hours of incubation, and
ELISA was performed to detect cytokines IFN-γ and IL-12
and IL-6 and TNF-α.
2.8. Immunophenotyping. The PBMCs of 4 groups of
melanoma-bearing mice were prestimulated according to
the method of LDH experiment, and after 24 hours of incubation, the cells were collected in precooled PBS and cultured
with monoclonal antibodies: CD45-percp, CD4-ﬁtc, CD19apc, CD34-ﬁtc, and CD335-apc. After incubation at 4°C for
3 h, the expression-dependent cell population was analyzed
by ﬂow cytometry.
2.9. Data Analysis. Data were expressed as the mean ±
standard deviation. Software Origin8.5 was used for oneway variance analysis, and statistical signiﬁcance was
observed when p < 0:05.
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3. Results
3.1. MFPS1 Enhanced the Inhibitory Eﬀect of Vemurafenib on
Tumor Growth in Melanoma-Bearing Mice. The combined
eﬀects of MFPS1 and Vemurafenib on the tumor growth of
melanoma-bearing mice were studied in the human melanoma MeWo cell-bearing mice. The results showed that both
low-dose and high-dose MFPS1 enhanced the inhibitory
eﬀect of Vemurafenib on tumor growth in melanomabearing mice (Figure 2(a)). On the 12th day after drug
administration, the tumor volumes of the tumor-bearing
mice in the normal group, the Vemurafenib group, the lowdose MFPS1+Vemurafenib group, and the high-dose
MFPS1+Vemurafenib group were 515:23 ± 19:14 mm3 ,
411:9 ± 20:14 mm3 , 387:02 ± 17:14 mm3 , and 362:02 ± 19:83
mm3 , respectively. Compared with the normal group, the
tumor volumes of the tumor-bearing mice in the Vemurafenib group, in the low-dose MFPS1+Vemurafenib group,
and the high-dose MFPS1+Vemurafenib group were significantly reduced (p < 0:05). Moreover, compared with the
Vemurafenib group, the tumor volumes in the low-dose
MFPS1+Vemurafenib group and in the high-dose MFPS1
+Vemurafenib group were both signiﬁcantly smaller
(p < 0:05), and the high-dose MFPS1 group was superior
to the low-dose MFPS1 group in this regard as shown in
Figure 2(b).
3.2. In Vivo Experiments, MFPS1 Enhanced the Killing Eﬀect
of Vemurafenib on Human Melanoma MeWo Cells. The
PBMCs of each group of melanoma-bearing mice were isolated and then prestimulated by the corresponding drugs;
after that, the lactate dehydrogenase release assay (LDH)
was then conducted for the in vivo experiment. The results
from in vivo experiments indicated that MFPS1 enhanced
the killing eﬀect of Vemurafenib on human melanoma
MeWo cells (Figure 3(a)).
When the ratio of immune cells and tumor cells (target
ratio) was 5 : 1, in the normal group, the Vemurafenib group,
the low-dose MFPS1+Vemurafenib group, and the high-dose
MFPS1+Vemurafenib, the killing rates of MeWo cells were
21:56 ± 0:21, 62:98 ± 2:21, 67:1 ± 3:81, and 69:66 ± 3:31,
respectively. Compared with the normal group, the killing
eﬀects on the human melanoma MeWo cells in the Vemurafenib group, in the low-dose MFPS1+Vemurafenib group,
and in the high-dose MFPS1+Vemurafenib group were signiﬁcantly higher (p < 0:01). Compared with the Vemurafenib
group, the killing eﬀects on the human melanoma MeWo
cells in the low-dose MFPS1+Vemurafenib group and in
the high-dose MFPS1+Vemurafenib group were signiﬁcantly
heightened (p < 0:05), and the high-dose MFPS1 group was
superior to the low-dose MFPS1 group as suggested in
Figure 3(b).
When the ratio of immune cells and tumor cells (target
ratio) was 10 : 1, in the normal group, the Vemurafenib
group, the low-dose MFPS1+Vemurafenib group, and the
high-dose MFPS1+Vemurafenib, the killing rates of MeWo
cells were 20:35 ± 0:98, 85:75 ± 3:98, 93 ± 3:72, and 96:66 ±
3:966, respectively. And compared with the normal group,
the killing eﬀects on the human melanoma MeWo cells in
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Figure 2: MFPS1 enhanced the inhibitory eﬀect of Vemurafenib on tumor growth in melanoma-bearing mice: (a) tumor growth curve of
human melanoma MeWo cell-bearing mice 12 days after drug treatment; (b) tumor size of human melanoma MeWo cell-bearing mice at
12 days of drug treatment. ∗ represents the normal group as the control: ∗ p < 0:05 and ∗∗ p < 0:01; # represents the Vemurafenib group as
the control: #p < 0:05 and ##p < 0:01.

the Vemurafenib group, in the low-dose MFPS1+Vemurafenib group, and in the high-dose MFPS1+Vemurafenib group
were signiﬁcantly higher (p < 0:01). When compared with
the Vemurafenib group, the killing eﬀects on the human melanoma MeWo cells in the low-dose MFPS1+Vemurafenib
group and in the high-dose MFPS1+Vemurafenib group
were signiﬁcantly increased (p < 0:05), and the high-dose
MFPS1 group was superior to the low-dose MFPS1 group
(Figure 3(c)), which is similar to what was observed when
the target ratio was 5 : 1.
3.3. In Vivo Experiments, MFPS1 Enhanced the CytokineSecreting Eﬀect of Vemurafenib on PBMCs in MelanomaBearing Mice. To study the mechanism against melanoma

by the combination of MFPS1 and Vemurafenib, the supernatant of PBMCs was collected after the tumor-bearing mice
were prestimulated as described above, and the levels of cytokines interleukin-12 (IL-12) and interferon-γ (IFN-γ) in the
supernatant were measured. The results showed that the
levels of IFN-γ and IL-12 were both increased in the
MFPS1-treated PBMCs (Figure 4).
The levels of IL-12 in PBMCs for the normal group,
Vemurafenib group, low-dose MFPS+Vemurafenib group,
and high-dose MFPS+Vemurafenib group were 391:5 ±
2:97, 449 ± 1:92, 490:35 ± 24:5, and 491 ± 19, respectively.
Compared with the normal group, the levels of IL-12 in
PBMCs in the Vemurafenib group, in the low-dose MFPS1
+Vemurafenib group, and in the high-dose MFPS1
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Figure 3: In vivo experiments, MFPS1 enhance the killing eﬀect of Vemurafenib on human melanoma MeWo cells. (a) Killing eﬀects on the
human melanoma MeWo cells at target ratios of 1 : 1, 5 : 1, and 10 : 1 after drug treatment; (b) killing eﬀects on the human melanoma MeWo
cells at target ratio of 5 : 1 after drug treatment; (c) killing eﬀects on the human melanoma MeWo cells at a target ratio of 10 : 1 after drug
treatment. ∗ represents the normal group as the control: ∗ p < 0:05 and ∗∗ p < 0:01; # represents the Vemurafenib group as the control:
#
p < 0:05 and ##p < 0:01.

+Vemurafenib group were signiﬁcantly increased (p < 0:01).
Compared with the Vemurafenib group, the levels of IL-12
in PBMCs in the low-dose MFPS1+Vemurafenib group and
in the high-dose MFPS1+Vemurafenib group were signiﬁcantly higher (p < 0:05) (Figure 4(a)).
The contents of INF-γ in PBMCs for the normal group,
Vemurafenib group, low-dose MFPS+Vemurafenib group,
and high-dose MFPS+Vemurafenib group were 60:27 ±
2:25, 81:06 ± 2:44, 90:41 ± 2:48, and 91:333 ± 1:86, respectively. Compared with the normal group, the contents of
INF-γ in PBMCs in the Vemurafenib group, in the lowdose MFPS1+Vemurafenib group, and in the high-dose
MFPS1+Vemurafenib group were signiﬁcantly increased
(p < 0:01). Compared with the Vemurafenib group, the contents of INF-γ in PBMCs in the low-dose MFPS1+Vemurafenib group and in the high-dose MFPS1+Vemurafenib group
were signiﬁcantly higher (p < 0:05) (Figure 4(b)).
3.4. Eﬀect of MFPS1 Combined with Vemurafenib on
Immunomodulatory Activity in Melanoma-Bearing Mice.
The activation of the immune system plays a very important
role in tumor therapy. To further explore the antitumor
mechanisms of MFPS1 in combination with Vemurafenib,
we investigated the expression of immune cell-speciﬁc
markers in PBMC cells. The results showed that the combination of MFPS1 and Vemurafenib enhanced the immunomodulatory eﬀects of Vemurafenib on melanoma-bearing
mice.
The lymphocyte contents in PBMCs for the normal
group, Vemurafenib group, low-dose MFPS1+Vemurafenib
group, and high-dose MFPS1+Vemurafenib group were

29:2 ± 1:34, 37:87 ± 2:85, 45:28 ± 1:33, and 49:4 ± 2:93,
respectively. Compared with the normal group, the lymphocyte contents in PBMCs in the Vemurafenib group, in the
low-dose MFPS1+Vemurafenib group, and in the high-dose
MFPS1+Vemurafenib group were signiﬁcantly increased
(p < 0:01). Compared with the Vemurafenib group, the lymphocyte contents in PBMCs in the low-dose MFPS1+Vemurafenib group and in the high-dose MFPS1+Vemurafenib
group were signiﬁcantly higher (p < 0:05) as indicated in
Figure 5(a).
As shown in Figures 5(c) and 5(d), the content of mature
B cells in PBMCs was increased after the combined treatment
of MFPS1 and Vemurafenib, whereas the content of immature B cells was decreased. A similar trend was also observed
for the T cell content (Figures 5(e) and 5(f)). Additionally,
CD335+ cells were also found to increase after the combined
treatment of MFPS1 and Vemurafenib (Figure 5(b)). Since
CD335 is a cytotoxic activating receptor expressed in activated NK cells, the results above thus suggested that NK cells
were also activated in PBMCs of MFPS1 and Vemurafenibtreated mice.

4. Discussion
Results in this study demonstrated that MFPS1 enhanced the
inhibitory eﬀect of Vemurafenib on tumor growth in
melanoma-bearing mice and the secretion of cytokines
IFN-γ and IL-12 in PBMCs of melanoma-bearing mice.
Moreover, the combination of MFPS1 and Vemurafenib
can enhance the immunomodulatory activity of melanomabearing mice.
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Figure 4: In vivo experiments, MFPS1 enhanced the secretion of cytokines IL-12 and INF-γ induced by Vemurafenib in PBMCs of
melanoma-bearing mice. (a) The concentration of cytokine IL-12 in PBMCs of melanoma-bearing mice after drug treatment; (b) the
concentration of cytokine INF-γ in PBMCs of melanoma-bearing mice after drug treatment. ∗ represents the normal group as the control:
∗
p < 0:05 and ∗∗ p < 0:01; # represents the Vemurafenib group as the control: #p < 0:05 and ##p < 0:01.

It has been reported that Th1 (T helper cells) lymphocytes and M1 macrophages play a crucial role in antitumor immune surveillance and cytotoxicity [19]. We
observed the increased expression of IFN-γ and IL-12 in
PBMC cells after the combined treatment of MFPS1 and
Vemurafenib. On the one hand, IFN-γ secreted by Th1
cells plays a role in maintaining the macrophage M1 phenotype, and on the other hand, M1 macrophages release
IL-12 to maintain the Th1 phenotype [19]. Therefore,
the overexpression of these two cytokines observed in this

study suggests that the combination of MFPS1 and
Vemurafenib can initiate proinﬂammatory antitumor
immune surveillance via m1Φ.
An increase in CD335+ NK cells was also found in
PBMCs treated with MFPS1 and Vemurafenib. It has also
been reported that the overexpression of TNF-α can activate
NK cells against tumor cells [20, 21]. In this study, we also
showed that the combination of MFPS1 and Vemurafenib
can trigger the activation and proliferation of B cells and T
cells.
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Figure 5: Eﬀect of MFPS1 combined with Vemurafenib on immunomodulatory activity in melanoma-bearing mice. Results of
immunophenotypic ﬂow cytometry for a single mouse (a, c, e, h); (a, b) lymphocyte content in PBMCs of melanoma-bearing mice after
drug treatment; (c, d) CD335-positive NK cell content in PBMCs of melanoma-bearing mice; (e, f) the content of mature B cells in
PBMCs of melanoma-bearing mice (upper right corner in (e)); (e, g) the content of immature B cells in PBMCs of melanoma-bearing
mice (lower right corner in (e)); (h, i) the content of mature T cells in PBMCs of melanoma-bearing mice (upper right corner in
(h)); (h, j) the content of immature T cells in PBMCs of melanoma-bearing mice (lower right corner in (h)). ∗ represents the
normal group as the control: ∗ p < 0:05 and ∗∗ p < 0:01; # represents the Vemurafenib group as the control: #p < 0:05 and ##p < 0:01.
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Figure 6: The speculated antitumor mechanism for the
combination use of MFPS1 with Vemurafenib.

5. Conclusion
Taken together, the combination of MFPS1 and Vemurafenib may initiate proinﬂammatory antitumor immune
surveillance via m1Φ, triggering the activation and proliferation of B cells and T cells and enhancing the immunomodulatory activity of melanoma-bearing mice (Figure 6).
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Objective. To observe the eﬀect of sulfated polysaccharide from Undaria pinnatiﬁda (SPUP) on proliferation, migration, and
apoptosis of human prostatic cancer. Methods. DU145 human prostate cancer cells were cultured in vitro, and the proliferation
activity both in the control group and the SPUP treatment groups (25, 50, 100, 200 μg/ml) was measured by CCK-8 assay. The
wound healing assay was conducted to detect the cell migration. Cell apoptosis was measured by ﬂow cytometry. The protein
and mRNA expressions of matrix metalloproteinase-9 (MMP-9) and apoptosis-related factor Bax were detected by qRT-PCR
and Western blot. The expressions of cleaved caspase-3 and cleaved caspase-9 were also determined by Western blot. Results.
(1) CCK-8 results showed that the proliferative activity of DU145 cells was signiﬁcantly decreased with the increase of SPUP
treatment concentration (P < 0:05) in a dose-dependent manner and that the inhibitory eﬀect of SPUP was most signiﬁcant at
72 h (P < 0:05) as compared with the control group; (2) the migration rate of SPUP-treated cells was signiﬁcantly decreased
(P < 0:05) as compared with the control group. And the results of qRT-PCR and Western blot assays showed that SPUP
inhibited the expression of MMP-9 in DU145 cells; (3) compared with the control group, the SPUP-treated groups had
increased apoptosis of the cells. The expressions of apoptosis-related factors cleaved caspase-3, cleaved caspase-9, and Bax were
upregulated (P < 0:05), and the mRNA expression of Bax was increased (P < 0:05). Conclusion. SPUP showed an antitumor
activity in prostatic cancer, and the underlying mechanism may be pertaining to inhibition of migration, proliferation, and
induction of apoptosis of cancer cells.

1. Introduction
Prostate cancer, one of the most common malignancies
in men, is the third leading cause of cancer-related deaths
in men worldwide [1]. As prostate cancer cells are prone to
malignant invasion and metastasis, current treatment for
the disease is still facing diﬃculties [2]. Despite great
advances in cancer treatment over the past decades, patients
with advanced prostate cancer still suﬀer from the lack of
eﬀective treatments [3]. Early prostate cancer and local
lesions can be treated by surgical resection or radiation [4];
however, the mortality rate of prostate cancer with distant
metastasis and castration-resistant prostate cancer remains
high. Therefore, the discovery of promising and eﬀective
treatments for prostate cancer is of great clinical signiﬁcance.

Recent years have seen increasing attention from cancer
experts and scholars to natural antitumor polysaccharides
demonstrating signiﬁcant anticancer activity as well as low
toxic and side eﬀects [5]. More and more researchers
believe that polysaccharides can inhibit the proliferation
of tumor cells; moreover, they can directly induce apoptosis
or enhance immune activity in combination with chemotherapy [6]. Undaria pinnatiﬁda, widely distributed in China
and the rest of the world, is rich in protein, polysaccharides,
and minerals. It has been used as medication and food for centuries [7]. Studies have reported that as Undaria pinnatiﬁda
has various biological functions including immunomodulation, anticancer, and antiviral activities [8], it has become
one of the most popular food for cancer prevention, for
instance, breast cancer [9]. Fucoidan extracted from Undaria
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Figure 1: Gas chromatograms of monosaccharide standards (a) and SPUP hydrolysates (b).

pinnatiﬁda has been proven to have antitumor activity in
prostate cancer cell PC-3, cervical cancer cell A549, and hepatoma cell HepG2 [10]. In addition, it has been found that sulfated polysaccharide from Undaria pinnatiﬁda (SPUP)
inhibits the proliferation and migration activity while promoting apoptosis [11]. However, no study has reported the
therapeutic eﬃcacy of SPUP on prostate cancer. Therefore,
our study will investigate the eﬀect of SPUP on migration,
proliferation, and apoptosis of prostate cancer cell (DU145)
to elucidate its anticancer mechanism.

2. Materials and Methods
2.1. Materials and Reagents. The preparation of SPUP was
described in the publication by Han et al. [12]. The composition of SPUP was identiﬁed by gas chromatography
(see Figure 1). The contents of total sugar, ursolic acid, protein, and sulfate in SPUP were 80.32%, 3.19%, 7.07%, and
29.17%, respectively. In addition, SPUP was composed of
fucose, glucose, and galactose with a molar ratio of 27.21 :
19.41 : 53.49 and a molecular weight of 97.9 kDa. Cell Counting Kit-8 (CCK-8) was purchased from Dojindo Molecular Technologies Inc. (Shanghai, China), and Annexin VFITC/PI Apoptosis Detection Kit was purchased from

Sigma-Aldrich Corporation (USA). TRIzol™ LS Reagent,
RPMI 1640 medium, and fetal bovine serum were purchased
from Thermo Fisher Scientiﬁc (USA). Cleaved caspase-3,
cleaved caspase-9, Bax, and MMP-9 antibodies were all purchased from Abcam Trading Co., Ltd. (Shanghai, China).
PrimeScript RT Master Mix and SYBR-Green Premix were
all purchased from Takara Bio Inc. (Japan).
2.2. Cell Culture. DU145 human prostate cancer cells purchased from FuHeng Cell Center, Shanghai, China, were cultured in a RPMI 1640 medium containing 10% fetal bovine
serum, 10 mg/ml of streptomycin, and 100 U/ml of penicillin
at 37°C, 5% CO2.
2.3. Cell Viability Detected by CCK-8 Assay. DU145 cells in a
logarithmic growth phase were seeded in 96-well plates at a
density of 5000/well and divided into the control group and
the SPUP experimental groups. When cells adhered to the
wells after 24 hours of growth, a RPMI 1640 medium with
diﬀerent concentrations of SPUP (25, 50, 100, and 200 μg/ml)
was added into each well, respectively, and the same volume
of medium was added into a well as the control group.
According to the instruction of the kit, the cell viability of
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each well was measured after 0, 12, 24, 36, 48, and 72 h of
incubation, respectively.

2.5. Cell Apoptosis Detected by Flow Cytometry. DU145 cells
were seeded in 6-well plates at a density of 1 ∗ 105 /well and
cultured for 24 h. After adherence, the control group was
added with SPUP-free medium, while the experimental
groups were treated with diﬀerent concentrations of SPUP
(25, 50, 100, and 200 μg/ml) for 72 h. Then, the cells were
digested with EDTA-free trypsin digestion solution, collected
to the centrifuge tubes, washed with precooled PBS, and centrifuged for three times. The cells were resuspended with
100 μl of binding buﬀer (1 : 1 ratio). Then, each tube of cells
was added with 5 μl of Annexin V-FITC staining solution
and 10 μl of PI staining solution and incubated in the dark
for 15 min at room temperature. Afterwards, the cells were
added with 400 μl of binding solution (1 : 1 ratio), mixed well,
and placed on ice. Samples would be tested on the machine
within 1 h.
2.6. Protein Expression Detected by Western Blot. DU145 cells
were seeded in 6-well plates at a density of 1 ∗ 105 /well and
cultured for 24 h. After adherence, cells were added into
SPUP-free medium as control and treated with diﬀerent concentrations of SPUP (25, 50, 100, and 200 μg/ml) for 72 h.
After that, the whole cell protein was extracted with RIPA
whole cell lysate according to the instruction, followed by
protein electrophoresis, PVDF membrane transfer, incubation combined with speciﬁc primary and secondary antibodies, and ECL ﬂuorescence imaging.
2.7. mRNA Expression Detected by qRT-PCR. The cells were
lysed by a TRIzol method to extract total cellular mRNA.
Reverse transcription of mRNA into cDNA was then performed according to the instruction of the kit for quantitative
ﬂuorescence ampliﬁcation. β-Actin was used as a housekeeping gene to calculate the relative expression level of the target
gene. The primer sequences were as follows: MMP-9 forward
primer: 5 ′ -TCCAACCACCACCACCGC-3 ′ , reverse primer:
5 ′ -CAGAGAATCGCCAGTACTT-3 ′ ; Bax forward primer:
5 ′ -CCCGAGAGGTCTTTTCCGAG-3 ′ , reverse primer: 5 ′ CCAGCCCATGATGGTTCTGAT-3 ′ ; and β-actin forward
primer: 5 ′ -GGCTCCGGCATGTGCAAG-3 ′ , reverse primer:
5 ′ -CCTCGGTCAGCAGCACGG-3 ′ .
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2.4. Cell Migration Detected by Wound Healing Assay. Cells
were seeded in 6-well plates at a density of 1 ∗ 105 /well and
cultured for 48 h. Two 1 mm wide horizontal lines were
drawn across the conﬂuent monolayer of cells in each well
using a pipette tip over ruler. The cells washed 3 times with
PBS were added with a medium as the control group. And
the experimental groups were treated with diﬀerent concentrations of SPUP (25, 50, 100, and 200 μg/ml). Then, the
scratch area was photographed at 0, 48, and 72 h after treatment, respectively, and the scratch width was measured using
image analysis software (cell mobility = ðL0h − Lnh Þ/L0h ∗
100%; n = 48, 72 h).
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Figure 2: Eﬀect of SPUP on the proliferative activity of DU145
cells. Compared with the control group, A: <0.05; within-group
comparison of diﬀerent time points at the same concentration,
B: <0.05.

2.8. Statistical Analysis. All measured data represent as x ±
SD, and each experiment was independently repeated at least
three times. Data were analyzed using SPSS 20.0 statistical
software (USA). Between-group comparison and withingroup comparison at diﬀerent times were performed with
one-way analysis of variance, and P values < 0.05 were considered statistically signiﬁcant.

3. Results
3.1. SPUP Inhibited the Proliferative Activity of DU145 Cells.
As shown in Figure 2, with increasing dose, the proliferative activity of cells was signiﬁcantly decreased (P < 0:05),
which indicated that the inhibitory eﬀect was dose dependent; the eﬀect was most signiﬁcant at 72 h (P < 0:05). Therefore, we took 48 h and 72 h as treatment time points in
subsequent tests.
3.2. SPUP Inhibited the Migratory Activity of DU145 Cells. As
shown in Figure 3, we found that SPUP inhibited the closure
of DU145 cell scratch wound in a time- and dose-dependent
manner. The migration rates of all SPUP-treated cells were
signiﬁcantly smaller than those of the control group
(P < 0:05). The above results showed that SPUP inhibited
the migration of DU145 cells in a dose-dependent manner,
which revealed that SPUP can inhibit the migration of prostate cancer cells.
3.3. SPUP Downregulated the mRNA and Protein Expression
of MMP-9: A Protein Involved in Cell Migration. As shown
in Figure 4, compared with the control group, when the concentration of SPUP was 25 μg/ml, no signiﬁcant change
was observed in MMP-9 protein expression (P < 0:05).
The expression level of MMP-9 was gradually decreased
(P < 0:05) with the increase of SPUP concentration (50,
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Figure 3: Eﬀect of SPUP on the migration of DU145 cells. Compared with the control group, A: <0.05.
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Figure 5: Eﬀect of SPUP on the apoptosis of DU145 cells. Compared with the control group, A: <0.05.

100, and 200 μg/ml), revealing that SPUP inhibited the
expression of migration-related protein MMP-9 at a certain
concentration and the mRNA expression was consistent with
its protein expression.
3.4. SPUP Induced the Apoptosis of DU145 Cells. As shown in
Figure 5, after cells were treated with diﬀerent concentrations
of SPUP for 72 h, various degrees of apoptosis were observed
in all groups of DU145 cells. Compared with the control

group, the apoptosis rates of all SPUP groups were signiﬁcantly increased (P < 0:05).
3.5. SPUP Upregulated the Expressions of Apoptosis-Related
Proteins Cleaved Caspase-3, Cleaved Caspase-9, and Bax. As
shown in Figure 6, compared with the control group, the
expressions of cleaved caspase-3, cleaved caspase-9, and
Bax were signiﬁcantly increased (P < 0:05) in high-dose
groups after SPUP treatment (25, 50, 100, and 200 μg/ml)
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Figure 6: Expression of apoptosis-related protein and mRNA in DU145 cells treated with SPUP. Compared with the control group, A: <0.05.

for 72 h. The mRNA expression of Bax measured by qRTPCR was consistent with its protein expression (P < 0:05).

4. Discussion
In recent years, patients with prostate cancer have suﬀered
from increasingly higher odds of recurrence and limited life
expectancy [13]. At present, surgical resection, radiation
therapy, and hormone therapy are mainly used for the treatment of prostate cancer. However, for patients terminally ill
with metastasis, there is still a lack of eﬀective treatment
measures, which can reduce the harm to their body and
improve their quality of life. As such, it is urgent to develop
new antitumor drugs.
In the study, sulfated polysaccharides isolated from
Undaria pinnatiﬁda and puriﬁed were studied for inhibitory
eﬀects on the growth of prostate cancer cells cultured in vitro.
The inhibitory eﬀect of SPUP on the proliferation of DU145
cells was detected by CCK-8 assay. It was found that when
DU145 cells were treated with diﬀerent concentrations of
SPUP, the inhibition of proliferation was positively correlated with the SPUP concentration. DU145 cells treated with
200 μg/ml of SPUP for 72 h could show signiﬁcantly downregulated proliferative activity as compared with the control
group. To further understand the role of SPUP in prostate
cancer progression, we also performed studies on cell migration and apoptosis, respectively. In the scratch assay, we
chose 72 h as treatment time when cell proliferation was signiﬁcantly inhibited in CCK-8. After treating the cells with
diﬀerent concentrations of SPUP, we found that the degree
of closure of the scratches in all SPUP-treated cells was significantly smaller than that in the control group. Furthermore,
we found that the eﬀect of SPUP on the scratch closure of
DU145 cells was signiﬁcantly dose dependent, suggesting
that SPUP inhibits the migration of prostate cancer cells.
Matrix metalloproteinases (MMPs), including MMP2 and
MMP9, facilitate the invasiveness and metastasis of a variety
of cancer cells by degrading extracellular matrix and other

barriers [14]. MMPs have been shown to be important targets for treating metastatic prostate cancer. For example,
Larsson et al. found that MMP9 can increase the aggressiveness of metastatic cancer and promote the growth of metastatic tumors by interacting with other factors [15]. Li et al.
found that reducing the expression of MMP-9 in prostate
cancer cells was accompanied by a decrease in cell invasion
and migration [16]. Since we found that SPUP-treated cells
inhibit the migration of prostate cancer, we hypothesized
that SPUP exerts the eﬀect through cancer cell invasion and
metastasis-promoting factor MMP-9 [17] and then found
that the higher the concentration of SPUP, the lower the
expression of MMP-9, indicating that SPUP may suppress
cell migration by inhibiting the expression of MMP-9 protein. In terms of induction of apoptosis, DU145 cells were
treated with diﬀerent SPUP concentrations (25, 50, 100,
and 200 μg/ml) for 72 h, and the results indicated that SPUP
can induce apoptosis in a dose-dependent manner in DU145
cells. By detecting the expression of apoptosis-related proteins
cleaved caspase-3, cleaved caspase-9, and Bax as well as mRNA
expression of Bax, we found that the expression level of
apoptosis-related proteins signiﬁcantly increased after treatment of SPUP as compared with the control group, suggesting
that SPUP may promote apoptosis in DU145 cells by upregulating the expression of the above induction-related factors;
yet, the speciﬁc mechanism of pathway needs further study.
The above results showed that SPUP can inhibit the
proliferation and migration of DU145 cells and promote
apoptotic response, and further study based on the results
can underlie necessary data to support the therapeutic eﬀect
of SPUP against prostate cancer, making SPUP a promising
drug for the treatment of prostate cancer.

5. Conclusion
In the study, sulfated polysaccharide isolated from Undaria
pinnatiﬁda and puriﬁed was investigated for its mechanism
and eﬀect on DU145 human prostate cancer cells cultured
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in vitro, expecting to ﬁnd a newly eﬀective drug with low toxicity against prostate cancer. The experimental results conﬁrmed that SPUP can inhibit DU145 cell proliferation,
suppress cell migration by downregulating the expression of
MMP-9 protein, and promote apoptotic response by upregulating the expression of apoptosis-related proteins cleaved
caspase-3, cleaved caspase-9, and Bax. Thus, it can be seen
that SPUP has great potential in treating prostate cancer,
while we still need to conduct more in-depth experimental
studies on its mechanism and large-scale population-based
studies to clarify its therapeutic eﬀect.
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Objective. Polygonatum sibiricum polysaccharide (PSP) has antioxidant activity, immune enhancement, and other biological
properties. However, the eﬀect of PSP on intervertebral disc degeneration has not been reported. In this study, we mainly
investigated the eﬀect of PSP on the apoptosis, inﬂammation, and oxidative stress of nucleus pulposus cells (NPCs) during the
process of intervertebral disc degeneration. Methods. A rat NPC model induced by H2O2 was constructed. The CCK8 method
was used to measure the eﬀects of PSP on the apoptosis of rat NPCs induced by H2O2. The eﬀects on the activity of SOD and
content of MDA were also determined. The rat model of intervertebral disc degeneration was treated with PSP for 1 month, and
the mRNA expression levels of IL-1β, COX2, iNOS, Col2α1, Col10α1, and MMP3 were measured by qPCR in the tissue of
intervertebral disc. NPCs from the degenerated intervertebral discs were separated, and the cell viability was measured by the
CCK8 method. The contents of SOD and MDA in NPCs were determined as well. Results. PSP signiﬁcantly reduced the
apoptosis of NPCs induced by H2O2, signiﬁcantly increased the SOD content, and decreased the content of MDA in H2O2induced NPCs. The expression level of IL-1β, COX2, and iNOS in the rat model with intervertebral disc degeneration was
signiﬁcantly downregulated after 1 month of PSP treatment. PSP treatment increased the expression of Col2α1 type and
signiﬁcantly decreased the expression of Col10α1 type collagen and MMP3 in rats with disc degeneration. PSP treatment
signiﬁcantly reduced NPC apoptosis and increased its SOD content and reduced MDA content, which is consistent with the
results from cell-level experiments. Conclusion. PSP can eﬀectively reduce the apoptosis, inﬂammation, and oxidative stress of
H2O2-induced NPCs in rats with intervertebral disc degeneration and mitigate the progression of intervertebral disc
degeneration, which has the potential to be developed as new drugs for the treatment of intervertebral disc degeneration.

1. Introduction
Polygonatum kingianum Coll.et Hemsl is widely and abundantly distributed in China. Polygonatum sibiricum is the
dry rhizome of Polygonatum kingianum Coll.et Hemsl which
is a well-known traditional Chinese herbal medicine and
functional food [1, 2]. The major extract from Polygonatum
sibiricum is Polygonatum sibiricum polysaccharides (PSP)
mainly consisting of mannose, galactose, glucose, and xylose,

which is also rich in various bioactive components such as
alkaloids, steroidal saponins, ﬂavonoids, and lignin [3, 4].
In recent years, PSP has been reported to have many
pharmacological applications and biological activities, such
as antioxidant, antiaging, antiosteoporosis, antidiabetes, anticancer, and antifatigue, as well as immune enhancement, neuroprotection [5, 6].
Low back pain is a common disease that places a huge
burden on public health and the economy. There are lots of
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reason for causing the low back pain, of which disc degeneration is one of the most important pathological changes; nevertheless, the molecular mechanism of the pathogenesis in
intervertebral disc degeneration remains unclear [7]. There
is increasing evidence that the role of nucleus pulposus cells
(NPCs) in producing extracellular matrix components and
secreting cytokines is critical to maintaining disc integrity.
Importantly, apoptosis of NPCs, inﬂammation, and oxidative
stress is involved in the development of intervertebral disc
degeneration [8]. However, whether PSP with a variety of
bioactivity can eﬀectively treat intervertebral disc degeneration has not been reported yet.

2. Methods
2.1. PSP Extraction and HPLC Detection. The hot water
leaching method was used to extract the PSP. The Polygonatum sibiricum pieces (Golden Leaf Pharmaceutical Co. Ltd.,
China) were mixed with water at the volume ratio of 1 : 8,
which was then boiled for 2 h and repeated three times,
and the aqueous extract was precipitated by ethanol (80%)
(Sinopharm Group, China) to remove the bioactive protein
substance. PSP was obtained after precipitation and evaporation of ethanol [4]. The PSP was then subjected to acid
hydrolysis; speciﬁcally, PSP (0.25 g) was mixed with 0.1 L of
2 mol/L TFA (Sinopharm Group, China) solution and dried
in DHG-9070A oven (Shamghai Bluepard Instruments
Co. Ltd) at 100°C, and 0.1 L methanol (Sinopharm Group,
China) was added afterward to remove the TFA. After 3
times of repeated acid hydrolysis, the product was subjected
to PMP (1-phenyl-3-methyl-5-pyrazolone) derivatization to
obtain an HPLC test solution. In detail, the acid hydrolyzate
was mixed with 0.1 L of 0.3 mol/L NaOH (Sinopharm Group,
China), and 0.12 L of 0.5 mol/L methanol solution was added
after that, the mixer was then incubated at 70°C in a water
bath for 30 min. After that, 0.1 L of 0.3 mol/L HCl (Sinopharm Group, China) was added and an equal volume of
chloroform was used for extraction. The aqueous solution
was taken for drying, and the extracted product is dissolved
in 0.2 L of methanol to obtain an HPLC test solution. HPLC
detection was then carried out using a mixed monosaccharide solution as a control; mannose, glucose, galactose,
xylose, glucuronic acid, rhamnose, galacturonic acid, arabinose, and trehalose were all purchased from Sinopharm
Group, China.
2.2. CCK8 Assay. NPCs were seeded at a density of 5000 cells
per well in 96-well plates. The cells were washed with
phosphate-buﬀered saline (PBS) for 3 times after H2O2 or
PSP treatment. The CCK8 test was performed according to
the kit manual, and the absorbance at 450 nm was measured
with a spectrophotometer to calculate the cell survival rate.
2.3. Apoptosis Detected with Flow Cytometry. The cells were
collected and ﬁxed using absolute ethanol precooled at
-20°C. The ﬁxed cells were slowly and fully resuspended with
RNase A solution (Beijing Solabao Technology Co. Ltd.,
China) to digest the RNA in the cells. 400 μL of a Propidium
Iodide solution (PI, 50 μg/mL) was added to each cell sample
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to stain the nuclei for 10 min in the dark. Flow cytometry
detection was completed within 24 hours after dyeing was
completed. The red ﬂuorescence was detected at an excitation wavelength of 488 nm through the BD ﬂow cytometer
channel FL2, and the light scattering was detected at the
same time.
2.4. Detection of SOD and MDA. The amount of SOD
reﬂecting the content of reducing substances in the cells
was quantitatively measured by the formazan dye, which
indicates the state of the antioxidant substances in the cells.
The formazan dye is a substance that can be removed by
SOD. In this study, we used the SOD test kit (Dojindo,
Japan) to quantify the amount of formazan dye in turn to
study SOD activity. According to the instructions, the OD
value of the test sample and the standard at 450 nm were
measured, and the SOD activity was calculated based on
the formazan dye content.
The level of malondialdehyde (MDA) reﬂecting the
level of oxidation in the cells was determined by the thiobarbituric acid (TBA) method. The OD value of the test
sample and the standard at 530 nm were measured according
to the instruction, and the content of MDA in the sample was
calculated accordingly.
2.5. qPCR. NPCs were collected and total RNA was
extracted with the RNeasy Protect Mini kit (74104, QIAGEN, Germany). The absorbance at 260 nm and 280 nm
of the total RNA was determined by a spectrophotometer.
And the RNA was reversely transcribed into cDNA if the
OD260/OD280 is between 1.6 and 2.0. The qPCR assay was
performed according to the protocol, and the reaction was
conducted in the ABI PRISM 7700 Sequence Detection System with the ABI PRISM 7700 Sequence Detection Software
1.9.1. GAPDH was used as an internal reference gene. The
relative expression level of each gene of interest was represented by 2-ΔΔCt.
2.6. NPC Separation. All experiments in this study were
approved by the Animal Experimental Ethics Committee.
NPCs were isolated from the intervertebral discs of 180 g200 g SD rats. The cells were ﬁrst treated with PBS containing
10% penicillin at 37°C for 10 minutes and then cultured at
37°C for 18 h in DMEM-F12 containing 10% fetal bovine
serum, 0.05 mg/ml ascorbic acid, 1% penicillin, and 0.2% collagenase. NPCs were collected afterward and continued to be
cultured in a DMEM-F12 medium, and the medium was
changed every 3 days.
2.7. Animal Model. Male SD rats were randomly divided into
the following 3 groups (6 in each group): control group,
model group, and PSP treatment group. Rats in the control
group did not receive any treatment and were kept in an ordinary cage. The forelimbs of the rats in the model the PSP
treatment group were excised from the shoulder joint. Specifically, after shaving the front limbs of the rats, the upper limb
skin was disinfected with iodophor. The skin was cut at the
proximal end of the forearm, fascia and muscles were then
removed, the vascular nerve bundle under the deltoid muscle
were ligatured, and the humerus was clamped at the distal
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Figure 1: Chromatography of Polygonatum sibiricum polysaccharide (PSP) derivatization. 1: mannose; 2: glucose; 3: galactose; 4: xylose; 5:
glucuronic acid; 6: rhamnose; 7: galacturonic acid; 8: arabinose; 9: fucose.

end of the ligation. After muscles, blood vessels, nerves, and
skin were cut, the gentamicin hydrochloride was distilled into
the incision; the muscles, fascia, and skin were then sutured
layer by layer. The postoperative rat was forced to maintain
an upright posture for seven months in a specially designed
cage. Rats in the PSP treatment group was given PSP
(600 mg/(kg∗d)) treatment 6 months after their operation
for 30 days. The rats were then sacriﬁced, and the lumbar
spine was analyzed.
2.8. Data Analysis. Data were analyzed using SPSS 21.0. The
results for each group are expressed as mean ± standard
deviation (x ± s). For the comparison between two groups,
independent sample t-tests were used when the variance
was uniform and the Satterthwaite approximate t-test was
used when the variance was not uniform. P < 0 05 indicates
that the diﬀerence was statistically signiﬁcant.

3. Results
3.1. HPLC Detection of PSP Extract. As shown in Figure 1,
compared with the control curve of the monosaccharide mixture, a variety of monosaccharides were well separated in
PSP extract. Four peaks were observed from the test curve.
Compared with the control curve, the majority of monosaccharides in the test sample were mannose, glucose, galactose,
and xylose and the glucose content was much higher than the
other three monosaccharides.
3.2. Protective Eﬀect of PSP on Apoptosis of Rat NPCs Induced
by H2O2. The cytotoxicity of PSP on NPCs at diﬀerent concentrations (0.625 mg/L, 1.250 mg/L, 2.5 mg/L, and 5 mg/L)
was determined by CCK8 assay. The results shown in
Figure 2(a) indicated that PSP from 0.625 mg/L to 5 mg/L
had no signiﬁcant cytotoxic eﬀect on NPCs (P > 0 05). We
further explored the optimal concentration of H2O2 for the
induction of apoptosis in NPCs. The cell viability of NPCs
treated with 100 μM, 200 μM, and 400 μM H2O2 was determined by CCK8, respectively. The result showed that the
three concentration gradients of H2O2 inhibited the viability
of NPCs to various degrees and H2O2 at a concentration of
200 μM reached a 55% inhibition rate (P < 0 05) after 6 h of
treatment as shown in Figure 2(b). To investigate whether

PSP has a protective eﬀect on H2O2-induced apoptosis
in rat NPCs, NPCs were treated with PSP at concentrations of 0.625 mg/L, 1.250 mg/L, 2.5 mg/L, and 5 mg/L separately for 48 h before the induction of apoptosis in NPCs
with 200 μM H2O2. The control group was treated only
with 200 μM H2O2, and ﬁnally, the cell viability of NPCs
was determined using CCK8. The results are shown in
Figure 2(c). Compared with the control group, the PSP
group with 0.625 mg/L to 5 mg/L concentration had a significant protective eﬀect on H2O2-induced apoptosis in NPCs
(P < 0 05), and the cell viability was similar under the treatment of PSP at 1.250 mg/L, 2.5 mg/L, and 5 mg/L, respectively (P > 0 05). Therefore, the smallest dose of 1.250 mg/L
was selected in the subsequent experiments. To further verify
that the PSP had a signiﬁcant protective eﬀect on H2O2induced apoptosis in NPCs, we used ﬂow cytometry to detect
the apoptosis rate of H2O2-induced NPCs that were treated
with PSP from 0.625 mg/L to 5 mg/L. As shown in Figure 3,
compared with the apoptosis rate of 30.4% in the control
group, the apoptosis rate of H2O2-induced NPCs was significantly decreased by PSP (0.625 mg/L to 5 mg/L) to 24.6%,
16.2%, 15.4%, and 15.6% separately (P < 0 05).
3.3. Protective Eﬀect of PSP on H2O2-Induced Oxidative Stress
in Rat NPCs. The amount of SOD reﬂecting the content of
reducing substances in the cells was quantitatively determined by the formazan dye method. The results showed that
the level of SOD in rat NPCs induced by H2O2 was signiﬁcantly lower than that in the blank group (P < 0 05). Whereas
after pretreatment with PSP for 48 hours, the level of SOD in
NPCs induced with H2O2 was signiﬁcantly higher than that
in the model group (P < 0 05) as indicated in Figure 4(a).
The level of malondialdehyde (MDA) reﬂecting the level
of oxidation in the cells was determined by the thiobarbituric
acid (TBA) method. As shown in Figure 4(b), the MDA level
in rat NPCs induced with H2O2 was signiﬁcantly higher than
that of the blank group (P < 0 05). However, after pretreatment with PSP for 48 hours, the MDA level was signiﬁcantly
reduced compared to the model group (P < 0 05).
3.4. Protective Eﬀect of PSP on Inﬂammation of Rats with
Degeneration of the Intervertebral Disc. The rat model with
intervertebral disc degeneration was constructed, and qPCR
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Figure 2: PSP inhibits H2O2-induced apoptosis in NPCs. (a) The toxicity of diﬀerent concentrations of PSP on NPCs. ∗ P < 0 05, compared
with the blank group. (b) The eﬀects on cell viability by diﬀerent concentrations of H2O2. ∗ P < 0 05, compared with 0 μM PSP groups. (c) The
eﬀects of diﬀerent concentrations of PSP on the cell viability aﬀected by 200 μM H2O2. ∗ P < 0 05, compared with the control group.

was used to measure the expression level of IL-1β, COX2,
and iNOS in the cells, which indicate the inﬂammatory state
of the intervertebral disc. The result in Figure 5 showed that
compared with the blank group, the model group rats maintaining the upright posture for a long time had a heightened
expression of IL-1β, COX2, and iNOS (P < 0 05). Subsequently, we administered PSP intragastrically to rats with
the degeneration of intervertebral disc for 1 month and
found that PSP could eﬀectively alleviate the inﬂammation
caused by long-term upright posture. Accordingly, compared
with the model group, the expression level of IL-1β, COX2,
and iNOS in the PSP treatment group was signiﬁcantly
downregulated as shown in Figure 5 (P < 0 05).
3.5. Eﬀect of PSP on Collagen Synthesis and Catabolism in
Rats with Degeneration of the Intervertebral Disc. The mRNA
expression level of Col2α1 and Col10α1 type collagen, as well
as the expression level of Col2α1 degrading enzyme MMP3,
was determined via qPCR. We found that the upright posture
induced the downregulation of Col2α1 and upregulation of
Col10α1 as well as MMP3 (P < 0 05), while PSP pretreatment
completely restored the decrease of Col2α1 mRNA expression and downregulated the expression of MMP3 and
Col10α1, as shown in Figure 6.
3.6. Eﬀect of PSP on the Activity of NPCs in Rats with
Degeneration of the Intervertebral Disc. NPCs were separated
from rats with degeneration of intervertebral discs, and

cell viability was measured by CCK8 assay. The results
showed that NPC activity in the model group was signiﬁcantly lower than that in the blank group (P < 0 05) and
PSP treatment eﬀectively reversed the decrease of cell viability, as shown in Figure 7.
3.7. Eﬀect of PSP on Oxidative Stress of NPCs in Rats with
Degeneration of the Intervertebral Disc. NPCs were separated
from rats with degeneration of intervertebral discs, the
SOD activity and MDA content were measured according
to the instruction of the kit, and the test results were then
normalized. The result showed that the SOD activity in
the NPCs in the model group was signiﬁcantly lower than
that in the blank group (P < 0 05) and the MDA content was
signiﬁcantly increased (P < 0 05). However, with the PSP
treatment, the SOD activity was eﬀectively increased
(P < 0 05) and the content of MDA in the cells was decreased
(P < 0 05), as shown in Figure 8.

4. Discussion
In recent years, signiﬁcant progress has been made in the
study of active polysaccharides [9, 10], among which Polygonatum sibiricum polysaccharide a health food has received
extensive appreciation. Because of its rich biological activity,
many studies have explored its role in osteoporosis, tumors,
and other diseases [11]. Angiogenesis and inﬂammation in
the pathological state of intervertebral disc degeneration
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Figure 3: Flow cytometry was used to detect the eﬀect of PSP on apoptosis induced by 200 μM H2O2. (a) Apoptosis rate in the control group:
30.4%. (b) Apoptosis rate (24.6%) under the treatment of 0.625 mg/L PSP. (c) Apoptosis rate (16.2%) under the treatment of 1.250 mg/L PSP.
(d) Apoptosis rate (15.4%) under the treatment of 2.5 mg/L PSP. (e) Apoptosis rate (15.6%) under the treatment of 5 mg/L PSP.
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Figure 4: Protective eﬀect of PSP on oxidative stress in rat NPCs. (a) Detection of the intracellular reducing substance SOD. (b) Detection of
intracellular oxidation product MDA. ∗ P < 0 05, compared with the blank group. &P < 0 05, compared with the H2O2 induction group.

aggravate the oxidative stress of NPCs, promote the progression of IVDD, and form a vicious circle [12]. Under pathological conditions, excessive reactive oxygen species and
inﬂammation were often generated which, in turn, could
induce apoptosis of NPCs and were considered to be key targets for the treatment of IVDD [13]. We demonstrated that
H2O2 could induce higher levels of MDA in NPCs and could
increase NPC apoptosis in vitro but PSP treatment could
alleviate this change. It has been reported that pretreatment

of PSP signiﬁcantly reduced Aβ(25-35)-induced PC12 cell
death, increased Bax/bcl-2 ratio, inhibited mitochondrial
dysfunction, and released cytochrome c to the cytosol.
In addition, PSP signiﬁcantly inhibited Aβ(25-35)-induced
caspase-3 activation and enhanced phosphorylation of
Akt in PC12 cells [1]. This line of evidence suggests that the
protective eﬀect of PSP may be related to the upregulation
of the PI3K/Akt signaling pathway, which however needs
further research and veriﬁcation. Treatment of NPCs with
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Figure 8: Eﬀect of PSP on oxidative stress in NPCs of rats with
degeneration of the intervertebral disc. ∗ P < 0 05, compared with
the blank group. &P < 0 05, compared with the model group.

PSP prior to H2O2 treatment can alleviate oxidative stress
suggesting the antioxidant activity of PSP. PSP has the function of regulating the activity of the enzyme and the ability to
chelate metal. We have shown a higher SOD content in the
PSP treatment group compared with the model group. By
constructing a rat model with intervertebral disc degeneration, it was further showed that PSP could eﬀectively improve
oxidative stress and mitigate apoptosis of NPCs during intervertebral disc degeneration.
Many studies have also shown that disc degeneration is
typically accompanied by a certain degree of inﬂammation,
and inﬂammation, in turn, promotes the development of
the disease [14–16]. It has also been reported that PSP could
reduce myocardial inﬂammatory injury in type I diabetes by
inhibiting inﬂammatory response via the inhibitory eﬀects
on the expression of TLR4, MIF, and NF-κB [11]. Our
in vivo studies have shown that PSP could inhibit the expression of inﬂammatory mediators in the intervertebral disc and
reduce the expression of Col10α1, as well as increasing the
content of Col2α1 in the intervertebral disc by inhibiting
the expression of Col2α1 degrading enzyme MMP3.

5. Conclusion
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Figure 7: Eﬀect of PSP on the activity of NPCs in rats with
degeneration of the intervertebral disc.

Our in vitro and in vivo experiments conﬁrmed that PSP is
eﬀective for the alleviation of oxidative stress and apoptosis
in NPCs and lumbar disc degeneration caused by prolonged
standing posture. Results from this study showed that PSP is
a potential candidate for the treatment of IVDD-related diseases. Based on these ﬁndings, we ﬁrmly believe that PSP can
play an eﬀective role in inhibiting the degeneration of the
intervertebral disc and is a promising drug for the treatment
and prevention of disc degeneration.
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Objective. To investigate the possible development of radix hedysari polysaccharide as an antiglioma drug, we studied the eﬀect of
radix hedysari polysaccharide on glioma cells in vitro and the growth of glioma in nude mice and on the phagocytosis of
macrophages in nude mice with glioma. Methods. The eﬀect of radix hedysari polysaccharide on the growth of glioma was
studied based on U251 cell line in vitro. The eﬀect of radix hedysari polysaccharide on the growth of glioma was studied in vivo.
The growth inhibition rate of radix hedysari polysaccharide on U251 cell line was determined by the MTT assay. The cell cycle
of U251 was analyzed by ﬂow cytometry. The expression of cytokines in U251 cells and tumor tissues was detected using PCR.
The phagocytosis of macrophages in the serum of glioma nude mice was detected by Giemsa staining. TNF-α signaling pathway
proteins in the serum of glioma nude mice were detected by ELISA. Results. Radix hedysari polysaccharide inhibited the growth
of U251 cells, induced apoptosis in G1 phase by cell cycle arrest, and facilitated apoptosis in glioma mice by regulating cell cycle.
Mice injected with radix hedysari polysaccharide showed delayed tumor growth and grew slowly. Radix hedysari polysaccharide
enhanced the phagocytosis of macrophages in glioma nude mice. Radix hedysari polysaccharides could inhibit tumor
development by regulating the immune function of tumor mice and aﬀecting the TNF-α signaling pathway. Conclusion. Radix
hedysari polysaccharide can eﬀectively inhibit the growth of glioma and aﬀect the TNF-α signaling pathway, thus playing an
antiglioma role.

1. Introduction
Glioma is the most common and fatal primary central nervous system tumor in adults. Although the number of the
therapeutic drugs for glioma is increasing, the therapeutic
eﬀect on glioma is still unsatisfactory. It was investigated that
the survival time after a combined approach of surgical resection followed by chemoradiotherapy is short and the prognosis of patients with glioma is extremely poor [1]. Therefore, it
is still urgent to seek for the excellent drug for the treatment
of glioma. The primary task of developing new drugs is to
explore the eﬀect of drugs on proliferation and invasion of
glioma and molecular mechanisms involved. Polysaccharides
that widely exist in many plants are macromolecular substances with various biological activities, which have not only
attracted extensive attention as excellent biological packaging
materials but have also been widely used in enhancing immu-

nity, anticancer, and anti-inﬂammation [2–5]. It was
reported that polysaccharides induced tumor cell cycle arrest
by regulating cyclin E and D [3] or facilitated apoptosis in
glioma cells by altering the Bax/Bcl-2-p53 axis [6]. Polysaccharides extracted from radix hedysari have attracted much
attention due to their antitumor activity, immunomodulatory eﬀects, and antioxidant properties [7], but there are
few reports on the eﬀects of radix hedysari polysaccharide
on glioma.
In the occurrence and development of glioma, macrophages have two diﬀerent characters, which perform functions of promoting growth and invasion of tumor or
killing tumor cells in diﬀerent microenvironments [8].
And it was reported that radix hedysari polysaccharide
can signiﬁcantly improve the phagocytosis of macrophages
[9]. Tumor necrosis factor (TNF-α) is a key cytokine
involved in inﬂammation, immunity, cellular homeostasis,

2. Materials and Methods
The preparation of radix hedysari polysaccharide, referring
to the preparation method of RHPs-4 by Dongfeng Wei, is
as follows.
2.1. Cell Culture. In our studies, U251 cells were provided by
the Cell Bank of Shanghai Institutes for Biological Sciences,
CAS. U251 cells were cultured in DMEM containing 10%
fetal bovine serum and 100 U/ml penicillin-streptomycin
and were kept in a 37°C incubator with 5% CO2.
2.2. Establishment of Glioma Model of Nude Mice. Twenty
immunosuppressed nude mice (BALB/c-nu; 4-6 weeks old;
16-18 g) were provided by the Beijing Vital River Laboratory
Animal Technology Co. Ltd. and randomly divided into 2
groups. Mice were kept in a pathogen-free environment. All
animal experiments conformed to the international standards for the care and treatment of experimental animals.
U251 cells (5∗ 105) in logarithmic growth phase were taken
for preparing cell suspension. The cell suspension was
injected subcutaneously into the right tissue of nude mice
to establish a xenograft model. Xenografted U251 glioma
model of nude mice was randomly divided into the blank
group and the RHPS group after inoculation. The mice were
administered subcutaneously in the nape of the neck once a
day for 24 consecutive days. The size of the xenografted
tumor was measured with a caliper every 4 days during the
24-day observation period. The volume of the tumor was calculated according to the formula of volume = L∗ S2 /2, and the
growth curve of the tumor was drawn, where L is the longest
tumor diameter and S is the shortest diameter of the twodimensional tumor. The animals were sacriﬁced after observation, and the tumor weight was measured. Xenografted
tumor tissue was taken and then prepared for cell suspension
using a tissue homogenizer.
2.3. In Vitro Growth Inhibition Assay. The inhibitory eﬀect of
RHPS on human glioma cell line U251 or glioma in nude
mice was studied by the MTT assay. Tumor cell suspension
was prepared with cells (8 × 103 cells/well) seeded in 96well plates. The diﬀerent concentrations of RHPS or CPT
were added, and cells were cultured for 48 hours at 37°C.
Then, the culture medium was removed, and 0.5 mg/ml of
MTT reagent 20 μl was added for incubation for 4 hours.
The MTT reagent was discarded, and DMSO (150 μl/well)
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and tumor progression. TNF-α plays an essential role on
the normal cell proliferation and function of macrophages,
NK cells, T cells, B cells, and dendritic cells, and it is an
important eﬀector molecule for cell-mediated killing of
some tumors [10]. Therefore, we proposed that radix
hedysari polysaccharides can aﬀect tumor growth and
immune response through TNF-α signaling pathway. To
explore the eﬀect of radix hedysari polysaccharide on glioma, we studied the eﬀects of radix hedysari polysaccharide on glioma cells in vitro and the growth of tumors
in nude mice with glioma and on the phagocytosis of
macrophages in nude mice with glioma.
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Growth inhibition rate (%)

2

Figure 1: The growth inhibition of diﬀerent concentrations of radix
hedysari polysaccharide on U251 cells detected by the MTT assay.
∗
P < 0 05, comparing the 50 μg/ml RHPS experimental groups.

was added. The absorbance at 570 nm was measured by a
spectrophotometer.
2.4. Cell Cycle Analysis. The eﬀect of RHPS on cell cycle of
U251 was detected using ﬂow cytometry. U251 glioma cells
(4 × 105 ) were incubated with RHPS (500 μg/ml) for 48
hours and then rinsed with PBS twice. Afterwards, the cells
were ﬁxed using 75% ethanol at 4°C overnight. Before ﬂow
cytometry analysis, the ﬁxed cells were washed with PBS
twice and stained with 50 μg/ml PI solution for 30 min at
room temperature. The stained cells were transferred and ﬂowed through a test tube with a 40 μm nylon mesh strainer for
ﬂow cytometry analysis.
2.5. Detection of Cytokine Expression. Expression levels of
Bax, Bcl-2, caspase-3, and P53 mRNA were detected by RTPCR. Sample cells or an appropriate amount of tumor tissues
was collected, ground, and homogenized for subsequent
RNA extraction. RNA extraction was carried out in accordance with the manufacturer’s instructions. RNA concentration was quantitated by value of O.D before reverse
transcription experiment, and the product cDNA was stored
at -20°C. The PCR reactions were performed according to the
instructions of the ﬂuorescent quantitative PCR kit in which
cDNA served as a template. Quantitative analysis was performed using 2-ΔΔct.
2.6. Western Blot Assay. We adopted western blot to detect
the protein expression levels of cytokines Bax (Abcam,
ab32503), Bcl-2 (Abcam, ab32124), caspase-3 (Abcam,
ab13847), and p53 (Abcam, ab26). GAPDH (Abcam,
ab181602) was used as an internal reference gene, and antibodies were used according to the product insert for Bax,
Bcl-2, caspase-3, p53, E-cadherin, and GAPDH. Scanning
imaging was performed using an imaging system (TANON,
Tanon-5200), and the desired result has been achieved by
resensing or shortening the photosensitizing time depending
on the intensity of the band.
2.6.1. Secondary Antibody. Membranes incubated with primary antibody were washed three times with TBST for
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Figure 2: G1 arrest in glioma cells induced by radix hedysari polysaccharide. ∗ P < 0 05, comparing the blank experimental groups.

5 min. The HRP-conjugated secondary antibody was subsequently diluted 1 : 1000 according to the amount and incubated with the membrane for 1 h at 37°C. They were
washed three times with TBST for 5 min.
2.7. Macrophage Activity. Macrophage activity was detected
by macrophage phagocytosis of chicken erythrocytes.
Twenty-four hours after the last administration, the mice
were intraperitoneally injected with 5% chicken red blood
cell suspension 1 ml and sacriﬁced 1.5 hours later. The smear
of rat peritoneal ﬂuid was incubated at constant temperature
of 37°C for 30 min, washed and dried, and then stained with
Giemsa-Reiter solution for 15 min. Afterwards, it was washed
and dried again with distilled water and observed under an
oil immersion lens for counting cells. The phagocytic rate
(number of macrophages that phagocytose chicken red blood
cells/300 macrophages multiplied by 100%) and phagocytic
index (total number of phagocytized chicken erythrocytes/300 macrophages) were calculated.

2.8. Detection of TNF-α Signaling Pathway. We further
detected TNF-α, NF-KB P56, and caspase-3 in the serum of
glioma nude mice by ELISA.

3. Results
3.1. Growth Inhibition Test of Radix Hedysari Polysaccharide
on Glioma Cell Lines. The study set three groups: the blank
control group, the RHPS experimental group (50 μg/ml,
250 μg/ml, and 500 μg/ml), and the camptothecin- (CPT-)
positive control group. The growth inhibition rate of radix
hedysari polysaccharide on glioma cell lines was determined
by the MTT assay. As shown in Figure 1, the growth inhibition rate of radix hedysari polysaccharide on glioma cell lines
showed dose dependency. The inhibition rate in the low-dose
group was 29.5%, and the rate in the middle-dose group was
45.3%. The inhibition rate in the high-dose group was 66.0%,
revealing that the growth of cells in the group was signiﬁcantly suppressed compared with that of other groups
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Figure 3: Eﬀect of radix hedysari polysaccharide on cytokines in glioma cell lines. ∗ P < 0 05, comparing the blank experimental groups.

3.3. Eﬀect of Radix Hedysari Polysaccharide on Cytokines in
Glioma Cell Lines. The cytokine expressions of the control
group and the administration group treated with 500 μg/ml
radix hedysari polysaccharide were detected by PCR. The
results showed that the expression levels of P53 and Bax
mRNA were signiﬁcantly increased (P < 0 05), while the
expression level of Bcl-2 mRNA was signiﬁcantly decreased
(P < 0 05), which indicated that radix hedysari polysaccharide induced the apoptosis of U251 cells by changing the
expression of cytokine genes (see Figure 3). As compared
with the control group, the expression levels of cyclin E and
cyclin D in the administration group were signiﬁcantly
decreased (P < 0 05) (see Figure 3(a)) and the results of the
western blot assay were consistent with those of the PCR
assay (see Figure 3(b)), which further indicated that radix

Tumor volume

3.2. Eﬀect of Radix Hedysari Polysaccharide on Cell Cycle of
Glioma Cell Lines. In order to further explore the inhibitory
eﬀect of radix hedysari polysaccharide on U251 cells, we
studied the changes in the cell cycle of U251 cells and analyzed their cell cycle distribution by ﬂow cytometry.
Figure 2 shows the eﬀects of radix hedysari polysaccharide
on the cell cycle of U251 cells (G1, S, and G2). As compared
with the control group (the cell ratio in the G1 phase was
61.4%), the ratio of U251 cells in the G1 phase was signiﬁcantly increased in the experimental group treated with
500 μg/ml of radix hedysari polysaccharide (the cell ratio in
the G1 phase was 71.1%, P < 0 05). The results indicated that
radix hedysari polysaccharide can suppress the growth of
U251 cells and induce apoptosis in the G1 phase by cell cycle
arrest (Figure 2).
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(Figure 1). These results indicated that radix hedysari polysaccharide obviously suppressed the growth of U251 cells
and 500 μg/ml of radix hedysari polysaccharide had a better
eﬀect of inhibiting cell growth.
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Figure 4: Eﬀect of radix hedysari polysaccharide on the volume of
tumor in nude mice with glioma.

hedysari polysaccharide induced apoptosis in the G1 phase
through cell cycle arrest.
3.4. Eﬀect of Radix Hedysari Polysaccharide on Mean Mass
and Volume of Tumors in Nude Mice with Glioma. We have
demonstrated that radix hedysari polysaccharide inhibited
the proliferation of U251 cells in vitro by inducing G1 cell
cycle arrest. The glioma model of nude mice was established
to study the eﬀect of radix hedysari polysaccharide on the
growth of glioma in vivo. As shown in Figure 4, the mice
injected with radix hedysari polysaccharide grew slowly and
the progression of tumors in vivo was delayed. As compared
with the high-dose group (400 mg/kg), the growth delay of
the low-dose group (150 mg/kg) was signiﬁcantly increased
and the volume of tumor after 24 days of administration
was signiﬁcantly decreased (P < 0 05). After 24 days of
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signiﬁcantly increased after administration of radix hedysari
polysaccharide (P < 0 05). There were also remarkable diﬀerences between the high-dose group and the low-dose group
(see Table 1). The results showed that radix hedysari polysaccharide enhanced the phagocytosis of macrophages in the
nude mice with glioma.
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Figure 5: Eﬀect of radix hedysari polysaccharide on cytokines in
glioma tissues.

administration, the masses of the blank control group, the
low-dose group, and the high-dose group were 0 32 ± 0 17 g
, 0 13 ± 0 08 g, and 0 15 ± 0 05 g, respectively. The tumor
mass of mice injected with radix hedysari polysaccharide
was decreased signiﬁcantly (P < 0 05), and the tumor mass
of the low-dose group was decreased signiﬁcantly (P < 0 05)
compared with that of the high-dose group after 24 days of
administration. These data suggested that radix hedysari
polysaccharide can obviously inhibit tumorigenesis in nude
mice.
3.5. Eﬀect of Radix Hedysari Polysaccharide on Cytokines in
Glioma Tissues. We examined the eﬀect of radix hedysari
polysaccharide on the changes in cytokine expression of
tumor tissue cells by PCR. The results showed that the
expression levels of P53 and Bax mRNA were signiﬁcantly
increased (P < 0 05), which was similar with the results
in vitro, while the expression of Bcl-2 mRNA was signiﬁcantly decreased (P < 0 05). The results indicated that the
radix hedysari polysaccharide induced the apoptosis of
tumor cells by changing the expression of cytokine genes
in vivo (see Figure 5). As compared with the control group,
the levels of cyclin E and cyclin D in tumor tissues of the
administration group were signiﬁcantly reduced (P < 0 05),
indicating that the radix hedysari polysaccharide induced
the apoptosis in mice with glioma by regulating the cell cycle
(see Figure 5). The eﬀect of radix hedysari polysaccharide on
cytokine expression of tumor tissue cells was not dose
dependent.
3.6. Eﬀect of Radix Hedysari Polysaccharide on Phagocytosis
of Macrophages in the Serum of Nude Mice with Glioma. Differentiation and development of glioma are closely related to
the phagocytosis of macrophages. We detected the phagocytosis of macrophages in the serum of nude mice with glioma
by Giemsa staining. The results showed that the phagocytic
rate and index of the nude mice with glioma were signiﬁcantly lower than those of the normal nude mice (P < 0 05),
while the phagocytic rate and index of nude mice with glioma

3.7. Eﬀect of Radix Hedysari Polysaccharide on TNF-α
Signaling Pathway in Nude Mice with Glioma. As radix hedysari polysaccharide can enhance the phagocytosis of macrophages, we further detected such TNF-α signaling pathway
proteins as TNF-α, NF-KB P56, and caspase-3 that are
closely related to the macrophages in the serum of the nude
mice with glioma by ELISA. The results showed that the
expressions of TNF-α and caspase-3 in the nude mice with
glioma were signiﬁcantly lower than those in normal nude
mice (P < 0 05), while the expression of NF-KB P56 was signiﬁcantly overexpressed (P < 0 05). And this was obviously
improved after the administration of radix hedysari polysaccharide. As compared with the nude mice with glioma, the
expressions of TNF-α and caspase-3 in the serum were significantly elevated in the administration group (P < 0 05), and
the highly expressed NF-KB P56 was signiﬁcantly inhibited
(P < 0 05) (see Table 2).

4. Discussion
Polysaccharides play an antitumor role by aﬀecting tumor
diﬀerentiation and apoptosis, changing intracellular signal
transmission and immune regulation [11, 12]. This study
found that radix hedysari polysaccharide inhibited the
growth of U251 in vitro and arrested cells in the G1 phase,
which is consistent with the results reported in other studies
[13]. At present, there are many apoptosis-induced drugs,
but their toxic and side eﬀects are also serious [14]. As a macromolecular drug extracted from plants, radix hedysari polysaccharide has better eﬀects in enhancing immunity,
anticancer, and anti-inﬂammation and has less toxic and side
eﬀects, which therefore is a good candidate drug.
Studies have found that macrophages play an active role
in the growth and invasion of glioma. However, as the main
cells involved in the immune system, they can secrete TNF to
induce apoptosis of tumor cells or directly engulf tumor cells
under variable microenvironment [15]. The study found that
phagocytosis of macrophages was signiﬁcantly enhanced by
the stimulation of radix hedysari polysaccharide. The link
between inﬂammation and cancer has been well realized in
the treatment of many cancers, and inﬂammation is considered the seventh characteristic of cancer. TNF-α is the main
mediator of cancer-associated inﬂammation and is a factor
that promotes tumor growth. The proinﬂammatory eﬀect
of TNF-α was mainly due to its ability to activate NF-κB,
while its antitumor eﬀect was due to the activation of
caspase-3 and the induction of apoptosis. When exposed to
TNF-α, NF-κB is activated and results in the expression of
a variety of inﬂammation-related genes in almost every type
of cell. However, the sustained activation of NF-κB is associated with several aspects of tumorigenesis, such as promoting
tumor cell proliferation, preventing apoptosis of drug-
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Table 1: Enhancement of phagocytosis of macrophages in nude mice with glioma by radix hedysari polysaccharide.
Normal nude mice
(n = 6)

Group

Nude mice with glioma
(n = 6)

150 μg/ml dose group
(n = 6)

400 μg/ml dose group
(n = 6)

Phagocytic rate

24 6 ± 1 5

22 1 ± 1 8

38 6 ± 2 3

36 9 ± 1 9

Phagocytic index

0 87 ± 0 02

0 77 ± 0 15

1 12 ± 0 17

0 99 ± 0 24

Table 2: Eﬀect of radix hedysari polysaccharide on the TNF-α signaling pathway in nude mice with glioma.
Normal nude mice
(n = 6)

Nude mice with glioma
(n = 6)

150 μg/ml dose group
(n = 6)

400 μg/ml dose group
(n = 6)

16 65 ± 1 56

14 21 ± 1 57

21 69 ± 2 73

18 68 ± 1 09

NF-KB p65 (μg/ml)

27 69 ± 3 45

206 45 ± 15 12

69 16 ± 7 46

94 12 ± 11 14

Caspase-3 (μmol/l)

89 64 ± 11 44

80 69 ± 9 46

183 46 ± 13 56

126 67 ± 10 82

Group
TNF-α (pg/ml)

resistant cells, and increasing tumor angiogenesis and metastasis [16]. However, it was reported that local and repeated
injections of large amounts of human recombinant TNF-α
can induce hemorrhagic tumor necrosis in homologous and
xenograft tumors. By contrast, low-dose chronic TNF-α
had angiogenic activity and promoted tumor progression
[17]. In this study, the low dose of radix hedysari polysaccharide could signiﬁcantly increase the levels of TNF-α and
caspase-3 in the serum of glioma nude mice and reduce the
content of NF-κB. The results suggest that radix hedysari
polysaccharide can regulate the immune function of tumor
mice, aﬀecting the TNF-α signaling pathway to inhibit tumor
development.
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The pathogeny of osteoarthritis (OA) is very complicated and still is one of the diﬃculties in a treating procedure. Here, we
constructed nanoparticles using hyaluronan acid (HA) and astragalus polysaccharides (APS) for OA therapy. We assessed OA
biomarkers and IL-1β-induced matrix metalloproteinase (MMP) expressions. Nanoparticles of 100 nm showed high drug
loading of 28.6% (w/w) and extended drug release of 59% over 1 month. Our results demonstrated that nano treatment
signiﬁcantly improved IL-1β-induced cell viability of chondrocytes. Induction of MMP-9, MMP-13, and TNF-α was alleviated
by nanoparticles. Furthermore, nano elevated the expression of osteopontin (OPN) and attenuated inducible nitric oxide
synthase (iNOS) protein. Our data indicated the protective role of HA and APS-capsuled nanoparticles in OA treatment.

1. Introduction
Polysaccharides not only are the main constituent of natural
products and energy suppliers but also have exclusive and
important biological activities. For example, it can improve
the immunity and has obvious antioxidation and anticoagulation eﬀects [1]. These bioactivities of polysaccharides are
important for organisms, which have become the focus of
many research disciplines. As reported, many traditional
Chinese medicine polysaccharides used alone or combined
with other traditional Chinese medicine polysaccharides
can not only improve the local microcirculation but also
reduce the microcirculation intraosseous pressure, scavenge
oxygen free radicals, and inhibit synovitis and cartilage apoptosis and abnormal regulation of cytokines [2–5]. The pathological changes of the immune organs can improve the
synovial lesion of the joint and eﬀectively inhibit the inﬂammation. Therefore, the research on astragalus polysaccharides
(APS) of traditional Chinese medicine may become one of the
important directions of prevention and cure of OA.
Accumulated evidence has revealed the potential mechanism of prevention and treatment of OA by polysaccharide of
traditional Chinese medicine [6]. To tackle the dilemma of

rapid clearance of biologically active molecules from the
lesion, nanoparticles were considered in this study. HA is
also a type of biopolymer widely used in treating OA. However, injected HA is not a long-lasting treatment and remains
uncertain because of the degradation [7]. Polypeptide
micelles combined with antitumor drug and polyion complex have been documented [8, 9]. In addition, recently,
HA has been used in drug delivery nanoparticles for targeting
cell-surface glycoprotein 44- (CD44-) overexpressed solid
tumors [10]. Considering that HA helps the elasticity of
synovial ﬂuid and binds to CD44 which is highly expressed
in chondrocytes, we used HA as a drug carrier and fabricated
HA-coated nanoparticle to target OA sites.
Thus, in the present study, we developed a novel drug
delivery system composed of hyaluronan acid and astragalus
polysaccharides. We subsequently evaluated the therapeutic
eﬀects of formulated HA and APS-capsuled nanoparticles
on isolated human articular chondrocytes.

2. Materials and Methods
2.1. Synthesis of Nanoparticles. The nanoparticles formulated are comprised of two polymers: HA and APS. The

2

2.2. In Vitro Drug Release. Saline solution (0.9% (w/v) NaCl)
and nano were saturated with the dexamethasone base (0.05,
0.50, and 2.50 mg mL−1, respectively) at 20°C. Ten milliliters
of each of the previous solutions was dialyzed (MWCO:
1000, Spectra/Por® membrane) against 400 mL of 0.9%
(w/v) NaCl for 28 h at 37°C and 80 RPM. The polymer matrix
was hydrolyzed by heating (121°C) to release the remaining
content of dexamethasone, and DMSO was added (1 : 1,
water : DMSO). The quantity of the drug released at each
time point was quantiﬁed by reversed-phase UHPLC using
a C18 Hypersil Gold column (50/2.1, 1.9 μm bead particle
size, Thermo Scientiﬁc, Waltham, USA). The mobile phase
consists of 0.1% (v/v) formic acid in water (A) and 0.1%
(v/v) triﬂuoroacetic acid (TFA) in acetonitrile (B), and the
following gradient elution sequence was applied at a ﬂow rate
of 400 μL min−1: 30–95% A (0–3 min), 95–10% A (3–4 min),
10–30% A (4–4.5 min), and 30% A (4.5–5 min).
2.3. Isolation of Articular Chondrocytes. OA model rabbits
(New Zealand female rabbits, 8-month-old, 4 5 ± 0 5 kg)
were created using the classic Hulth method as previously
reported [2]. Synovial tissues were isolated from the knee
joints of New Zealand white rabbits (female, average weight:
2 5 ± 0 5 kg) after being sacriﬁced with overdose of pentobarbital sodium (Sigma-Aldrich) under sterile conditions.
The experimental protocol was approved by the Institution’s
Animal Care and Use Committee of Jining No. 1 People’s
Hospital. Cartilage was cut into small pieces and digested
by 0.2% collagenase II (Gibco, Carlsbad, CA, USA) at 37°C
for 12 h. After washing twice with PBS, the isolated synoviocytes were cultured in monolayers in culture medium composed of DMEM/F12 (Gibco) supplemented with 10% fetal
bovine serum (FBS; Gibco, USA) and 1% antibiotics at 37°C
with 5% CO2.
2.4. Release of Nanoparticles. Lyophilized nanoparticle powder (2 mg) was resuspended with 5 mL phosphate-buﬀered
solution (PBS) and shaken at 100 r/min at 37°C. 500 μL
of buﬀer was collected and measured at a predetermined
time point. The amounts of releases were calculated as
follows: accumulated released ration = APS amount in buﬀer/
total APS amount × 100%. The encapsulation eﬃciency

80
Accumulated release (%)

preparation of nanoparticles was performed as described
previously [11]. We followed and modiﬁed the methods
of Maudens et al. [12]. 1,2-Dilauroyl-sn-glycero-3-phosphoethanolamine (DLPE) and 1,2-dilauroyl-sn-glycero-3glycerol (DLPG) were from Avanti Polar Lipids Inc. (Alabaster, AL, USA). HA obtained from Sigma-Aldrich (St. Louis,
MO, USA) was diluted to 2 mg/mL in distilled water. APS
and lipids (DLPE : DLPG mole ratio of 7 : 3) were dissolved
in ethanol and mixed with HA. Nanoparticle solution was
evaporated to dry overnight at room temperature in a Buchi
Rotary Evaporator Vacuum System. Nanoparticle size was calculated by dynamic light scattering (DLS) using a BI-200SM
size analyzer. The nanosuspensions were lyophilized and
stored at 4°C for further use. The concentration of nano formulation includes 8% ethanol (96%), 92.8% HA (mL/mL),
and 0.2% APS (g/mL).
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Figure 1: Release of nanoparticles in PBS (pH 7.4). Data are
expressed as the mean ± standard deviation SD (n = 4). At least
three independent experiments were conducted.

(EE) and loading eﬃciency (LE) were determined as previously reported [13]: drug loading = wt drug entrapped/wt
microparticles × 100%.
2.5. Cytotoxicity Assays. Cell proliferation was assayed using
the Cell Counting Kit-8 (CCK-8; Dojindo, Japan). 100 L cell
(2 × 106 /well) suspension was prepared in a 96-well plate
(37°C and 5% CO2) for 24 hours. Various concentrations of
nanoparticles (0.5, 5, 10, and 100 mg/L APS) or IL-1β
(10 ng/mL) were added to each well at diﬀerent concentrations and incubated for 24 hours. There were 6 groups in
the present study: control (DMEM medium), IL-1β, IL1β+0.5 mg/L APS, IL-1β+5 mg/L APS, IL-1β+10 mg/L APS,
and IL-1β+100 mg/L APS. After incubation for 24 h, add
10 L CCK-8 solution to each well. Incubate the plates in the
incubator for 1-4 hours. The absorbance at 450 nm was
determined by a microplate analyzer (model 680; Bio-Rad,
Hercules, CA, USA). Chondrocytes cultured without NMPs
served as the control group.
2.6. Measurement of IL-1β, iNOS, OPN, and TNF-α. Blood
samples collected from rabbit were centrifuged at 1000 g for
15 min and 10 000 g for 10 min at 4°C. OPN, iNOS, and
TNF-α were measured by ELISA (Hercules, CA, USA)
according to the speciﬁcations of the manufacturer. Data
were analyzed by Bio-Plex Manager software 6.1 to obtain
concentrations.
2.7. Western Blot Analysis. Proteins were extracted from the
articular chondrocytes. After the concentrations of the proteins were evaluated, equal amounts of protein were electrophoresed on sodium dodecyl sulfate-polyacrylamide gel
and transferred to polyvinylidene diﬂuoride (PVDF) membranes. The membranes were blocked with 2% nonfat dry
milk in Tris-buﬀered saline-0.05% Tween (pH 7.4) and incubated with anti-OPN and anti-iNOS antibodies (1 : 2000,
Abcam) at 4°C overnight. The membrane was washed three
times and incubated with horseradish peroxidase-conjugated
secondary antibody (Abcam) at 37°C for 2 h. The protein
bands were visualized by an enhanced chemiluminescence
system, and GAPDH (Abcam) was used as an internal control
to normalize.
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Figure 2: Nanoparticles attenuate the inhibitory eﬀect on the cell viability induced by IL-1β. Cell viability of articular chondrocytes was
evaluated using the CCK-8 assay. At least three independent experiments were conducted. (a) OA chondrocytes were treated with various
concentrations of APS-loaded nanoparticles (0, 0.5, 5, 10, and 100 mg/L) for 24 h. (b) OA chondrocytes were treated with various
concentrations of APS-loaded nanoparticles (0.5, 5, 10, and 100 mg/L) with IL-1β (10 ng/mL) for 24 h. ∗ P < 0 05 compared with the
control group, #P < 0 05 compared with the IL-1β group.

2.8. Statistical Analysis. All the continuous data were presented as the mean ± SD. All statistical analysis was performed using SPSS17.0. Unpaired Student’s t-test was used
for the comparisons between two diﬀerent groups. P < 0 05
was considered signiﬁcant.

3. Results
3.1. Basic Characteristics of APS-Loaded Nanoparticles. The
nanoparticles have an average diameter of 110 6 ± 12 8 nm.
The encapsulation eﬃciency was 32 4 ± 0 19%, and the loading eﬃciency was 75 0 ± 0 02%. The APS was released from
nanoparticles in PBS (Figure 1). With the degradation of
HA, the structure of nanoparticles was broken up and APS
was released. In addition, nanoparticles of 100 nm showed
high drug loading of 28.6% (w/w) and extended drug release
of 59% over 1 month.
3.2. Cytotoxicity of Nanoparticles. We next examined the
eﬀect of nanoparticles on cell viability using the CCK-8 assay.
As shown in Figure 2(a), treatment with nanoparticles caused
slight decrease in cell viability. Also, we observed that when
compared with the control group, IL-1β treatment remarkably decreased the cell viability of articular chondrocytes
(Figure 2(b), P < 0 05). However, APS-capsuled nanoparticles sharply improved cell viability inducted by IL-1β in a
dose-dependent manner. There is no signiﬁcant diﬀerence
between 10 and 100 mg/L APS; thus, 0.5-10 mg/L of APS
was used in the following experiments.
3.3. The Production of MMP-9, MMP-13, and TNF-α. ELISA
results showed that nano containing 0.5, 5, and 10 mg/L APS

signiﬁcantly decreased the concentrations of MMP-9, MMP13, and TNF-α, which was signiﬁcantly elevated by IL-1β
(Figure 3, P < 0 05). These results indicated that APSloaded nano could reduce the levels of inﬂammation cytokines and matrix-degrading proteins, therefore protecting
articular chondrocytes.
3.4. The Expression of OPN and iNOS. Then, we veriﬁed
the eﬀects of APS on OPN and iNOS in OA chondrocytes cultured with IL-1β. The data of the Western blot
assay demonstrated that IL-1β signiﬁcantly decreased
the protein expression of OPN and increased the expression of iNOS, as compared with the control (Figure 4).
However, APS-encapsuled nano markedly elevated IL-1βinduced OPN proteins and attenuated IL-1β-induced iNOS
protein expression.

4. Discussion
All over the world, osteoarthritis is the most common joint
disease, disturbing approximately 10% of men and 18% of
women aged over 60, which was regarded as immortal cancer
[14]. In general, there are various aspects in the pathogenesis
process, including cytokines, apoptosis, and protease [15].
Current therapies are not eﬀective or have unwanted side
eﬀects. Self-targetability has emerged as a new targeting
strategy that has been used in breast tumor, orthotopic hepatoma, and other diseases [16, 17]. Recently, a body of evidence showed that polysaccharide drugs for OA are a
promising approach in early and midterm treatment [18].
APS has been used in the treatment of OA in the past
years. In this study, APS was chosen as a therapeutic agent
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Figure 3: The levels of MMP-9, MMP-13, and TNF-α were determined using ELISA. The values are expressed as the mean ± standard
deviation SD . ∗ P < 0 05 compared with the control group; #P < 0 05 compared with the IL-1β group.
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Figure 4: The protein levels of OPN and iNOS in articular chondrocytes. OA chondrocytes were pretreated with various concentrations of
APS-loaded nanoparticles. ∗ P < 0 05 compared with the control group; #P < 0 05 compared with the IL-1β group. OPN: osteopontin.

because of the speciﬁc biological eﬀect of polysaccharides.
Hydrogels composed of natural polymers such as hyaluronic acid have been used in the delivery of biologies. Importantly, HA is capable of enhancing delivery eﬃciency for
chondrocytes due to the fact that CD44 is the primary
receptor for HA internalization, thus facilitating the access
to chondrocytes in the joint. Due to the small size and large
speciﬁc surface area, nanoparticles are considered to be a
promising medicine [5, 19, 20]. In the present study, we
ﬁrst combined these two agents and encapsulated both
APS and HA in the nano structure.
In our study, the APS-loaded nano were prepared
successfully (the morphology of microspheres was not
shown). The data of CCK-8 assays showed that various concentrations of nanoparticles presented low cytotoxicity and

improved the IL-1β-induced damage in chondrocytes. Based
on the cytotoxicity data, we believed that the nano was safe
and excellent.
It has been known that the MMP family is a vital biomarker related to articular cartilage degeneration [21].
MMPs are a big family including MMP-1, MMP-2, MMP3, MMP-5, MMP-9, and MMP-13 [22]. Among these,
MMP-9 and MMP-13 are well-studied in the role of OA.
Elevation of MMP-9 and MMP-13 is responsible for cleaving extracellular matrix and the construction of chondrocytes [23–25]. Here, we found that our modiﬁed nano
declined the elevation of MMP-9 and MMP-13 induced
by IL-1β. Moreover, the nano had signiﬁcantly decreased
the expression of inﬂammatory factor TNF-α, indicating
the anti-inﬂammation role of APS and HA combined nano.
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OPN is known as a cytokine related to OA metabolism;
it is noncollagen bone matrix glycoprotein that mediates
varied kinds of biological behaviors and often presents in
the cartilage and synovial ﬂuid of patients with OA [26].
OPN is an inhibitor to inﬂammatory substances such as
IL-1 and NO, thus inhibiting the inﬂammatory process
in cartilage [27]. iNOS is an isoform of the NO synthase
family of enzymes, which correlates with the development
of toxicity [28]. Stimulation of IL-1β could increase the
expression of iNOS in chondrocytes therefore promoting
NO production [29]. We investigated the eﬀect of nanosphere on the production of OPN and iNOS. Western blot
analyses indicated that the nanosphere eﬀectively attenuated the levels of OPN and iNOS, leading to suppression
of the inﬂammatory process. These results suggested that
the anti-inﬂammatory mechanism of nanosphere is due
to the inhibition of key cytokines.
In summary, we provide a new microsphere of modiﬁed
medicine that overcomes the quick degradation of drugs.
We conclude that APS- and HA-loaded nano can eﬀectively
promote the survival of chondrocytes and protect chondrocytes by regulating the cytokines and proteinase.
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Objective. Repair of bone defects represents a grave clinical challenge because of the tremendous diﬃculties in the recovery of bone
function and regeneration of bone loss. Therefore, we investigated the eﬀects of platelet-rich plasma-loaded (PRP) porous chitosan
microspheres (PCMs) on the diﬀerentiation of bone marrow-derived mesenchymal stem cells (BMSCs) and the proliferation and
diﬀerentiation potential of BMSCs loaded by PCMs in vitro. We also established the model of bone defect repair in rat tibia to
further explore the eﬀects of PCMs loaded with PRP and BMSCs on bone regeneration. Methods. MTT assay was used to detect
the proliferative ability of BMSCs after hypoxia/reoxygenation (H/R) treatment and the proliferative ability of BMSCs loaded by
PCMs; polymerase chain reaction (PCR) was used to detect the expression of alkaline phosphatase (ALP), type I collagen (Col
I), and type II collagen (Col II) in BMSCs after hypoxia and in BMSCs induced by PRP-loaded PCMs; PCR was used to detect
the expression of Runt-associated transcription factor 2 (Runx2) and osteocalcin (OC) in the newly generated bone tissue;
micro-CT scanning was applied to measure the bone mineral density and bone volume of the newly generated bone tissue in
rats. Results. BMSCs still have the normal potential of proliferation and diﬀerentiation after H/R treatment. PCMs can provide a
larger surface for the attachment of BMSCs, facilitating cell proliferation. Loaded by PCMs, PRP can be slowly released,
eﬀectively stimulating the diﬀerentiation of BMSCs. PCM/PRP/BMSC composites increased the expression levels of Runx2 and
OC in the newly generated bone in rat tibia defect and the bone mineral density. Moreover, the composites improved the rate of
regenerated bone volume. Conclusion. The application of PCM/PRP/BMSC composites is promising in the repair of tibia defects.

1. Introduction
Biomaterials such as hydrogels, including porous chitosan
microsphere (PCM), and ﬁber sheets have drawn great attention as tissue engineering scaﬀolds in bone defect repair
thanks to their good biocompatibility and biodegradability
[1–3]. Of all biomaterials, chitosan microspheres are used
as a typical biomedical material mainly in cell culture, drug
carrier, and gene therapy. With a porous structure, PCMs
can support cell adhesion and proliferation by incorporating
platelet-rich plasma (PRP), which is rich in growth factors.
Therefore, PCM has obvious advantages as a tissue engineering scaﬀold. PCMs prolong the half-life of growth factors and

maintain their activity and stability [4]. PCMs can not only
load plasma but can also function as a cell carrier by increasing the diameter of the microspheres to induce cell aggregation [5]. By eﬃciently delivering growth factors and
nutrients, PCMs facilitate the migration and adhesion of cells
toward osteoblasts and also the proliferation and diﬀerentiation of cells into osteoblasts. With these remarkable properties, PCM has the clinical value of applying as a scaﬀold for
bone tissue engineering [6]. PRP is similar to the normal
blood in terms of the proportions of growth factors. Containing a variety of growth factors related to bone repair, PRP
helps promote bone defect repair, such as growth/diﬀerentiation factor 5 (GDF-5), bone morphogenetic protein 2 (BMP-

2
2), and transforming growth factor β1 (TGF-β1). Increased
levels of TGF-β1 and BMP-2 can improve osteogenesis [7,
8]. Bone marrow-derived mesenchymal stem cells (BMSCs)
are multipotential stem cells that can diﬀerentiate into such
cells as osteoblasts and chondrocytes. Therefore, BMSCbased therapies may improve the repair of bone defects [9,
10].
In this study, we explored the eﬀects of PCM-PRP and
PCM-BMSC composites on osteogenesis in vivo, demonstrating the cocktail eﬀect of growth factors and BMSCs on
bone formation in vivo and in vitro.

2. Materials and Methods
2.1. Preparation of Major Reagents and Cell Purchase. Chitosan-gelatin microspheres were prepared based on the
method used by Song et al. [11]. Chitosan/β-glycerol phosphate solution (solution A) was prepared with chitosan solution (2.2% (v/v) acetic acid solution) and β-glycerol
phosphate solution (50% (w/w) aqueous solution) in a v/v
ratio of 5 : 1. Type I collagen solution (solution B) was prepared by adding 700 μl of type I collagen into the mixture
of 30 μl of 0.1 mol/l sodium hydroxide solution and 100 ml
of 10x D-Hanks. Solution A and solution B were mixed in a
v/v ratio of 1 : 1 after ﬁlter sterilization. The mixed solution
was gelled at 37°C for 15 minutes, froze in a -80°C refrigerator
for 2 hours, and freeze-dried for 48 hours before 2.5% glutaraldehyde was added to crosslink proteins for 3 hours at room
temperature. After that, PBS was used to wash the mixture
twice and diluted ethanol was added to dehydrate the mixture to obtain chitosan-gelatin microspheres. PCM-PRP
composites were prepared based on the method used by
Deprés-Tremblay et al. [12]. The mice were decapitated to
obtain blood samples, which were anticoagulated with
12.9 mM sodium citrate. The blood samples were then centrifuged at 160 g for 10 minutes using ACE E-Z PRPTM centrifuge. The supernatants and 1-2 mm of red blood cell pellets
were taken and centrifuged at 400 g for 10 min at room temperature before 0.5 ml of materials at the bottom of the tube
were resuspended to prepare PRP. PCMs were then mixed
with PRP at a v/v ratio of 1 : 1 to obtain PCM-PRP composites. To prepare PCM-BMSC composites, we purchased a
MC3T3-E1 cell line (ATCC, USA) as BMSCs. PCMs were
incubated with 5 × 106 cells/ml of BMSC solution for 3 days
to collect PCM/BMSC composites.
2.2. Animal Grouping and Modeling. A total of 20 male Wistar rats aged 4-8 weeks were divided into the Sham group,
Model group, PRP/BMSC group, and PCM/PRP/BMSC
group. The Sham group received sham surgery on the left
tibia. The Model group received surgery to create a 3 mm
diameter hole on the left tibia. The PRP/BMSC group
received surgery to create a 3 mm diameter hole on the left
tibia, and then, PRP and BMSCs were placed into the hole.
For the PCM/PRP/BMSC group, PCM-PRP and PCMBMSC composites (1 : 2, v/v) were implanted in the defect
after a 3 mm diameter hole was made on the left tibia. Each
of these implants contained approximately 104 BMSCs and
0.1 ml PRP. After 2 months and 4 months of treatment,
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respectively, 5 rats were euthanized in each group, and the
newly generated bone tissues at the site of bone defect were
collected.
2.3. Expression of Cytokines Related to Osteogenesis. Alkaline
phosphatase (ALP), type I collagen (Col I), and type II collagen (Col II) are key marker proteins during the diﬀerentiation of BMSCs into osteoblasts. Runt-associated
transcription factor 2 (Runx2) and osteocalcin (OC) are key
osteogenic genes for bone regeneration in bone defects [13].
Cells or tissue specimens were collected to extract RNA
according to the instructions of the EASYspin Plus Bone Tissue RNA Kit. The mRNA expression levels of osteogenesisrelated cytokines, including ALP, Col I, and Col II, and genes,
including Runx2 and OC, were detected by quantitative realtime RT-PCR (qRT-PCR) using GAPDH as internal
reference.
2.4. Measurement of Bone Mineral Density and Bone Volume.
Tibiae were separated and scanned using micro-CT scanning. The bone mineral density and bone volume of newly
generated bones were calculated.
2.5. Cell Proliferation. According to the MTT assay, 2× 103
cells were seeded in a 96-well plate. MTT solution was prepared by adding MTT (Sigma; EMD Millipore) into
phosphate-buﬀered saline. A total of 20 μg/l MTT solution
was added to each well, and the cells were cultured for
another 4 h, 8 h, and 16 h, respectively, before their viability
was measured by the absorbance value (A) using a microplate
reader at a wavelength of 490 nm.
2.6. Statistical Analysis. All data were processed using SPSS
20.0 software package. Measurement data were expressed as
the mean ± standard deviation and compared using a t-test.
A P value of <0.05 was considered to be statistically
signiﬁcant.

3. Results
3.1. Proliferation and Diﬀerentiation Potential of BMSCs after
Hypoxia/Reaeration Treatment. To simulate the environment of chitosan microspheres prior to the sustained release
of BMSCs, these stem cells were subjected to hypoxia/reoxygenation (H/R) treatment. The proliferative ability of BMSCs
after H/R treatment was detected using the MTT. The results
showed that there was no signiﬁcant diﬀerence in MTT
absorbance between H/R-treated cells and the control cells
(P > 0 05), as shown in Figure 1. Studies have shown that
the use of PRP can enhance the expression of osteogenicrelated genes. After BMSCs were subjected to H/R treatment,
PRP was used to induce cell diﬀerentiation for 7 days before
the collection of total RNA. The intracellular expression
levels of ALP, Col I, and osteopontin (OPN) were measured
by qRT-PCR to evaluate the potential of cells diﬀerentiating
into osteoblasts. The results showed that there were no significant diﬀerences in the expression levels of ALP, Col I, and
OPN between H/R-treated BMSCs and PRP-induced BMSCs
(all P > 0 05), as shown in Figure 2. This suggests that the
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Figure 3: PCMs promote growth of BMSCs.

Figure 1: Cell viability of BMSCs after H/R treatment.

3.3. Eﬀect of PCM/PRP Composites on Diﬀerentiation of
BMSCs In Vitro. We ﬁrst prepared PCM/PRP composites
by incorporating PRP into PCMs. Total RNA was collected after in vitro induction of diﬀerentiation of BMSCs
by PCM/PRP composites for 7 days. The intracellular
expression levels of ALP, Col I, and OPN were detected
by qRT-PCR. The results showed that the expression levels
of ALP, Col I, and OPN in BMSCs induced by PCM/PRP
composites were signiﬁcantly increased compared with
PRP-induced BMSCs (P < 0 05), as shown in Figure 4.
This suggests that PCMs allow the sustained release of
PRP, which is better in promoting the diﬀerentiation of
BMSCs.
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Figure 2: Expression of ALP, Col I, and Col II in BMSCs after H/R
treatment.

diﬀerentiation potential of BMSCs does not reduce when
BMSCs are loaded by PCMs.
3.2. Cell Growth of PCM-BMSC Composites. BMSCs were
cultured with PCMs for 3 days to prepare PCM/BMSC composites, and spherical particles were observed under the
microscope. After the PCM/BMSC composites were cultured
for another 7 days, only a fraction of irregular PCM residues
was observed under the microscope. MTT assay was performed for PCM/BMSC composites. The results showed that
the cell viability of BMSCs loaded by PCMs was higher
(P < 0 05), and the results of MTT assay were shown in
Figure 3. This suggests that before the degradation of PCMs,
they can provide a larger surface for the attachment of
BMSCs, facilitating cell proliferation.

3.4. PCM/PRP/BMSC Composites Increased Bone Mineral
Density in Rat Tibia Defect. We constructed a rat tibia defect
model and used micro-CT scanning to detect the bone mineral density of the tibia defect. According to the results, the
PRP/BMSC and PCM/PRP/BMSC groups had a signiﬁcant
increase in bone mineral density at 2 and 4 months after
model establishment compared with the Model group
(P < 0 05); the bone mineral density of the PCM/PRP/BMSC
group was higher than that of the PRP/BMSC group
(P < 0 05) and was closed to that of the Sham group
(P > 0 05), as shown in Figure 5.
3.5. PCM/PRP/BMSC Composites Increased the Rate of
Regenerated Bone Volume in Rat Tibia Defect. We used
micro-CT scanning to detect the cortical bone thickness
of the tibia defect, and the rate of regenerated bone volume is equal to the thickness of the regenerated cortical
bone over the thickness of the cortical bone of the Model
group. According to the results, the PRP/BMSC and
PCM/PRP/BMSC groups had a signiﬁcant increase in bone
volume at 2 and 4 months after model establishment compared with the Model group (P < 0 05); the bone volume
of the PCM/PRP/BMSC group was higher than that of
the PRP/BMSC group (P < 0 05) and reached about
92.6% of that of the Sham group (P > 0 05), as shown in
Figure 6.
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Figure 4: Expression of ALP, Col I, and Col II in BMSCs induced by
PCM/PRP composites in vitro.
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3.6. PCM/PRP/BMSC Composites Increased the Expression of
Runx2 and OC in Rat Tibia Defect. The regenerated tissue at
the defect was collected 2 months after modeling to measure
the expression of Runx2 and OC by PCR. The results showed
that Runx2 and OC were expressed in the Model,
PCM/PRP/BMSC, and PRP/BMSC groups (P < 0 05). The
expression levels of Runx2 and OC in the PCM/PRP/BMSC
group were higher than those of the PRP/BMSC group
(P < 0 05), as shown in Figure 7.

4. Discussion
Biomaterials have received wide attention because of the
properties like slowing drug release in tissues, inducing

Sham
Model

OC
Model/PRP/BMSC
Model/PCM/PRP/BMSC

Figure 7: Expression of Runx2 and OC in rat tibia defect.

inﬂammatory responses, and recruiting immune cells or the
capability of acting as scaﬀolds [14, 15]. Clinically, regeneration of bone defect is an intractable problem. The development of bone tissue engineering has a great signiﬁcance for
the regeneration of bone defects. However, due to the low
bioactivity and poor hydrophilicity, the scaﬀold is not an
ideal choice for the regeneration of bone defects. Therefore,
biomaterials such as chitosan and gelatin are applied to bone
defect regeneration and have received extensive attention
[16]. PCM is a natural nontoxic biomaterial with good biocompatibility and biodegradability. This study used a combination of PCM-PRP and PCM-BMSC composites for the
repair of rat tibia defects to evaluate their bone repair eﬀects.
We ﬁrst proved that BMSCs in PCM-BMSC composites still
have the ability of proliferation and diﬀerentiation and PCMPRP composites are capable of inducing the diﬀerentiation of
BMSCs. While BMSCs are capable of self-renewal and diﬀerentiation into osteoblasts, PRP is prominent in promoting
osteogenesis, allowing it to induce the proliferation and differentiation of BMSCs into osteoblasts. Most of the endogenous cytokines peak at the early stage of bone fracture
repair and are metabolized thereafter; moreover, part of the
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endogenous cytokines, such as BMP-2, has to reach a certain
concentration before they can promote osteogenesis [17].
After bone injury, exogenous cytokines can be supplied in
an amount more suﬃcient than endogenous cytokines, but
the direct use of exogenous cytokines is of limited eﬀect due
to the inactivation by enzymes in body ﬂuids [18]. In addition, high dose of exogenous cytokines may also be counterproductive for it would promote osteoclastogenesis, thereby
accelerating bone resorption and resulting in reduced bone
mass at the injury site [19]. Therefore, an appropriate release
of exogenous cytokines is an important factor for the induction of eﬀective bone regeneration [20]. In this study, PCMs
were used to load PRP and BMSC, respectively, which slowed
down the release of PRP and BMSCs and improved the biological eﬀect of PRP. In this study, we combined the advantages of BMSCs and PRP in bone regeneration after injury
to optimize the treatment for bone defects in rat tibiae. Such
a combination has produced satisfying results in tissue regeneration in some studies. Lian et al. found that the combination of BMSCs and PRP contributes to the repair and
regeneration of diabetic wounds [21].
In conclusion, the use of PMC/PRP/BMSC composites
beneﬁts the repair of rat tibia defect. Its application is
promising in the repair of tibia defects.
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Objective. To study the eﬀect of Codonopsis pilosula polysaccharide (CPP) on the growth and motility of HepG2 cells
and its possible mechanism. Methods. Cells were randomly divided into Control group, CPP (5 μM) group, CPP
(10 μM) group, and CPP (20 μM) group. The proliferation, invasion, migration ability, and expression of proteins involved in
the epithelial-mesenchymal transition (EMT) and signaling pathway of HepG2 cells were detected by CCK8 assay, BrdU
staining, Transwell, Scratch test, and Western blot, respectively. Results. Codonopsis pilosula polysaccharide inhibited the
proliferation of HepG2 cells cultured in vitro along with the expression level of Ki67 and PCNA protein (P < 0 05),
decreased the number of invasive cells (P < 0 05), and reduced the scratch closure rate (P < 0 05). It also adjusted the
expression of vascular endothelial growth factor (VEGF), E-cadherin, and N-cadherin (P < 0 05). Other than that,
downregulation of β-catenin, TCF4, and c-Myc protein expression (P < 0 05) was observed as well. Conclusion. Codonopsis
pilosula polysaccharide can inhibit the proliferation and motility of HepG2 cells cultured in vitro, and the underlying
mechanism is proposed to be related to the inhibition of the β-catenin/TCF4 pathway.

1. Introduction
Hepatocellular carcinoma (HCC) is one of the leading causes
of cancer-related mortality worldwide. The main driving
factors associated with HCC include chronic infection of
hepatitis B and chronic hepatitis C, alcoholic liver disease,
and nonalcoholic fatty liver disease. Despite advances in
new technologies of prevention, screening, diagnosis, and
treatment of HCC, the morbidity and mortality rate of the
disease continue to rise. About 600,000 people die of liver
cancer every year worldwide. The treatments vary considering diﬀerent tumor load and metastasis; moreover, the
treatment for late-stage liver cancer is expensive and ineﬀective [1–3]. Therefore, it is necessary to expand researches
regarding the treatment of HCC and identify more eﬀective

therapeutic drugs. Codonopsis pilosula, also known as
dangshen, belongs to the Campanulaceae family. The dried
root from its subspecies dangshen, suhuadangshen, or
chuandangshen, containing polysaccharides, saponins, sesquiterpenoids, polyphenols, terpenoids, alkaloids, volatile
oil, and other ingredients, is commonly prepared for medical
use. Codonopsis pilosula polysaccharide (CPP), one of active
constituents in Codonopsis pilosula, has attracted extensive
attention in the medical ﬁeld due to its extensive physiological and biological activities. Previous studies have shown that
Codonopsis pilosula polysaccharide has the eﬀects of immunity enhancement, antivirus, liver protection, and neuroprotection [4–9]. It is worth noting that the polysaccharide from
Codonopsis pilosula plays an important role in growth
inhibition in various tumor cells such as breast cancer and
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cervical cancer [10, 11]. At present, however, there are few
reports on the eﬀect of Codonopsis pilosula polysaccharide
on human hepatoma HepG2 cells. Taken all these together,
in this study, we studied the human hepatoma HepG2 cells
cultured in vitro and explored the eﬀect of Codonopsis
pilosula polysaccharide on the proliferation and metastasis
of hepatocarcinoma cells and its possible mechanism as well.

2. Materials and Methods
2.1. Reagents and Instruments. Dangshen polysaccharide
(purity ≥98%) was purchased from China Food and Drug
Administration Research Institute. DMEM cell culture
medium, 0.25% trypsin, and fetal bovine serum were
purchased from Gibco, USA. The CCK8 kit was purchased
from Roche Group. Transwell chamber was purchased from
Beijing Unicom Biotechnology Co. LTD. Monoclonal antibody and horseradish peroxidase-labeled secondary antibody
were purchased from Abcam, UK. RIPA lysate was purchased from Sigma, USA. The BCA kit was purchased from
Biyuntian Biotech. BrdU detection kits were purchased from
Guangzhou Ruibo Biological Co. Ltd.
Both the electrophoresis apparatus and the semidry ﬁlm
transfer apparatus were purchased from Bole Corporation
of the United States. The Gel View 6000 chemiluminescent
gel imaging system was purchased from Guangzhou Yunxing
Instrument Co. Ltd. The ordinary optical microscope was
purchased from Olympus Corporation of Japan.
2.2. Cell Culture. The human liver cancer HepG2 cell line was
purchased from FuHeng Cell Center, Shanghai, China. The
cells were cultured in a DMEM medium containing 10% fetal
bovine serum and 1% cyan-streptomycin at 37°C in a 5%
CO2 incubator and subcultured when the cell fusion rate
reached 80%.
2.3. Experimental Methods
2.3.1. Cell Activity Was Detected by CCK8 Assay. The cells
were seeded in a 96-well plate at a density of 4 × 104 cells/mL.
After cell attachment, the cells were treated with diﬀerent
concentrations of CPP (0, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20,
50, 100, 200, and 400 μM) for 24 h, with 6 replicate wells
per concentration. After 24 h, 10 μL of CCK8 reagent was
added into each well and after incubation at 37°C for 4 h;
the activity of each well was measured by an enzymelabeling instrument. According to the test results, the CPP
concentrations resulting in over 80% of cell activity were
selected for subsequent experiments.
2.3.2. BrdU Staining for Cell Proliferation. The cells were
seeded in a 6-well plate with 1 mL of cell suspension at the
density of 2 × 106 cells/mL for each well. After cell attachment, the cells were incubated in a medium containing
0.4% FBS for 72 hours, each group containing 3 replicate
wells. The cells were randomly divided into 4 groups: Control
group, CPP (5 μM) group, CPP (10 μM) group, and CPP
(20 μM) group. After the corresponding treatment of
ﬁnal concentration liquor, BrdU with ﬁnal concentration
of 0.03 μg/mL was added before another 40 minutes of
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incubation. The culture medium was discarded, and the plate
was washed three times with PBS, ﬁxed with paraformaldehyde for 10 min, and cell proliferation assay was performed
strictly according to the instructions. The number of BrdUpositive cells was counted under a microscope.
2.3.3. Transwell Detection of Cell Invasion Ability. The cells
were seeded into the upper chamber of Matrigel-coated
Transwell chambers at a density of 4 × 105 cells/mL, cultured
in a medium containing no fetal bovine serum, while at the
lower chamber, normal cell culture medium was added. After
grouping according to Section 2.3.1 and further culture for
48 hours, the cells in the upper chamber were wiped with
a sterile cotton swab, and the cells migrated to the lower
chamber were stained with crystal violet. Five ﬁelds were
randomly selected for each group for counting. There were
6 replicate wells in each group.
2.3.4. Cell Migration Ability Was Detected by Scratch Test.
Cells were seeded in 12-well sterile plates at a density
of 4 × 105 cells/mL. After attachment of cells to the wall,
horizontal lines perpendicular to the marker were drawn
by the 10 μL gun tip, and the plate was washed 3 times
with PBS. After grouping according to Section 2.3.1 and
drug administering, the plate was further cultured for
24 h. Wound closure rate = (initial width - measurement
width)/initial width × 100%.
2.3.5. Western Blot Detection of Cell Proliferation, EMT, and
Pathway Protein Expression. The total protein of each group
was extracted with RIPA protein lysate on ice, and the
concentration of proteins was measured and leveled by
BCA kit for each group. Equal amount of proteins for each
group was separated by 12% SDS-PAGE and transferred into
a PVDF membrane. The membrane was then blocked with
5% skim milk for 2 h at room temperature. The blot was
incubated in primary antibody overnight at 4°C. The next
day, the primary antibody was discarded, and the buﬀerwashed PVDF blot was incubated in corresponding secondary antibody for 1 hour at room temperature. For imaging,
ECL solution was added dropwise in the dark room for blot
exposure and development. In this study, GAPDH was used
as the internal reference.
2.4. Statistical Methods. All experimental data were statistically analyzed with statistical software SPSS 19.0. Diﬀerences between groups were tested by t, t-test, or one-way
ANOVA. The experimental results were expressed as
mean ± standard deviation. The diﬀerence was considered
statistically signiﬁcant at P < 0 05.

3. Results
3.1. Eﬀect of CPP on the Proliferation of HepG2 Cells Cultured
In Vitro. The eﬀect of diﬀerent concentrations of CPP on
the survival rate of HepG2 cells was measured by CCK8
assay, as shown in Figure 1. As the CPP concentration
reaches 50 μM and above, the survival rate of HepG2 cells
remains less than 80%. It indicated that CPP concentration up to 50 μM has obvious cytotoxic eﬀect on HepG2
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group (P < 0 05, Figure 5). In contrary, the expression level of
E-cadherin protein was signiﬁcantly upregulated (P < 0 05,
Figure 4) and was CPP concentration-dependent.
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3.5. Eﬀect of CPP on the Expression of Pathway Protein in
HepG2 Cells Cultured In Vitro. The expression level of
β-catenin, TCF4, and c-Myc proteins in CPP-treated cells
was signiﬁcantly lower than that in the Control group
(P < 0 05, Figure 6) and was positively correlated with
the CCP treatment concentration.

4. Discussion

0

0 0.05 0.1 0.2 0.5 1

2

5 10 20 50 100 200 400

Concentration (휇M)

Figure 1: Cell viability of HepG2 cells.

cells. Therefore, we selected 3 maximum concentrations
of 5, 10, and 20 μM without a signiﬁcant cytotoxicity
for subsequent experiments.
The proliferation of cells was detected by BrdU staining.
The results showed that the number of BrdU-positive cells
in the CPP-treated groups was signiﬁcantly lower than that
in the Control group (P < 0 05, Figure 2(a)) and inversely
proportional to the concentration of CPP. At the same time,
the expression levels of proliferation-related proteins were
further detected by Western blot. The results showed that
the expression levels of Ki67 and PCNA proteins in CPPtreated cells were signiﬁcantly lower than those in the
Control group (P < 0 05, Figure 2(b)), and the diﬀerences
were also CPP concentration-dependent.
3.2. Eﬀect of CPP on the Invasive Ability of HepG2 Cells
Cultured In Vitro. The cell invasive ability was determined
by Transwell assay, and the results showed that, compared
with the Control group, the CPP-treated groups showed
signiﬁcantly reduced number of invasive cells (P < 0 05,
Figure 3); moreover, the number decreased with the increase
of CPP treatment concentration.
3.3. Eﬀect of CPP on the Migration Ability of HepG2 Cells
Cultured In Vitro. The cell migration ability was tested by
the scratch test. The results suggested that the wound closure
rate of the CPP-treated groups was signiﬁcantly lower than
that of the Control group (P < 0 05, Figure 4) and was CPP
concentration-dependent.
3.4. Eﬀect of CPP on the Expression of EMT-Related Protein in
HepG2 Cells Cultured In Vitro. The morphology of the cells
in each group was observed under the microscope. The
cells in the Control group were mostly ovoid in shape or
nearly square with tight arrangement. While after CPP
treatment, the cells gradually displayed long fusiform with
loose arrangement.
Western blot results represented the expression level of
EMT-related protein in cells. The results showed that the
expression levels of VEGF and N-cadherin were signiﬁcantly
decreased in CPP-treated groups compared with the Control

Hepatocellular carcinoma is a primary liver cancer to which
most liver cancers belong. As a malignant tumor originating
from the liver epithelial or mesenchymal tissue, it is prone to
vascular invasion and metastasis, which mainly develop in
the portal vein or its branches, hepatic veins or its branches,
and the inferior vena cava of the liver, and homotype clumping in the portal vein is the most common form of metastasis
of hepatocellular carcinoma [2–12]. The etiology and exact
molecular mechanism are still unclear, and it is currently
considered to be a multifactor and multistep complex process. The treatment method is specialized for each individual
and the comprehensive treatment depends on the diﬀerent
stages of the disease. The treatment types mainly include
surgery, hepatic artery ligation, radiofrequency, freezing,
laser, microwave, and chemotherapy. Many studies have
shown that Codonopsis pilosula polysaccharides have a
variety of biological functions, including cardiovascular and
cerebrovascular protection, enhancing immunity and antitumor activities [4–11]. Based on all facts above, we studied
human hepatoma HepG2 cells and further investigated the
eﬀect of Codonopsis pilosula polysaccharides on the proliferation and metastasis ability of hepatoma cells in vitro and its
possible mechanism.
Firstly, the eﬀect of Codonopsis pilosula polysaccharide
on the proliferation of HepG2 cells in vitro was detected by
BrdU staining. It was found that Codonopsis pilosula
polysaccharide dose-dependently reduced the number of
BrdU-positive cells in HepG2 cells. The eﬀect of Codonopsis pilosula polysaccharides on the expression levels of
proliferation-related proteins Ki67 and PCNA in hepatocellular carcinoma HepG2 cells was further examined by
Western blot experiments. It was conﬁrmed that Codonopsis
pilosula polysaccharide dose-dependently inhibited the
expression levels of proliferation proteins. These results
complied with that of Xin et al.’s study on the eﬀect of Codonopsis pilosula polysaccharide on ovarian cancer HO-8910
cells [11]. On the other hand, Bai et al.’s study [13] showed
that the two water-soluble polysaccharides extracted from
Codonopsis pilosula polysaccharide can inhibit the growth
of HepG2 cells, and the underlying mechanism is related to
cell cycle arrest induction and key protein expression
inhibition.
In order to test the eﬀect of Codonopsis pilosula polysaccharide on the motility of hepatocellular carcinoma HepG2
cells cultured in vitro, we performed a scratch test and a
Transwell experiment, both of which demonstrated the
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Figure 2: Proliferation of HepG2 cells. (a) Cell proliferation detected by BrdU; (b) protein expression of Ki67 and PCNA was tested by
Western blot. ∗ P < 0 05 versus Control group.
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Figure 4: Migration of HepG2 cells. ∗ P < 0 05 versus Control group.
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Figure 5: Expression of EMT-related protein in HepG2 cells. ∗ P < 0 05 versus Control group.

inhibitory eﬀect of Codonopsis pilosula polysaccharide on
the motility of HepG2 cells cultured in vitro. All these results
are consistent with Bai et al.’s study [13].
Increased tumor cell migration capacity is the basis
for tissue inﬁltration and distant metastasis. Epithelial

mesenchymal transition (EMT) is a process in which polarized epithelial cells lose epithelial properties and acquire
interstitial properties, thus increasing cell metastasis and
invasion; it is an important biological process that promotes
tumor invasion and metastasis [14, 15]. E-cadherin, as an
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Figure 6: Expression of signaling pathway protein in HepG2 cells. ∗ P < 0 05 versus Control group.

important cell adhesion factor, participates in and mediates
the adhesion between cells and is inextricably linked to the
invasion and metastasis of various tumors. Its low expression
or loss of expression plays a key role in epithelial mesenchymal transition [16]. Studies have shown that [17] overexpression of TCF4 in canine kidney epithelial cells can increase cell
invasive ability, thereby accelerating the occurrence of tumor
EMT, which can be represented by remarkable downregulation of epithelial marker protein E-cadherin and upregulation of the interstitial marker protein vimentin. To further
explore the molecular mechanism of the eﬀect of Codonopsis
pilosula polysaccharide on the motility of hepatocellular
carcinoma cells cultured in vitro, we performed Western
blot and found that Codonopsis pilosula polysaccharidetreated cells showed higher expression of epithelial marker
protein E-cadherin but lower expression of interstitial
marker protein N-cadherin and migration marker protein
VEGF. The results indicated that Codonopsis pilosula
polysaccharide can inhibit the loss of polarity between
human hepatoma HepG2 cells cultured in vitro, slow the
development of stromal cells, and reduce the invasion
and metastasis ability of cells, thus delaying the occurrence
of EMT in HepG2 cells.
Wnt signaling pathway is involved in tumor formation.
Upon activation, β-catenin translocates into the nucleus to
competitively bind with TCF4 to form β-catenin/TCF4 complex. The complex then activates downstream transcription
factors of TCF4, such as cycD and c-Myc, which ultimately
leads to cell abnormalities, proliferation, and tumorigenesis
[18, 19]. Studies have shown that abnormal activation of
the TCF4 target gene by Wnt signaling can promote
malignant transformation of colorectal cancer [20], and
downregulation of the Wnt/β-catenin signaling pathway
can inhibit epithelial-mesenchymal transition in nonsmall
cell lung cancer [21]. Therefore, in order to investigate the

regulatory eﬀect of concentration-dependent Codonopsis
pilosula polysaccharide treatment on the signaling pathway
β-catenin/TCF4 and its eﬀect on human hepatoma HepG2
cells cultured in vitro, we performed series of experiments
and found that the expression of β-catenin, TCF4, and
the downstream C-Myc protein were signiﬁcantly inhibited. These results indicated that Codonopsis pilosula
polysaccharide can inhibit the proliferation, invasion, and
EMT of human hepatoma HepG2 cells by downregulating
the β-catenin/TCF4 signaling pathway.
In summary, this paper explored the role of Codonopsis
pilosula polysaccharide in the proliferation, invasion, and
interstitial transformation of human hepatoma HepG2 cells
cultured in vitro, suggesting that the inhibition of Betacatenin/Tcf4 protein expression by Codonopsis pilosula
polysaccharide is related to the growth and metastasis of
human hepatoma HepG2 cells cultured in vitro. This
paper also provides experimental data for the role of
Codonopsis pilosula polysaccharide in the occurrence and
development of liver cancer, but there is still a lack of
research on the eﬀect of Codonopsis pilosula polysaccharide
on cell growth and metastasis and its role in the growth of
liver cancer cells in vivo in the presence of pathway
inhibitor/activator.
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