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Nanotechnology application to the biomedical field has gained significant interest. Great efforts have been made to develop
nanogels, nanoparticles, and nanofibers, among others, to treat cardiovascular diseases, cancer, immune or metabolic system
disorder, neurodegeneration, etc. The study of the cellular response against nanomaterials becomes essential for these potential
applications. This Special Issue presents original research and review articles that illustrate and stimulate the advances in
physiological processes that take place in tissue exposed to nanomaterials, such as cellular stress, adaptation mechanisms,
immunological responses, biochemical pathways and cascades, pathologies, and clinical cases, among others.

1. Introduction

Nanomaterials have been gained great importance in the
biomedical applications, and the evaluation of the tissue
response in presence of them is one of the most important
features to assess [1, 2]. Nanomaterials led to an active devel-
opment of bioactive compounds that promote molecular
processes for the regulation of cellular mechanisms. Still,
not much literature has reported the mechanism of action
of cells that interact with nanomaterials [3].

[4] discussed that physicochemical properties in nano-
materials define biocompatibility, bioactivity, and safety. In
this sense, size, chemical composition of the surface, shape,
charge, and topography influence cell response [5]. Hence,
the proper design of the nanomaterials taking into account
the above properties will elicit desired cell responses and
enhanced targeting, drug delivery, cell attachment, and dif-
ferentiation [6].

This special issue has 5 papers that discuss the biological
effects of nanomaterials.

[7]. compared the antimicrobial effect of electrospun
nanofibers loaded with silver nanoparticles prepared by dif-
ferent methods. It is well known that the antimicrobial bio-
activity of silver nanoparticles is effective, and its use is
versatile, becoming attractive to the biomedical industry.
On the other hand, the electrospun nanofibers possess proper-
ties that can widen the applications of silver nanoparticles.
However, silver nanoparticle bioactivity depends on the load-
ing of silver ions into electrospun nanofibers. This review com-
pared several methods of incorporating silver particles into
electrospun nanofibers and evaluated their antimicrobial activ-
ity, discussed each procedure’s limitations, and suggested the
most promising one. This review showed that the preferred
techniques for incorporating silver nanoparticles were direct
blending and ultraviolet irradiation methods due to their sim-
plicity and high efficiency. It was also found that polyacryloni-
trile nanofibers (PAN) were reported to be the most frequently
adopted polymer carrier for silver nanoparticles. In conclu-
sion, silver nanoparticle-loaded nanofibers show high antimi-
crobial activity, regardless of the employed method [7].
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[8] discussed the effects of the arsenic trioxide-loaded
PLGA nanoparticles on the proliferation and migration of
human vascular smooth muscle cells. In this report,
As,0;-PLGA-NPs were prepared and characterized. The
energy dispersive spectrometry (EDS) has been used to con-
firm that the prepared nanoparticles contained elements of
arsenic. The surface coating of the eluting stent of As,O5-
PLGA-NPs has the same characteristics as their self-
prepared As,O,-PLGA-NPs, and it also has a drug-
sustained release character. Compared with the control
group, cell proliferation and migration cells were signifi-
cantly suppressed depending on the tested concentration.
On the other hand, As,0;-PLGA-NP depression mRNA,
protein expression of Bcl-2 and MMP-9, and increased Bax
mRNA and protein expression were altered when the con-
centration of the As,0;-PLGA-NPs changed. In conclusion,
the authors discussed that the As,O,-PLGA-NPs inhibit
human umbilical vein smooth muscle cell's (HUVSMC’s)
proliferation and migration. It may work via regulating
Bax, Bcl-2, and MMP-9 expression in vitro [8].

In another study, the functions of magnetic nanomate-
rial in cancer diagnosis and therapy were discussed. The
magnetic nanomaterials were demonstrated as a useful tech-
nology for life science and biomedical engineering in this
work. These applications are most promising in cancer diag-
nosis due to their sensitivity and accuracy. Magnetic nano-
materials are also exploited as targeted drug carriers to
increase sensitivity and reduce the side effects of chemother-
apeutic drugs. Herein, this study discussed the preparation,
characterization, and surface modification of various mag-
netic nanomaterials and their cancer diagnosis and therapy
applications [9].

Moreover, the evaluation of inflammatory and calcifica-
tion after implanting bioabsorbable poly-L-lactic acid/amor-
phous calcium phosphate scaffolds in porcine coronary
arteries was reported. [10] confirmed that the addition of
nanoamorphous calcium phosphate (ACP) materials could
improve the support of poly-L-lactic acid (PLLA) vascular
scaffolds. Based on this, this group continued to explore
the effect of a novel bioresorbable scaffold composed of
PLLA and ACP nanoparticles on the inflammation and cal-
cification of surrounding tissues after scaffold implantation
in a porcine coronary artery. It was found that there is no
statistically significant difference between the evaluated
CRP, calcium, and ALP groups at 1, 6, 12, and 24 months.
The inflammation score, NF-«B positive expression index,
and calcification score in the PLLA/ACP group were lower
than those in the PLLA group for 12 and 24 months. The
ALP positive expression index in the PLLA/ACP group
was lower than that in the PLLA group at 6, 12, and 24
months. Western blot results showed that the IL-6 expres-
sion level in the PLLA/ACP group was significantly lower
than that in the control group at 6, 12, and 24 months.

Moreover, the expression of BMP-2 in the PLLA/ACP
was significantly lower than in the control group at 12 and
24 months. In this study, it was demonstrated that the
PLLA/ACP composite scaffold has adequate biocompatibil-
ity. Nanoscale ACP incorporation can reduce the inflamma-
tory response induced by the PLLA scaffold acid metabolites,

Journal of Nanomaterials

procalcification factor expression in the body, and inhibit
tissue calcification, making them optimal for the application
and development of degradable vascular scaffolds [10].

Finally, [11], evaluate the antitumor and immunogenic
properties of silver and sodium dichloroacetate combination
against melanoma. Their main focus was to assess the effi-
cacy of silver and sodium dichloroacetate as dual-function
agents in melanoma treatment. Moreover, the group evalu-
ated if the cell death mechanism induced by their treatments
was immunogenic cell death. Their results showed that col-
loidal silver and sodium dichloroacetate combination is
more effective than each treatment alone and that the antitu-
mor mechanism is not through immunogenic cell death.
Furthermore, this study can broadly contribute to the devel-
opment of dichloroacetate-loaded silver nanoparticles and
the design of targeted pharmacological formulations to fight
melanoma and other types of cancer [11].

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Luis Jesus Villarreal Gémez
Yanis Toledasio Magarfia
José Manuel Cornejo Bravo
Ricardo Vera Graziano
Shengqiang Cai

References

[1] E.Gonzalez-Solveyra and L. Szleifer, “What is the role of curva-
ture on the properties of nanomaterials for biomedical applica-
tions?,” Wiley Interdisciplinary Reviews on Nanomedicine and
Nanobiotechnology., vol. 8, no. 3, pp. 334-354, 2016.

[2] F.Villanueva-Flores, A. Castro-Lugo, O. T. Ramirez, and L. A.
Palomares, “Understanding cellular interactions with nano-
materials: towards a rational design of medical nanodevices,”
Nanotechnology, vol. 31, no. 13, article 132002, 2020.

[3] X. Q.LiuandR. Z. Tang, “Biological responses to nanomateri-
als: understanding nano-bio effects on cell behaviors,” Drug
Delivery, vol. 24, no. supl, pp. 1-15, 2017.

[4] W.Sun and Z. Gu, “Engineering DNA scaffolds for delivery of
anticancer therapeutics,” Biomaterial Sciences., vol. 3, no. 7,
pp. 1018-1024, 2015.

[5] S. Dhar, V. Sood, G. Lohiya, H. Deivendran, and D. S. Katti,
“Role of physicochemical properties of protein in modulating
the nanoparticle-bio interface,” Journal of Biomedical Nano-
technology., vol. 16, no. 8, pp. 1276-1295, 2020.

[6] X. Wang, C. H. Chang, J. Jiang et al., “Mechanistic differences
in cell death responses to metal-based engineered nanomateri-
als in Kupfter cells and hepatocytes,” Small, vol. 16, no. 21, arti-
cle €2000528, 2020.

[71 L. J.  Villarreal-Gomez, G. L.  Pérez-Gonzalez,
N. Bogdanchikova et al., “Antimicrobial effect of electrospun
nanofibers loaded with silver nanoparticles: influence of Ag
incorporation method,” Journal of Nanomaterials, vol. 2021,
Article ID 9920755, 15 pages, 2021.

[8] S. Zhao, Z. Yu, Y. Zhang, and M. Lin, “Effects of arsenic
trioxide-loaded PLGA nanoparticles on proliferation and



Journal of Nanomaterials

(10]

(11]

migration of human vascular smooth muscle cells,” Journal of
Nanomaterials, vol. 2021, Article ID 5575370, 8 pages, 2021.

X. Bian, T. Guo, J. Zhang et al., “The magnetic nanomaterial
biofunctions in cancer diagnosis and therapy,” Journal of
Nanomaterials, vol. 2021, Article ID 9968166, 9 pages, 2021.

G. Feng, C. Qin, F. Sha, Y. Lyu, J. Xia, and X. Jiang, “Evaluation
of inflammatory and calcification after implantation of bioab-
sorbable poly-L-lactic acid/amorphous calcium phosphate
scaffolds in porcine coronary arteries,” Journal of Nanomateri-
als, vol. 2021, Article ID 6652648, 8 pages, 2021.

Z. Torres-Cavazos, M. A. Franco-Molina, S. E. Santana-
Krimskaya et al., “In vivo evaluation of the antitumor and
immunogenic properties of silver and sodium dichloroacetate
combination against melanoma,” Journal of Nanomaterials,
vol. 2020, Article ID 3741019, 8 pages, 2020.



Hindawi

Journal of Nanomaterials

Volume 2021, Article ID 9920755, 15 pages
https://doi.org/10.1155/2021/9920755

Review Article

Hindawi

Antimicrobial Effect of Electrospun Nanofibers Loaded with Silver
Nanoparticles: Influence of Ag Incorporation Method

Luis Jesus Villarreal-Gomez (,"? Graciela Lizeth Pérez-Gonzalez 1),

Nina Bogdanchikova (9,” Alexey Pestryakov (9, Vadim Nimaev (), Anastasiya Soloveva ©,
José Manuel Cornejo-Bravo ,2 and Yanis Toledafio-Magaiia

6

"Facultad de Ciencias de la Ingenieria y Tecnologia, Universidad Auténoma de Baja California, Unidad Valle de las Palmas,

Blvd. Universitario 1000, CP, 21500 Tijuana, Baja California, Mexico

?Facultad de Ciencias Quimicas e Ingenieria, Universidad Auténoma de Baja California, Unidad Otay, Universidad #14418, UABC,
Parque Internacional Industrial Tijuana, Tijuana, Baja California, Mexico

3Centro de Nanociencias y Nanotecnologia, Universidad Nacional Auténoma de México, Km 107, Carretera Tijuana-Ensenada, CP,
22860 Ensenada, Baja California, Mexico

*Department of Technology of Organic Substances and Polymer Materials, Tomsk Polytechnic University, 634050 Tomsk, Russia
®Research Department, Sevastopol State University, Sevastopol, 299053, Russia

®Research Institute of Clinical and Experimental Lymphology-Branch of the Institute of Cytology and Genetics, Siberian Branch of
Russian Academy of Sciences, Novosibirsk, Russia

"Escuela de Ciencias de la Salud Unidad Valle Dorado, Universidad Auténoma de Baja California, Ensenada 22890,

Baja California, Mexico

Correspondence should be addressed to Luis Jesus Villarreal-Gomez; luis.villarreal@uabc.edu.mx
Received 3 March 2021; Accepted 29 July 2021; Published 17 August 2021
Academic Editor: Antonios Kelarakis

Copyright © 2021 Luis Jests Villarreal-Gémez 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.

The antimicrobial bioactivity of silver nanoparticles is well known, and they can be used widely in many applications, becoming
especially important in the biomedical industry. On the other hand, the electrospun nanofibers possess properties that can
enhance silver nanoparticle applicability. However, silver nanoparticle bioactivity differs depending on the loading of silver ions
into electrospun nanofibers. This review is aimed at comparing different silver incorporation methods into electrospun
nanofibers and their antimicrobial activity, discussing each procedure’s limitations, and presenting the most promising one. This
review showed that the preferred techniques for incorporating silver nanoparticles were direct blending and ultraviolet
irradiation methods due to their simplicity and efficient results. Besides, polyacrylonitrile nanofibers (PAN) have been the most
reported system loaded with silver nanoparticles. Finally, independently of the technique used, silver nanoparticle-loaded
nanofibers show high antimicrobial activity in all cases.

1. Introduction

In the last decades, the interest of the biomedical industry in
nanomaterials has increased due to its promising applica-
tions against different diseases. In this sense, AgNPs are
among the most studied nanomaterials principally due to
their highly efficient antimicrobial properties [1-6]. It is
known that AgNP efficiency increases using a carrier [4].

Electrospun nanofibers are ideal carriers for AgNPs since
their small dimensions permit homogeneous distribution
and avoid mass aggregation. The blend of technologies
between nanofibers and nanoparticles maximizes both struc-
ture properties, making them an ideal amalgam for many
applications.

Electrospun nanofibers are synthesized by the electro-
spinning technique, which allows the generation of ultrafine
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fibers using natural or synthetic biomaterials [7-9]. These
three-dimensional scaffolds are produced in a 10-1000 nm
diameter’s range [10-18]. Nanofiber’s properties such as
nanometric thickness, controllable porosity, and high surface
contact area [7, 8] allow the potential applications in tissue
engineering [19, 20], drug delivery systems [21-24], biosen-
sor fabrication [25, 26], energy storage [27], solar cells [28],
water filtration [29, 30], catalysis [31, 32], and sensing [33,
34], among other uses. Specifically, the loading of electrospun
nanofibers with AgNPs has become attractive [35-37] for
many applications such as food packaging [38], filters [39].
Moreover, there are investigations of electrospun nanofibers
loaded with AgNPs for their use in healthcare and other bio-
medical applications [37, 40, 41], including wound dressing
[9] and implants [40].

Thus, this amalgam of nanofiber/AgNP system proper-
ties has been proved and attributed to the metallic nanopar-
ticle proportion, size, and spatial distribution of AgNPs in the
fibers [42] (entry 3).

The AgNP-loaded electrospun systems can control the
silver ions released through the immobilization of the AgNPs
[43]. Strategies for the fabrication of AgNP-loaded nanofi-
bers include incorporation of silver nitrate (AgNO,) by direct
blending into the polymeric solution followed by photore-
duction with ultraviolet (UV) irradiation [44-46], thermal
reduction [47] (entry 14), or the silver mirror reaction [48]
(entry 12), among other methods.

A comparative study of AgNP loading methods on PVA
was performed by electrospinning AgNO,-polymeric solu-
tions followed by a reduction posttreatment. In that study,
the AgNPs were mixed in the polymer solution before the
electrospinning process, and the resulting polymeric scaf-
folds were immersed in a silver solution followed by a reduc-
tion process (comparing UV and thermal treatments). The
authors reported that UV reduction was the more efficient
method to incorporate AgNPs on nanofibers’ surfaces [49].

In this work, we compare the results published regarding
the incorporation of AgNPs in nanofibers, including all the
above methods. Nevertheless, AgNP-loaded nanofibers differ
in their activity depending on the silver loading method into
the nanofibers. Hence, this review compares different tech-
niques of AgNP incorporation into electrospun nanofibers
and their antimicrobial effectivity to identify the most prom-
ising method and discuss the current limitation of each of
them.

2. Methods of AgNP Immobilization for
Loading of Electrospun Nanofibers

In literature, several strategies merge the electrospun nanofi-
bers and AgNPs, which coat the nanofibers’ surface or are
embedded into the bulk [50].

The parameters considered in this work to determine the
best among the discussed methods include the AgNP distri-
bution in/on the electrospun fibers. Bortolassi et al. discussed
that the bioactivity of the AgNPs depends on their capacity to
attach to the microbial cell membrane’s surface, altering the
permeability and cellular homeostatic, thereby AgNP distri-
bution and availability over the surface of the fibers become

Journal of Nanomaterials

crucial for the bioactivity. Hence, the combination of the high
specific surface area of the electrospun fibers and an AgNP
high loading with homogeneous distribution over the surface
of the fibers become a desirable design for the high final anti-
microbial activity [51, 52]. For instance, the loaded AgNP
nanofibers fabricated by the direct addition of AgNPs into
the polymeric solution decreased the antimicrobial efficiency
of AgNPs due to their aggregation. When the AgNPs are
incrusted in the fibers, they are not exposed for direct contact
with the cellular membrane [53].

Also, it is remarkable that the presence of AgNPs into/on
the polymeric nanofibers affects its intrinsic properties. The
most important characteristic that is modified is its bioactiv-
ity, which is improved [46, 51-53]. Among other properties
that are affected by the presence of the AgNPs on/in the fibers
are the mechanical properties such as reduction in surface
tension [54], increase in average fiber diameter [36], and
changes in thermal properties including the glass transition
temperature, degradation temperature, and temperature-
dependent mass loss. In general, AgNP-loaded nanofibers
are more resistant to heat. All property changes mentioned
above are caused by the structural changes of the polymeric
backbone [36, 46, 47].

Below, we present and compare several methods to create
AgNP-loaded electrospun nanofiber scaffolds.

2.1. Direct Blending Method. A facile method to produce
AgNP-loaded nanofibers is the direct blending of premade
AgNPs in the polymer solution before electrospinning [35],
being preferred the AgNP colloidal solutions for easy incor-
poration into the nanofibers [55]. The encapsulation of
AgNPs within the poly(¢-caprolactone) (PCL) microfibers
without Ag at the surface of microfibers allows controlling
release of AgNPs from the hybrid constructs in combination
with high antibacterial activity [56].

Several polymeric systems have been reported to be elec-
trospun and loaded with AgNPs, such as the case of poly(viny-
lidene fluoride) (PVDEF) [20] (entry 4), PVA/poly(urethane)
(PU) [57] (entry 2), nylon [42, 58], and poly(vinyl pyrrol-
idone) (PVP) [59] (entry 1), among others. This versatility of
modified nanofibers is because AgNPs can be prepared with
various solvents such as formic acid (FA), dimethylacetamide
(DMACc), water (H,0), and hexafluoro propanol (HFIP). Also,
it has been recognized by several studies that the loaded
amount of AgNPs can greatly differ from 0.1 to 30% wt., of
the total polymeric mass. On the other hand, it has been
observed that the higher the content of AgNPs added to the
polymeric solution, the higher the conductivity, promoting
smaller fiber’s diameters [35, 55]. These resultant fiber mor-
phologies can be rough due to the coating and immersion of
AgNPs mentioned before [55].

2.1.1. Experimental Conditions of the Direct Blending
Method. For a reported direct blending technique, the first
step was the dissolution at 50°C of nylon 6 (15% wt.) in for-
mic acid, a reduction agent for AgNO,. In this study, the
AgNO; (0.5 and 1.25% wt.) was slowly added to the polymer
solution, kept in darkness with constant stirring at room
temperature for 24h, enough time for the reduction of
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AgNO,. After that, the final dispersion was electrospun [42]
(entry 3).

In another study, tannic acid prepared in an ammonia
solution (NH;-H,0O) was added to the polymer solution as a
reducing agent of AgNO,. After one hour, the powder
obtained by solution concentration was resuspended in ace-
tone and filtered. Synthesized AgNPs were extracted using
vacuum drying at room temperature and then added to a
PVP solution before electrospinning (Figure 1).

2.2. UV-Irradiation Method. The amount of AgNPs loaded
on nanofibers is more significant when a UV-irradiation
method is used to produce the initial silver burst release,
either in the form of AgNPs or in the residual Ag" ions. This
method promotes incorporating the AgNPs into nanofibers’
surface in a random distribution [44-46]. The method
induces the silver ion migration from the core to the surface
during the formation of the AgNPs [45]. Also, it has been
described that the UV-irradiation method achieves smaller
AgNP diameters with narrower distributions than the other
methods. These results are relevant for antimicrobial activity
because the high surface area of AgNPs promotes a faster Ag"
ion release [60] (entries 8 and 16).

Moreover, the biological activity of electrospun scaffolds
is related to the AgNO, content. It was reported that
AgNP-loaded poly(ether amide) (PEBA) fibers were fabri-
cated using 0.15% of AgNO; in the polymer solution for elec-
trospinning inhibits >99.99% of Staphylococcus aureus (8.
aureus) and Escherichia coli (E. coli) cultures. However, when
the AgNO, concentration decreased (0.05% AgNO;), the
bacterial inhibition decreases (20% less activity in both bacte-
rial strains) [61] (entry 7). A similar activity was observed on
loaded AgNPs in gelatin nanofibers evaluated against S.
aureus and E. coli, with selective activity for the later strain.
Authors suggest that the different biocidal effect is due to
the generous peptidoglycan layer next to the cell membrane
of Gram-positive bacteria such as S. aureus, which serves as
a protective structure for external threats reducing the AgNP
introduction to the bacterial cell [60].

Phan et al. [46] (entry 5) synthesized silver/polyacryloni-
trile (Ag/PAN) nanocomposite membranes testing their anti-
bacterial activity. In this study, electrospun AgNP/PAN
nanofibers were prepared from the solution of PAN and

AgNO; using the UV-irradiation method to reduce the Ag"
ions into AgNPs. The nanofiber antibacterial activity was
tested against E. coli and Bacillus subtilis (B. subtilis), finding
long-term bactericidal effects. The authors claim that these
nanofiber systems are useful for water purification, bacterial
filtration, and biomedical devices [46] (entry 5).

2.2.1. Experimental Conditions of the UV-Irradiation
Method. In the case of the UV-irradiation method, most of
the studies prepared the Ag-loaded nanofibers by mixing
the polymeric and AgNO, solutions previous to the electro-
spinning process [44, 45, 60-62] except for Phan et al. [46]
(entry 5) that electrospun the fibers before the AgNO; incor-
poration. An advantage of this method is that, as reported, no
extra time or additional solvent is required [44-46, 60-63].
Besides, no further treatments are needed after the irradia-
tion step, and the exposition time to UV light can be changed
depending on the desired results. Interestingly, it has been
reported that after four hours of irradiation, the number
and size of the AgNPs continuously increased [44]. Figure 2
explains the UV-irradiation method general procedure,
where the incrusted AgNPs can be appreciated over the
nanofiber surface.

Additionally, the electrospinning conditions in both
methods (direct blending and UV irradiation) are selected
depending on the polymer system used [62]. After the electro-
spinning process, the UV irradiation step is developed. Here,
the UV light’s specific wavelengths are 254 and 365 nm [46]
(entry 5), but not a specific irradiation time is presented. Sev-
eral conditions are reported as follows: UV light (254 nm) irra-
diation for 24 h [46] (entry 5), UV light (254nm) for 6h [61]
(entry 7), UV light (254 and 365nm) irradiation from
10min to 8h [44] (entry 10), UV light (254 nm) irradiation
for 10 min [45] (entry 9), UV light (365 nm) irradiation from
3h [62] (entries 8 and 16), and UV light (not defined wave-
length) irradiation for 4h [63] (entry 6).

2.3. Silver Mirror Reaction Method (SMR). The SMR method
is a versatile method that uses different substances as reduc-
ing agents for AgNO; solution to produce the AgNPs, which
coat the surface of an object submerged in the reaction solu-
tion. This reduction can generate a visual phenomenon that
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FIGURE 2: UV-irradiation method for incorporation of AgNPs on nanofibers. Based on [44-47, 60-63].

resembles a shiny mirror coat over the upper surface of the
solution or over an object submerged.

It is used to create a controllable smooth coating over dif-
ferent surfaces: for large surfaces (e.g., telescope glasses) and
extremely small surfaces (nanofibers) [64] (entry 13). The
reaction occurs at ambient conditions, which is very appro-
priate for nanotechnology applications [65] (entry 11). Even
though using this method is impossible to achieve shape con-
trol of AgNPs, the technique can produce quasispheres,
wires, rods, right bipyramids, beams, spheres, cubes, or octa-
hedrons [65, 66].

Several applications have been reported for SMR synthe-
sized nanofibers. Excellent antimicrobial activities against bac-
teria and fungi were observed with PAN/AgNP nanofibers with
AgNPs evenly dispersed on the nanofiber’s external surface.
Those were prepared with PAN nanofibers pretreated in
AgNO, aqueous solution followed by the SMR process [48].
Also, noble metal nanoparticles loaded on electrospun nanofi-
bers have been synthesized due to their potential use as sensors
[67]. Another application is for silver nanowire membranes, in
this case, Ag" ions coated poly(acrylonitrile-co-phenylethy-
lene) (P(AN-S)) nanofibers used as a template for the reduction
of a silver solution on the nanofibers’ surface. The SMR process
allows silver deposition on the nanofiber’s surface. Thus, nano-
wires were developed and characterized by scanning electron
microscopy (SEM), energy dispersive spectrometry (EDS),
and X-ray diffraction (XRD). These nanowires have different
resistance and transmittance on PET and glass: 150/sq and
80%, and 37 2/sq and 81%, respectively [65].

2.3.1. Experimental Conditions of the SMR Method. The
reported methodologies differ in time and posttreatment
steps [53, 54], but an advantage over other methods is that
the reaction can be made at room temperature. In two man-
uscripts, the polymeric solution needs a 12 h reaction at room
temperature before the electrospinning process [48, 65]. In
another study, just 30 min were used, and a sol-gel process
was done before the electrospinning step [64]. Hence, the
polymer solution preparation time is not standardized and
differs depending on the methodology used to achieve com-
plete polymer dissolution. Wang et al. prepared PAN nanofi-
bers stirring the polymeric solution just for 1 hour at room
temperature, using the same polymer as the compared stud-

ies. Hence, these polymeric solution reaction times can vary
depending on the polymer chosen and the AgNP incorpora-
tion method [11]. Within the reported procedures, we can
find nanofibers exposed to the AgNO, solution for 18 and
24h in a dark room at room temperature [48], and AgNO,
solution mixed with the polymer solution before the electro-
spinning process [64, 65]. Hence, the AgNOj solution can be
added before or after the formation of fibers.

Regarding electrospinning, parameters depend more on
the polymeric solution than on the AgNP immobilization
method or the presence of AgNO,. The electrospinning
parameters determine the morphology, diameter, porosity,
and distribution of the fibers [20]. After fiber preparation,
several posttreatments are needed. Obtained fibrous mats
are submerged into AgNO; solution at the desire concentra-
tion, usually in a 1:2 AgNO,/polymer solution ratio, but
other relative proportions AgNO,/polymer were also tested
[64, 65]. Ag" ions are deposited over the fiber’s surface when
the AgNO; solution is added to the fibers earlier prepared. In
contrast, Ag" ions get encapsulated into the fibers if AgNO,
solution is added before fiber preparation [68]. Other proce-
dures include fibrous scaffolds freeze-drying before the SMR
[48] or a two-step filtration with an organic-free filter
followed by a 0.2 ym filter to removed particles [64].

Other differences were observed for the reported SMR
step. In some cases, the authors dropped ammonium hydrox-
ide (NH,OH) into AgNO; solution to prepare a diamine silver
(I) (Ag (NH,),") solution [65] (entry 11). Others used a hydra-
zinium hydroxide (N,H;OH) solution as a reducing agent
[64] (entry 13). On the other hand, Shi et al. [48] (entry 12)
submerged the fibers into the AgNO; solution, then added
concentrated ammonia (NH;) (2.5% wt.) into the beakers just
until the brown precipitate dissolved, and then added formal-
dehyde (HCHO) (1% wt.) as the final step. Additional steps
after SMR as a threefold washing procedure with distilled
water or 40°C vacuum oven drying are reported [64, 65].

A simplified schematization of the silver mirror reaction
method showing the AgNP distribution on the nanofiber’s
surface is represented in Figure 3.

2.4. Thermal Reduction Method. This method is promising
due to the easy steps to perform. Some advantages of this
method are as follows: uniform AgNP distribution on the
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FIGURE 4: Thermal treatment method for incorporation of AgNP on nanofibers. Based on [47, 62, 70].

nanofiber’s cross-section [69], decomposition temperature
decreases when Ag content increases on PVA-AgNPs [49,
62], and more desired stability (less probability of AgNP
aggregation). However, AgNP leaching could inactivate the
membrane once the first Ag" release from the nanofiber sur-
face has occurred [62].

Silver conducting nets were synthesized using the ther-
mal reduction method over a plane scaffold prepared with
electrospun nanofibers of poly(methyl methacrylate)
(PMMA), and silver trifluoroacetate (STA) deposited on
transparent substrates. Those nets had high transmittance
and low resistance [70]. STA is reduced to AgNPs with a
100°C postthermal treatment that decomposes the organic
polymer to achieve the one-dimensional net configuration.
The nets’ sheet resistance was as low as 15Q/sq correlated
with the morphology and the STA/PMMA ratio. Properties
as surface plasmon resonances (SPRs), fiber morphologies,
and electrical and optical properties (diffusive optical trans-
parency of ~54%) were determined.

2.4.1. Experimental Conditions of the Thermal Reduction
Method. For this method, several strategies are reported to
incorporate the Ag® ions into the nanofibers. Jatoi et al.
[47] (entry 14) prepared acetate cellulose (CA) solution
under constant stirring for 24h and then electrospun the
solution. On the other hand, Chen et al. [70] (entry 15)
replaced the AgNO; solution with an STA solution and
mixed it with the PMMA solution using a reaction time of

24h at room temperature. Similarly, Lin et al. [62] (entries
8 and 16) mixed the previously prepared (~2 h) PVA solution
with the AgNO; solution stirring vigorously for an additional
30 min, taking just 2.5h before the electrospinning step.

For the electrospinning technique, no special modifica-
tions were added. The optimization of the fiber formation
and the electrospinning parameters were chosen depending
on the properties (viscosity, concentration, conductivity,
and surface tension) of the polymer solution [20, 47, 62, 70].

CA fibrous mats were synthesized with a simple alkaline
treatment (NaOH) by submerging the fibers in the solution
for 48h, creating cellulose fibers (CEF). The CEAg samples
were obtained immersing the CEF for 24h at 23°C in an
AgNO, solution then dried for 2h. Finally, the reduction
process of CEAg was done in a drying oven at 160°C for
1h, 1.5h, and 2h [47]. Silver nets also could be obtained by
thermal decomposition at 500°C of PMMA for 3h under
air or nitrogen atmosphere. In this case, AgNPs were
obtained by reduction of silver precursors for 12h at 100°C
[70]. Contrary to the previous two discussed methods, before
the electrospinning process, Lin et al. [62] (entries 8 and 16)
pretreated the polymeric/AgNOj solution at 105°C for 1h, no
further treatments after the obtention of the fibers.

Figure 4 represents the general procedure of the thermal
reduction method.

AgNP particle size and average nanofiber diameter
obtained with four AgNP incorporation methods are pre-
sented in Table 1.
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3. Antimicrobial Activities of Ag Nanofibers

AgNPs are well known to have antimicrobial bioactivity. This
bioactivity occurs through cell membrane damage, free radi-
cal generation, and DNA interaction, among others
(Figure 5) [71, 72]. One of the proposed mechanisms of
AgNP action is the effect on the lipid bilayer induced by the
AgNP accumulation in the bacterial cell wall [59]. Thus,
membrane permeability increased, causing cell damage and
death. Moreover, the effect increases while the AgNP size
decreases [73]. Another mechanism suggested for cell death
induced by AgNPs is the reaction with thiol groups (-SH)
of cysteine and phosphorus compounds on the cell wall,
affecting respiration and replication processes [59, 74].
Another explanation for the antimicrobial activity is that
metal depletion may cause the formation of irregularly
shaped pits in the outer membrane and change membrane
permeability, which is caused by a progressive release of lipo-
polysaccharide molecules and membrane proteins [63]
(entry 6).

AgNPs or the released silver ions (Ag") can also enter the
bacterial cells and interact with compounds containing sulfur
and phosphorus, preventing DNA replication and inactivating
proteins. Besides, they can inhibit the activity of endocellular
ATP levels, thereby preventing the cell’s respiratory function.
Furthermore, AgNPs have been reported to induce the release
of reactive oxygen species (ROS), forming free radicals with
strong bactericidal effects (Figure 5) [75]. AgNPs have a broad
antibacterial spectrum covering aerobic, anaerobic, and Gram
amphoteric bacteria [76], low incidence of resistance [77], and
sustained antibacterial activity [78], thus have been widely
used in antibacterial wound dressings [75].

The antimicrobial activity of AgNPs depends on the sur-
face area of the nanomaterial [72]. The highest concentra-
tions of released Ag" ions have been observed from AgNPs
with the highest surface area. On the contrary, Ag" ion’s
low release has been found for AgNPs with low surface area,
resulting in weak antimicrobial properties [79]. Most electro-
spun nanofibers do not affect microbial cell reproduction by
themselves, but only with the presence of AgNPs. Such is the
case of PAN nanofibers which were endowed with excellent
antibacterial properties due to the introduction of AgNPs.
The authors claim that AgNPs have strong antibacterial
properties since they attach to the cell walls and disturb
cell-wall permeability and cellular respiration [48] (entry 12).

Poly(vinyl alcohol-co-vinyl acetate)/octadecyl amine-
montmorillonite) (P(VA-co-VAc)/ODA-MMT) nanofibers
loaded with AgNPs showed high antimicrobial activity
against fungus (Candida albicans, tropicalis, glabrata, keyfr,
and krusei) and bacteria (S. aureus and E. coli) [80]. It has
been demonstrated that Ag" release confers the AgNP micro-
bicidal effect [81-83]. Moreover, the internalization of
AgNPs into the fibers permits a longer bioavailability of the
silver on the application site because the release of the A"
ions depends on the time of fiber degradation [84]. This
could explain that 10 nm AgNPs were more toxic for E. coli
than 20-80nm due to a more efficient cell-particle contact.
Thus, AgNP toxicity correlates with size and content because
of the Ag" initial release rate, affecting the fibrous scaffold

cytotoxicity. However, the AgNP amount also regulates the
long-term Ag" release rate and, therefore, the microbicidal
activity [72, 75].

AgNP-loaded electrospun membranes with antibacterial
properties have been tested in food packaging material to
delay food spoilage or bacteria contamination [63, 78].
Chaudhary et al. [63] (entry 6) used an electrospun AgNP/-
PAN composite filter media to cover a nutrient media in
room conditions and pass ambient air through the filter
media. The nutrient media protected by the nanofibrous fil-
ter remained free of bacteria growth after two months, while
the unprotected nutrient media show microorganism
growth. Taking advantage of the excellent dispersion of
AgNPs in electrospun nanofibers, Castro-Mayorga et al.
[85] reported electrohydrodynamic processing, which com-
bines the electrospraying and electrospinning techniques to
produce a multilayer system comprising a poly(hydroxy
alkanoate) (PHA) substrate and an electrospun PHA coating
containing AgNPs. The materials reduced the Salmonella
enterica population below the detection limits at a very low
silver loading of 0.002% wt.

Table 1 shows the physicochemical and antimicrobial
properties of AgNP-nanofiber systems prepared by the dis-
cussed methods. It can be observed that each of the four
methods affects the resulted size of the incorporated AgNPs.
Moreover, small particle sizes (<10 nm) can be achieved in all
methods.

It should be noted that the data in Table 1 include the fol-
lowing: (1) inhibition zone diameter, which may not be com-
parable, or (2) results of distinct AgNP concentrations
leading to approximately 100% inhibition of microorganism
growth, which is also not representative. In the future, the
minimal inhibitory concentration (MIC) and the inhibitory
concentration (IC,,) should be presented as data; moreover,
for this purpose, the microdilution test to evaluated antimi-
crobial activity should be used [37].

Also, it can be appreciated that information about the
resulting AgNP size is not reported in some articles. The anti-
microbial results are reported in different ways, making it dif-
ficult to compare studies.

4. Comparisons among Methods of
Incorporation of AgNPs

Metal nanoparticles tend to aggregate in the polymer matrix
during nanofiber formation, highlighting the need for new
and better methods that allow better metal nanoparticle dis-
persion on the polymer nanofiber matrix [42] (entry 3).
Another requirement is to reduce the number of reaction
steps and reduce the use of toxic chemical agents to form
AgNP/composite polymeric scaffolds. The search for a facile
and ecofriendly method is an important task [86]. There is
not a noticeable difference in AgNP size and antimicrobial
activity for the studied methods; they all reported similar
results (Tables 1 and 2). Hence, in our further discussion,
we can focus on finding the method possessing the most
advantages other than appropriate AgNP size.

Among the compared methods, the direct blending
method is the easiest, more accessible, and most commonly
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FIGURE 5: AgNP release from nanofibers and mechanisms of action of AgNPs on microbial cells.

used technique to incorporated AgNPs into nanofiber mats
[35, 55]. It has been reported that the electrospinning condi-
tions do not affect AgNP bioactivity on microbial cells; how-
ever, fiber-matrix encapsulation could reduce it [87]. Despite
that, the lack of chemical treatment, irradiation, and thermal
treatment made the direct blending method preferable com-
pare to others that consume more time and energy [42]
(entry 3). However, it has been described that the mechanical
mixing of the AgNPs with the polymeric solution by the
direct blending method affects the homogeneity of particle
dispersion, facilitating their aggregation, increase viscosity
of the polymeric solution, which increase the surface tension,
complicating nanofiber formation [66] (entry 13).

Otherwise, comparing the UV-irradiation method with the
direct blending, an initial burst release of the AgNPs incorpo-
rated into the nanofibers is observed only in the UV method.
As mentioned above, this burst release was attributed to the
silver ion’s migration from the core to the nanofiber surface
[45]. Moreover, in the UV-reduction method, the AgNP diam-
eters are smaller with narrower distribution than other
methods. In its turn, the size of AgNPs is an essential param-
eter of antimicrobial activity [62] (entries 8 and 16).
AgNP/PVA nanofibers prepared by the UV irradiation
method showed more effectivity against S. aureus than those
prepared by the thermal reduction method. In the first case,
after 30 minutes of incubation, no bacterial colonies were
detected. In comparison, microbial colonies were detected in
both treated and untreated AgNP/PVA scaffolds. The authors
discussed the last result is ascribed to a higher dispersion
diameter resulted from the AgNO, reduction from the ther-
mal treatment in the PVA samples [62] (entries 8 and 16).

In the thermal reduction method, the size and spatial dis-
tribution of AgNPs can be tuned by varying the AgNO, solu-
tion concentration. The strategy to immobilizing and
manipulating the size of the AgNPs on polymer nanofibers

may be extended to other particle systems for various appli-
cations such as catalysis, energy, sensing, photonic, and bio-
medical applications [88]. Unfortunately, this method has
been observed that leaching of AgNPs in the initial stage
can occur [62] (entries 8 and 16). However, UV irradiation
prepared AgNPs are preferred over those loaded on electro-
spun poly(vinyl alcohol) (PVA) by heat treatment of AgNO,
for its cytotoxic and microbicidal properties.

The silver mirror reaction method produces different
morphologies of Ag nanostructures (quasispheres, wires,
rod, right bipyramid, beam, spheres, cube, and octahedron)
which cannot be predefined [66], limiting its use for the syn-
thesis of a particular Ag nanostructure. However, to our
knowledge, none of the methods compared in this review
allow us to design the nanostructure. On the other hand,
the silver mirror reaction method is easily controlled, and it
takes place at ambient conditions but requires further pro-
cessing (filtration, purification, and washing) [64] (entry
13). Nanofiber morphology has no significant differences if
prepared by SMR or the thermal reduction method [47].

Hence, from the above analysis, we can conclude that all
four considered methods presented difficulties in loading
AgNPs into the nanofibers, but this does not impact the anti-
microbial effectivity of the nanofiber/nanoparticle systems
(Table 2). It would be interesting to compare the concentra-
tion of AgNO; is used and how much Ag is loaded. Still, at
the moment, several studies do not evaluate the Ag loaded
on the nanofibers, which does not allow to do these
correlations.

5. Future Perspectives and Limitations

The properties as porosity, a high surface area/volume ratio,
and porous interconnection that can be reached with electro-
spun polymeric nanofibers make them attractive in different
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TaBLE 2: Comparison of advantages and disadvantages of the methods for incorporation AgNPs in electrospun nanofibers.

Method Advantage Disadvantage Ref.
(i) Single-step process (i) Stabilizing and protection agents are
. ) (ii) Polymeric solution is the reducing agent u.s‘ed to avoiding NP aggregation
Direct blending o e . . . (ii) Posttreatment needed (purification,
method (iii) Tiny particle sizes obtained <10 nm extractions, etc.) [42, 64]
(iv) Faster and simpler than other o o
compared methods (iil) Lacking size homogeneity in dense
matrices
(i) Limited to the use of UV-sensitive
polymers
(i) Not necessarily extra time in (ii) Not recommendable the use irradiation
T . . . ter than 380 nm (polymer degradation)
UV-irradiation olymeric solution preparation grea o
method I()ii)};\fo additional S(I))lvelilts are required (iii) Extra UV irradiation treatment (~3-24 h) [44-46, 60-62]
o e . . . (iv) When the irradiation time is
(iii) Tiny particle sizes obtained <10 nm prolonged, even though the formation
of nanoparticles increases, the size also
increases
(i) The reaction is at room temperature (i) The high volume of the reaction
(i) Facilitate the surface coating of big . &
devices (ii) I"osttr'eatments peeded .
. . (iii) Coating of micro- and nanostructures (purlﬁcatlon_, filtration; washing,
Silver mirror vacuum drying)
. such as nanofibers (64, 66]
reaction method . . . (iii) 2.5 h posttreatment after
(iv) Formation of smooth coatings L
(v) Easy control electrospinning
(vi) The reducing agent can vary (iv) Use of surfactants for stabilizing nanostructures
(vii) Tiny particle sizes obtained <10 nm (v) 12 for solution preparation
(i) Easy to perform
(ii) Uniform distribution of loaded (i) Extra thermal irradiation
AgNPs on the fibers treatment (~1-12h)
Thermal reduction  (iii) Size and distribution of the (ii) Limited to stable polymers at (47, 62, 70]

method AgNPs are controllable with the
time and temperature applied
(iv) Very small particle sizes

obtained <10 nm

temperatures above 100°C
(polyesters, natural polymers)
(iii) Leaching of AgNPs

fields [89]. Thus, in the last years, applications for filtering,
tissue engineering, wound dressing, drug delivery, and bio-
sensors have been reported using electrospun nanofibers
with inorganic particles [90]. However, several variables
affect the electrospinning process. Such variables are not yet
tully described [48].

The electrospinning method is also limited for parame-
ters that have to be optimized. For example, the large-scale
production may present polymer blockage, and electrospin-
ning flux may alter the electric field. It has been reported that
this can be fixed using a multirow component in the injection
system [91]. Also, it is desired to control nanofiber thickness
with collecting devices with different characteristics [9], such
as centrifugal electrospinning, or surface-free systems [92].
Other improvement points are precision and reproducibility;
for those, the control of temperature and humidity is essen-
tial [9]. Finally, stability and mechanical properties can be
upgraded with new electrospinning formulations [92-94].

The microbicidal effect of silver has been related to Ag"
ion interaction with the cell membrane. It has been described
that in AgNPs, Gram-negative bacteria inhibition depends
on the concentration associated with cell wall damage [63],
but a precise mechanism is still unknown. Still, more studies

have to be implemented to investigate the mechanism of the
antimicrobial action of the AgNPs. Most importantly, it is
necessary to develop the ideal method that does not present
any of the troubles mentioned in this review.

The literature data analysis made in the present review
indicates that at the present moment, there are numerous
publications dedicated to the application of different
methods of deposition of AgNPs on nanofibrous scaffolds.
Nevertheless, these results are not enough to conclude which
method is the most promising for the best control of Ag" ion
release. Research where all methods are applied in similar
experimental conditions (the same silver nanoparticles type,
including stabilizer, particle size, hydrodynamic diameter,
and Ag concentration) is necessary to carry out to answer this
question.

6. Conclusions

The analysis carried out in this work showed that the
methods of AgNP incorporation into the electrospun nanofi-
bers could alter the size of AgNPs, their distribution on the
electrospun nanofibers, and their antimicrobial activity. The
differences among the four analyzed methods also come from
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the incorporation time, method difficulty, complexity, and
cost of the equipment and solvents used. The latter is not
determined by the technique but by the selected nanofiber
polymer. Until now, polyacrylonitrile nanofibers are the
most frequently chosen system.

We found that the preferred methods are direct blending
and UV irradiation. The other two methods (silver mirror
reaction and thermal reduction) are less used and less studied.
It was found that the UV treatment and thermal reduction
methods can manipulate the size and concentration of AgNPs
by varying the time of exposition. The direct blending and sil-
ver mirror reaction methods cannot control the AgNPs size,
and small-sized AgNPs can be incorporated. The silver mir-
ror reaction method’s advantage is that it is a unique tech-
nique that can cover large surfaces with AgNPs.

On the other hand, taking into account the presented
data, it is proposed that the best method to control the release
of Ag" ions from the nanofibrous scaffolds is the SMR
method because it already reported that the UV treatment
and thermal reduction methods presented a leaching phe-
nomenon after the AgNP loading on the fibers. In the case
of the direct blending method, agglomerations of the AgNPs
occur affecting controlled release. Moreover, the SRM
method provides a homogeneous and well-defined distribu-
tion where the AgNP release can be controlled by optimizing
the polymeric nanofiber’s degradation.

Conjugation of well-known antimicrobial activity of
AgNPs with electrospun nanofibers could take AgNP antimi-
crobial properties to their highest efficiency. However, up to
now, the antimicrobial efficiency of AgNP-loaded nanofibers
has not been explored thoughtfully. The mechanisms of anti-
microbial action of AgNPs still need to be addressed. Finally,
it is recommended to accompany the future performance of
four methods discussed here with a comprehensive determi-
nation of physicochemical and antimicrobial characteristics
of obtained AgNP-loaded nanofibers. This will allow making
a more objective comparison of these methods.
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In the article titled “Effects of Arsenic Trioxide-Loaded
PLGA Nanoparticles on Proliferation and Migration of
Human Vascular Smooth Muscle Cells” [1], the author’s
identified errors in the legends of Figures 4 and 5, where
“6 yumol/L” should be corrected to the 3 ymol/L group as
follows:

Figure 4: Results of Transwell cell migration assay.
*P<0.05 **P<0.01, and ***P < 0.001, compared with the
control group; “P < 0.05 and **P < 0.01, compared with the
1 umol/L group; ¥P <0.05, compared with the 3 umol/L
group.

Figure 5: Relative mRNA expression by RT-PCR.
*P<0.05, **P<0.01, and ***P <0.001, compared with the
control group; “P < 0.05 and **P < 0.01, compared with the
1 umol/L group; P <0.05, compared with the 3 umol/L
group.

The authors apologize for this error and confirm that it
does not affect the conclusions of the article.
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Backgroud. To evaluate improvement of arsenic trioxide-loaded PLGA nanoparticles (As,O;-PLGA-NPs) to Human Vascular
Smooth Muscle Cells (HUVSMCs) in vitro. Methods. As,O,-PLGA-NPs were synthesized and characterized by transmission
electron microscopy (TEM), scanning electron microscope (SEM), and energy dispersive spectrometry (EDS), and the
cumulative release rates of As,0;-PLGA-NPs were measured in vitro; HUVSMCs were treated with As,0;-PLGA-NPs in vitro.
MTT assay and flow cytometry assay (FCM) were performed to examine the inhibitory effect of As,0;-PLGA-NPs on
HUVSMCs and compared with As,O, solution at various concentrations. Optical microscope was used to observe the
morphological change of HUVSMCs treated with As,O;-PLGA-NPs. The expression of Bcl-2, Bax, and MMP-9 in HUVSMCs
was detected by RT-PCR and Western blot (WB). Results. EDS confirmed that prepared nanoparticles contained elements of
arsenic. The surface coating of the eluting stent of As,O;-PLGA-NPs has the same characteristics with our self-prepared As,O5-
PLGA-NPs, and it also has a drug sustained-release character. Compared with the control group, cell proliferation and
migration cell were significantly suppressed with concentration-dependent (P < 0.05, respectively). Meanwhile, in concentration-
dependent, As,O;-PLGA-NPs depressed mRNA and protein expression of Bcl-2 and MMP-9 and increased mRNA and protein
expression of Bax. Conclusion. As,05-PLGA-NPs had an inhibitory effect on HUVSMCs’ proliferation and migration, and it
may work via regulating Bax, Bcl-2, and MMP-9 expression in vitro.

1. Introduction

Although percutaneous coronary intervention (PCI) plays an
important role in the treatment of coronary artery disease,
there is still a risk of stent restenosis [1]. Vascular smooth
muscle cells (VSMCs) are a key part in intimal thickening
of in-stent restenosis (ISR) [2, 3]. Arsenic compounds are
natural substances that can effectively inhibit acute promye-
locytic leukemia (APL) [4]. Related studies have shown that
arsenic trioxide (As,O;) has a therapeutic effect on other
types of malignant tumors [5-7]. As,O, can effectively
inhibit cell proliferation and has been widely used in clinical
practice. The dosage forms of As,O, were proposed [8, 9].

Drugs encapsulated in nanomaterials can effectively improve
drug stability, release durability and biosafety, and reduce
drug biodegradation. Polylactic-co-glycolic acid (PLGA) is
a synthetic copolymer of poly (lactic acid) (PLA) and poly
(glycolic acid) (PLGA). A large number of experimental
studies have proved that PLGA is an important biomedical
polymer material with good biodegradability and biocompat-
ibility. It does not cause an obvious inflammatory reaction,
immune reaction, and cytotoxic reaction [10]. PLGA has
been approved by the US Food and Drug Administration
(FDA) as a material for injection drugs, nanoparticles,
implants, and other preparations and is widely used in the
research of drug delivery system. Therefore, we choose PLGA
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as the drug carrier. In this study, we prepared arsenic triox-
ide- (As,O;-) loaded PLGA nanoparticles (As,O;-PLGA-
NPs), investigated their general properties and As,O,
bioactivity, and evaluated the effects of As,O;-PLGA-NPs
on proliferation and migration of Human Vascular Smooth
Muscle Cells (HUVSMCs). To clarify the molecular mecha-
nism of HUVSMCs apoptosis induced by trioxide-loaded
PLGA nanoparticles, the expression of Bax, Bcl-2, and
MMP-9 was examined.

2. Materials and Methods

2.1. Materials. As,O,, DEPC, Triblue, HRP-labeled goat anti-
mouse IgG secondary antibody, and 5-diphenyl-2H-tetrazo-
liumbromide (MTT) were supplied by Sigma Corporation
(USA). HUVSMCs, bought from Sciencell Corporation
(USA), were maintained in Smooth muscle cell medium
(SMCM, also provided by Sciencell Corporation). AMV
reverse transcriptase, DNTP, Oligo (dT) 18, Taq DNA poly-
merase, RNasin, RNase free DNase I, and 100bp DNA
Molecular Weight Marker were purchased from Takara Bio-
technology Corporation (Japan). GENMED-Bradford Pro-
tein Concentration Quantitative Kit was purchased from
Pharmaceutical Technology Corporation (Shanghai, China).
Relative antibody was supplied by ZSGB-BIO Engineering
Corporation (Beijing, China).

2.2. Preparation of the As,0;-PLGA-NPs and their
Characteristics. Referencing our previous research, we pre-
pared As,O,-PLGA-NPs [11, 12]. After 10ul suspension
was aspirated, using transmission electron microscope
(TEM), scanning electron microscopy (SEM), energy disper-
sive spectrometer (EDS), and computer color magic image
analysis system to observe characteristics.

2.3. Determination of Drug Loading and Encapsulation Ratio
of As,O;. Appropriate amount of As,O;-PLGA-NPs colloidal
suspension was added at 4°C. After centrifugation at 15000
R/min for 30 min, the precipitate was washed three times
with deionized water, and the supernatant was mixed. The
precipitate was frozen in a vacuum to obtain the lyophilized
powder, and then, a certain amount of deionized water was
used to fix the volume. The amount of As,Oj; in the precipi-
tate (W1) and the amount of free As,O, in the combined
supernatant (W2) were determined by hydride generation
atomic fluorescence spectrometry, and the amount of
As,0; in As,O; — PLGA — NPs = W1, the total amount of
As,O0; =WI1 + W2. The drug loading and entrapment effi-
ciency of the nanoparticles were calculated according to the
following formula (Wp ;4 was the amount of PLGA added):

Drugloading(%) = W1/Wp g, X 100%
Encapsulation efficiency(%) = W1/(W1 + W2) x 100%

(1)

2.4. In Vitro Release Test. 5mg of As,0;-PLGA-NPs accu-
rately weighed and dispersed in a final volume of 5mL nor-
mal saline and, then, sealed in a pretreated dialysis bag. The
bag was immersed in a conical bottle containing 30 mL saline
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with constant rate stirring (50 r/min) at 37°C + 1°C. The sam-
ples were taken at the same time point on the Ist, 2nd, 3rd,
4th, 5th, 6th, 7th, 8th, 9th, 10th, 11th, 12th, 13th, 14th, and
15th day, respectively. At the same time, the same amount
of (1 mL) release medium was added to determine the con-
tent of As,O; in the release solution, and the curve of time
and cumulative release concentration was drawn.

2.5. Cell Culture. HUVSMCs were maintained in SMCM and
cultured at 37°C in a 5% (v/v) CO, atmosphere. HUVSMCs
in the logarithmic growth stage were taken in the experiment.

2.6. MTT Assay. HUVSMCs were seeded in a 96-well plate
with 5,000 cells per well and, after 24h incubation, were
treated for 1-5d by different methods as follows: (1) a nega-
tive control group (SMCM), (2) 1umol/L As,O;, (3)
1 umol/L  As,0;-PLGA-NPs, (4) 3umol/L As,0; (5)
3 umol/L As,0;-PLGA-NPs, (6) 6 umol/L As,O,, and (7)
6 umol/L As,O;-PLGA-NPs; then, 20 ul MTT (5mg/mL)
was added and continued to incubate for 4h (37°C, 5%
CO,). Finally, 150 ul DMSO was added and shaking for
10 min. The absorbance was measured at 492 nm using a
spectrophotometer. The following formula was used to calcu-
late the cell viability percentage (VP) [13]:

VP = OD of experimental group/OD of control group x 100%

(2)

2.7. Flow Cytometry Assay. Cells were treated 24 h by four dif-
ferent groups as follows: (1) a negative control group
(SMCM), (2) 1umol/L As,O;-PLGA-NPs, (3) 3 umol/L
As,0,-PLGA-NPs, and (4) 6umol/L As,O,-PLGA-NPs;
after 24h, cells were collected and washed in cold PBS
(0.1 M, pH7.2-7.4) three times, resuspended and fixed in
70% ethanol at 4°C for 10 min in the dark. According to the
protocol of the kit for measuring cell apoptosis, the cell apo-
ptosis rate of each group was detected by flow cytometry.

2.8. Inhibitory Effect of As,0;-PLGA-NPs on HUVSMCs
Migration Was Determined by Transwell Chamber
Experiment. Logarithmic HUVSMCs were selected, and
As,0;-PLGA-NPs with different concentrations (excluding
serum) were added to the experimental groups, to reach the
final concentrations of 1ymol/L, 3 ymol/L, and 6 ymol/L,
adding culture medium to the blank control group. 200 pl cell
suspension was inoculated on the Transwell insert (the pore
size was 8 um), and then, the upper chamber was put into
the culture hole; the cells were cultured for 12 hours; the
smooth muscle cells migrated to the subventricular surface
of the filter membrane were photographed under a micro-
scope and counted. The 5 cells under a high power field were
taken from each sample.

2.9. Detection of Bcl-2, Bax, and MMP-9 Expressions by RT-
qPCR. NP was added to HUVSMC:s to reach the final admin-
istration concentrations of 3 ymol/L and 6 ymol/L; SMCM
was added to the control group. After 72 hours of culture,
the total RNA was extracted by Trizol. The primer sequences
of Bax, Bcl-2, and MMP-9 in RT-qPCR reaction and
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TasBLE 1: The relative sequence.

Gene name F:(5'-3") R:(5'-3")

Bcl-2 TGTGGCCTTCTTTGAGTTCG TCACTTGTGGCTCAGATAGG 3

Bax GCGTCCACCAAGAAGCTGAG ACCACCCTGGTCTTGGATCC

MMP-9 GAGACCGGTGAGCTGGATAG TACACGCGAGTGAAGGTGAG

GAPDH AGCCTCAAGATCATCAGCAATG TGTGGTCATGAGTCCTTCCACG

reference GAPDH gene were listed in Table 1, which was
designed and synthesized by Sangon Biotech (Shanghai)
Co., Ltd. The data detected and analyzed by IQ5TM Real-
time PCR Detection System and expressed by 244",

2.10. Detection of Bcl-2, Bax, and MMP-9 Expressions by
Western-Blot (WB). NP was added to HUVSMCs to reach
the final administration concentrations of 3 ymol/L and
6 yumol/L; SMCM was added to the control group. After 72
hours of culture, the HUVSMCs of each group were lysed
and the total proteins of each group were extracted. The
actual concentration of total protein extracted from each
group was determined; total protein for each sample (50 ug)
was developed by 10% SDS-PAGE gel electrophoresis and
Western blot, scanned by gel imaging system, and the images
were saved and analyzed by Gel-pro32; the results were
expressed by OD value.

2.11. Statistical Analysis. The data were shown as mean + SD,
and the significance of difference with the control group was
subject to the Poisson distribution and ANOVA variance
analysis; P < 0.05 means the difference is statistically signifi-
cant, and the statistical process was completed by statistical
software SAS8.1 and SPSS17.0.

3. Results and Discussion

3.1. General Characteristics of NP. The prepared NP is a
milky white colloid. There is no delamination deposition at
4°C for 12h. NP has a slight delamination after 24 hours
and can be suspended stably after ultrasonic processing for
1 min.

3.2. Electron Microscopic Observation. After ultrasonic dis-
persion, the prepared NP was observed by transmission elec-
tron microscope (Figure 1(a)) and scanning electron
microscope (Figure 1(b)); it was nearly circular and had a
certain electron density, showing dispersed spheres. The
average particle size of NP prepared in this experiment is cal-
culated to be 90+ 31 nm by using the CMIAS98A image
analysis system.

3.3. EDS Detection. Several visual fields under scanning
electron microscope were selected, and the components of
NP were analyzed by energy disperse spectroscopy
(Figure 1(c)); it can be seen that it contains components of
As, C, and O; the weight percentage content (wt%) of As
was 3.25% and the atomic percentage content (At%) was
0.72%. Therefore, it can be confirmed that NP has been suc-
cessfully prepared.

3.4. Dynamic Determination Results of As,O; Release from
PLGA NPs. The in vitro dynamic release of NP was investi-
gated with saline as medium; the cumulative release rate of
the drug reached 72.37% on the 4th day and 96.82% on the
15th day and gradually entered the platform stage (Figure 2).

3.5. MTT Results. The growth rates of As,0; and NP (NP)
with different concentrations on HUVSMCs were listed in
Table 2. It was found in the experiment that both As,O,
and NP could inhibit the growth of HUVSMCs and produce
certain cytotoxicity and showed an obvious time and
concentration-dependent relationship (P <0.05). MTT
results showed that after 6 uM NP treatment for 3 days, it
had an inhibitory effect on the proliferation of HUVSMC:s,
while its toxicity was the least. The relative data was shown
in Table 2.

3.6. Flow Cytometer Detection Results. The detection results
of flow cytometer showed apoptosis rate of NP intervention
group significantly increased (P <0.05), and the apoptosis
rate increased gradually with the increase of drug concentra-
tion. The data was shown in Figure 3.

3.7. Results of Transwell Cell Migration Assay. The results of
Transwell showed a number of invasive cells in NP interven-
tion group decreased significantly (P < 0.05, Figure 4), and
NP inhibited migration of HUVSMCs in a concentration
dependent manner.

3.8. Detection of Related mRNA Expression by RT-qPCR.
Compared with the control group, Bcl-2 and MMP-9 genes
in NP intervention group decreased significantly, while Bax
gene significantly increased (P < 0.05, Figure 5), showing a
significant concentration-effect relationship.

3.9. Detection of Related Protein Expression by WB. Com-
pared with the control group, Bcl-2 and MMP-9 proteins in
NP intervention group decreased significantly, while Bax
protein significantly increased (P < 0.05, Figure 6), showing
a significant concentration-effect relationship.

3.10. Discussion. In this experiment, referencing our previous
research, emulsification evaporation technique was used to
prepare NP, in which emulsion solvent was prepared by
mechanical stirring or phacoemulsification of the two immis-
cible phases. The internal phase solvent was removed by
evaporation, and the spherical material was precipitated
and solidified into microspheres. The internal disperse phase
solvent must have certain solubility and volatility in the
external continuous phase. Under slow stirring condition,
the internal disperse phase solvent diffuses to the external
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phase, transports to the liquid level, and volatilizes into the
air. The extraction-volatilization-extraction process was
repeated, so that the carrier material in the internal disper-
sion phase precipitated to form a capsule, and the drug was
wrapped therein until the microspheres were completely
cured. In this experiment, the organic phase was PLGA/di-
chloromethane solution with As,0,, and the aqueous phase
was a PV A aqueous solution of a certain concentration; after
the two phases were mixed, the emulsion was prepared by

magnetic stirring; with the gradual removal of dichlorometh-
ane by evaporation, the spherical nanomaterials were precip-
itated and freeze-dried to form nanomicrospheres.

At present, it is recognized that the mechanism of ISR
formation is a key part in excessive proliferation induced by
injury and migration of VSMCs to inner membrane in addi-
tion to elastic retraction and thrombosis of vascular wall after
vasodilation. Therefore, the search for drugs that inhibit the
proliferation and migration of VSMC has become a hot topic
in the study of ISR [14]. In this experiment, the effects of NP
and As,O; of different concentrations on HUVSMCs were
studied. Under inverted microscope, after HUVSMCs was
treated with 3 umol/L As,O, for 24h, the cells began to
round and wrinkle, and cell number decreased significantly.
MTT assay results of NP and As,O; of different concentra-
tions for the HUVSMCs showed that NP was a sustained
release system with good biocompatibility and also had an
antiproliferation potential. As,O, and NP had inhibitory effect
on growth of HUVSMCs in a time-and concentration-
dependent manner. MTT assay results showed effect of
As,O; on HUVSMC s entered the platform stage on the 3rd
day, but the inhibitory effect of the As,O; of same concentra-
tion on the cells before entering the platform stage was almost
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TaBLE 2: The cell viability percentage of difference groups (%) (mean +s).
Group 1d 2d 3d 4d 5d
Control 100 100 100 100 100
1 uM As,O4 97.13 +0.64" 92.56+0.81" 88.76 +2.07" 85.76 +0.93" 82.58 +5.34"
1 uM NP 99.42 +0.58" 96.24 +1.39" 90.32 +3.24" 84.23 +3.27" 79.36 +7.23"
3 uM As,O, 63.27 +£3.26" 56.73 +1.59" 39.78 +1.69" 36.92 +0.85" 26.64 +2.87"
3 uM NP 70.51 + 1.74" 62.04+0.78" 4527 +0.81*# 37.84+1.22% 21.39+1.57*
6 uM As,O, 46.38 +2.39° 30.28 +4.25° 12,58 +1.31* 7.23 +1.56" 6.24+0.99"
6 uM NP 50.23 +6.81" 37.51 +£2.23" 22.69 +2.43*# 6.42 +0.39" 5.13+0.48"
*P < 0.05, compared with Control; #P < 0.05, compared with As,O; group.
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the same as that of NP on the 4th day with the cumulative
drug release rate of 72.37%. This may be related to the physical
and chemical properties of nanoparticles. When the material
is processed to the nanoscale, due to the quantum size effect,
the little size effect, and the surface effect, the nanoparticles
will show the peculiar physical, chemical, and biological prop-
erties, which make the nanoparticles have some new charac-
teristics and functions [15, 16]. To further investigate the
mechanism of NP for inhibiting the proliferation and migra-
tion of HUVSMCs, the related proteins were detected.

Bcl-2 gene family is the most important related gene. Bcl-
2 gene can resist apoptosis induced by chemotherapeutic
drugs. Bax is a homologous protein of Bcl-2, and it can not
only produce homopolymer but also produce heterodimer
with Bcl-2, thus eliminating the antiapoptosis effect of Bcl-2
gene; in this respect, it can promote apoptosis; on the other
hand, it may also weaken the upregulation of telomerase
activity by Bcl-2 [17-19]. In this study, the results showed
Bcl-2 and Bax expressions in HUVSMCs changed
significantly after NP intervention, showing a significant
concentration-effect relationship. It is inferred that the apo-
ptosis induced by NP may be closely related to Bcl-2 and Bax.

Matrix metalloprotease (MMPs) mediates basement mem-
brane and extracellular matrix degradation and cell migration
[20, 21]. Moreover, MMP-9 is an important member of MMPs
and is a key part in the degradation of collagen VI and other
matrix proteins in basement membrane [22]. The results in
this study showed MMP-9 gene and protein were significantly
inhibited after NP intervention, which might be related to the
inhibition effect of NP on HUSAMCs migration.

4. Conclusions

In conclusion, NP is an ideal slow release preparation, which
can prolong the effective acting time of As,O, on vascular
smooth muscle cells and inhibit cell growth and induce
apoptosis in vitro. It is also discussed that the molecular
mechanism of NP inhibiting the proliferation and migration
of HUVSMCs may be realized by regulating the expressions
of Bcl-2, Bax, and MMP-9. This new dosage form is expected
to become a drug coating on the surface of drug eluting stents
in the future, which provides new idea and method for clini-
cal prevention and treatment of restenosis in stents.
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Magnetic nanomaterials have recently emerged, playing an increasingly essential role in life science and biomedicine fields, and
they exhibited promising potentials in cancer diagnosis and therapy. Also, their use as contrast agents improved various cancer
diagnostic imaging sensitivities and accuracy. Magnetic nanomaterials are also exploited as targeted drug carriers to increase the
sensitivity and reduce the side effects of chemotherapeutic drugs. Herein, we reviewed the preparation, characterization, and

surface modification of various magnetic nanomaterials and their cancer diagnosis and therapy applications.

1. Introduction

Cancer remains the second most common cause of death,
and its morbidity and mortality are increasing in China; this
is mainly because most tumor onset is subtle and challenging
to be detected in the early stage [1]. Most diagnosed cancer
patients are already in advanced and late stages; this hinders
requisite curative effect. Besides, the primary cancer treat-
ment includes surgery, chemotherapy, and radiotherapy [2].
However, the complete removal of the tumor tissue through
surgical treatment is intractable. Various side effects and
adverse reactions often accompany radiotherapy and chemo-
therapy. Moreover, tumors could evolve metastasis and drug
resistance during progression or recurrence, which dramati-
cally reduces the subsequent treatment effect [3]. Therefore,
it is pivotal to identify new cancer treatments and prognostic
methods.

The magnetic nanomaterial has newly emerged; they are
characterized by small particle size, superparamagnetism,

and surface modification ease [4]. Magnetic nanoparticles
can be employed in different aspects, combined with biomol-
ecules, fluorescent probes, and antitumor drugs; currently,
they are used as magnetic resonance contrast agents, targeted
drug delivery, and in magnetic fluid hyperthermia [5]. The
Fe;O, core/shell/crown functional magnetic nanomaterials
have achieved good therapeutic results in bladder cancer
in vitro [6]. The gadolinium-doped iron oxide nanoparticles
(GdIO NPs) showed good potential in magnetic resonance
imaging and achieved promising results in breast cancer
treatment in vitro [7]. The superparamagnetic PEG-
modified Lal-xSrxMnO3 (LSMO) magnetic nanoparticles
exhibited favorable potency in magnetic resonance imaging
and tumor magnetic fluid hyperthermia [8].

Herein, concerning the recent research on magnetic
nanomaterials in tumor therapy, the preparation, surface
modification, characterization analysis of magnetic nanoma-
terials, and their applications in tumor-targeted therapy and
diagnosis are briefly reviewed.
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2. Preparation and Characterization of
Magnetic Nanomaterials

2.1. Preparation of Magnetic Nanomaterials. Fe304 and y-
Fe203-based nanoparticles are currently applicable in living
organisms; this nanoparticle composition is beneficial as the
iron-containing cells can maintain the intracellular environ-
ment’s stability by absorbing, storing, and excreting iron
atoms [9]. Also, iron can be easily removed from the body,
allowing a comparatively large iron dose since the oxidative
stress reaction is absent. Iron oxide nanoparticles are high
safe [10]. Preparing magnetic nanomaterials are divided into
physical and chemical approaches; this includes grinding,
ultrasonic, and plasma methods. Currently, the preparation
methodology includes hydrothermal synthesis, sol-gel, and
forced hydrolysis and thermal decomposition [11].

2.1.1. The Coprecipitation Method. The coprecipitation is a
convenient and straightforward method to obtain iron oxide
particles; this is achieved by adding an alkaline solution to a
salt solution of iron (Fe**/Fe**) in an inert gas atmosphere
at room temperature. Its preponderance is that large
amounts of iron oxide nanoparticles can be synthesized one
time. However, the size of the magnetic nanomaterials
obtained by the coprecipitation method is challenging to
control, where the particle diameter distribution is relatively
dispersed and tricky to be consolidated [12].

2.1.2. Sol-Gel and Forced Hydrolysis Techniques. In the sol-gel
approach, molecular precursors in the solution are hydroxyl-
ated and condensed to obtain the initial nanoparticle solu-
tion. The initial solution is further condensed and set to be
polymerized to obtain a three-dimensional wet gel of the
metal oxide network. The wet gel characteristics are highly
dependent on the structural treatment of the sol preparation.
The method has advantages: materials can be customized, the
size of particles is homogenous, and the reaction temperature
is relatively low [13]. The y-Fe,O, nanoparticles obtained by
the sol-gel method can be embedded in an inert, inorganic,
and transparent silica matrix with high-temperature resis-
tance. Sugimoto et al. reported that nanostructured oxides
with various structures and compositions could be obtained
following different preparation conditions, precursor proper-
ties, ion source, and pH [14].

2.1.3. Thermal Decomposition Method. Thermal decomposi-
tion is a commonly used approach in the biomedical field
to prepare precise nanoparticles. This method helps control
the nanoparticles’ size and morphology and control the yield
[15]. Recently, there are two main types of thermal decompo-
sition: first, oxidizing the metal carbonyl precursor in the air
after or during thermal decomposition [16]. The second is
precursor decomposition with a cationic metal without a
reducing agent [17]. Many small-sized monodisperse nano-
magnetic crystals can be synthesized by dissolving metal-
organic compounds in a high-boiling organic solvent with
stable surfactant and thermal decomposition. Sun et al. dis-
covered the broad applications of the organometallic precur-
sors of acetyl-acetone; these precursors included iron,
manganese, and nickel acetylacetonate [18]. The surfactants
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used in this approach are usually fatty acids, oleic acid, and
hexadecyl-amine [19]. Hyeno et al. have experimentally
demonstrated that decomposing organometallic compound
precursors by thermal decomposition with surfactant can
achieve small and even nanoparticles with good crystallinity
and dispersibility. The ratio of organometallic compound
precursors, solvents, surfactants, temperature, time, and oxi-
dation are all keys to control the nanoparticles diameter and
morphology accurately [20]. This approach has a significant
drawback as the final product is organic soluble nanoparti-
cles, limiting its application in the biological field. Moreover,
the produced nanoparticles by thermal decomposition often
require further surface treatment, and the reaction process
is intricate and requires high temperature [21].

2.1.4. Hydrothermal Synthesis Method. In this method, the
reaction needs to be done in a reactor or autoclave under
high pressure and temperature, 2000 psi, 200°C., respectively.
Laurent used the hydrothermal approach in the preparation
of Fe;O, nanoparticles [22]. Different nanoparticles have
been prepared by hydrothermal synthesis as it has better
crystallinity over other techniques. However, different hydro-
thermal synthesis conditions may cause different particle
crystallinities and affect their magnetism. The well-
crystallized particles are thinner, have a narrower surface
layer and cation distribution space, and their superparamag-
netic relaxation is low.

2.1.5. Microemulsion. The water molecules have a spherical
shape in the water-in-oil microemulsion and are surrounded
by the surfactant molecules. The microemulsions can func-
tion as cages to produce nanoparticles, reducing the average
particle size during collision and aggregation [23]. Thus,
the nanoparticles’ size can be controlled and adjusted by
changing the size of water droplets, determined by the molar
ratio of water to surfactant. This method can be used to con-
trol the size of the synthesized nanomaterial within a specific
range. However, since the nanoparticles’ size and shape gen-
erally vary within a relatively large range, the produced nano-
particles may be spherical, rectangular, or tubular [24].
Besides, compared with other methods, such as thermal
decomposition and coprecipitation, the nanoparticles pre-
pared by the microemulsion technique are less efficient, and
the synthesis process is too complicated. Therefore, the
microemulsion approach is mainly used in the laboratory.

2.2.  Characterization and Detection of Magnetic
Nanomaterials. The nanomaterials are initially characterized
by their size and shape; these are crucial indicators to validate
their production process. The transmission electron micros-
copy and high-resolution transmission electron microscopy
are used to determine the nanomaterials’ size and shape,
and they require an ultrathin specimen. Their output data
comprises grouped diffracted beams called a phase-contrast
image (Figure 1) [25].

The crystal characteristics of the magnetic nanomaterial
can also be detected by 40Kv, 30mA-Cu Ka X-ray. The
unique iron peak in the diffraction pattern demonstrates
the irons as magnetic nanomaterials [26]. Ge and S used X-
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FIGURE 1: Nanomaterial’s TEM image (a) and high-resolution TEM image (b).

L .

20 30 40

60 70 80

FIGURE 2: Typical map of iron oxide nanoparticles after analysis by X-ray diffraction.

ray diffraction to analyze the crystalization of magnetic nano-
particles in a powder state; they demonstrated that the mag-
netic nanoparticles without copolymer have six diffraction
peaks at 20, 30.1, 35.4, 42.9, 52.7, 57.5, and 62.7 (Figure 2),
indicating the presence of iron oxide at the corresponding
peak [27].

The nanomaterial’s magnetism is another critical charac-
teristic. It is typically measured by a vibrating sample magne-
tometer, which can detect their magnetization changes with
different field intensities. The nanomaterial’s magnetism
turns from the high baseline value to zero upon decreasing
the applied field intensity. In that case, the iron oxide mag-
netic nanoparticles can be detected as a single crystal from
the altered magnetic direction.

The chemical composition of the magnetic nanomater-
ials’ functional ligands and polymers is determined using
Fourier transform infrared spectroscopy. Bhattarai et al.
detected a strong light emission from iron oxide nanopar-
ticles in the low-frequency region (below 800cm™) by
Fourier transform infrared spectroscopy. Stabilizing the
magnetic nanoparticles using cystic chitosan exhibited an
alteration in the modified chitosan’s infrared spectrum

due to the interaction with iron oxide nanoparticles [28].
This amide change of the light corresponding band spec-
trum from high energy to low energy indicates the nitro-
gen linkage of iron oxide nanoparticles to the modified
chitosan.

3. Surface Modification of
Magnetic Nanomaterials

The magnetic nanomaterial surface modification alleviates its
cytotoxicity and improves their biocompatibility and binding
capability to active molecules or compounds. Therefore,
magnetic nanomaterial surface modification promotes it as
a powerful tool in the biomedical field [29]. The main pur-
pose of surface modification includes improving the stability
of magnetic nanomaterials in vitro and in vivo and also min-
imizing residual magnetism. During the nanomaterial sur-
face modification, the provided functional group on the
surface enables further derivatization and enhances the solu-
bility in various solvents, thereby broaden their applications
[30]. Different nanomaterial surface modifications determine
their antifouling property and hydrodynamic size; they also
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TaBLE 1: Commonly used surface modification materials for magnetic nanoparticles.
Material Properties Application
Good biocompatibility and Stablhze the c91101da1 solution apd
Dextran [70] biodearadabilit increase the time of nanomaterial
todegradabiity circulation in the blood
With good hydrophilicity, it does not Reduce the phagocytosis time of
) . nanomaterials by macrophages and
High Polyethylene glycol (PEG) [71] cause an immune response and increase the circulation time of
molecular antigen-antibody reaction nanomaterials in the blood
polymer e . i .
. Good hydrophilicity, biocompatibility, =~ Improve the stability of the colloidal
Polyvinyl alcohol (PVA) [72] superior film, and gel-forming ability solution
Improve the biocompatibility of
Polyacrylic acid [73] Good water solubility nanomaterials and help nanomaterials
adhering
Oleic acid, lauric acid, Dodecylphosphoric ~ With good biocompatibility, it is safe
Surfactant acid, cetylphosphonic acid, and nontoxic. Although soluble in Improve the stability and

[74] hexadecylphosphonic acid, alkanesulfonic
acid, various phosphates, etc.

water, it can be soluble in various
organic solvents.

biocompatibility of nanomaterials

Stable chemical properties, good
thermal stability, and good
biocompatibility

Silica [75]
Inorganic Gold [76]
coating
Carbon [77]

Good biocompatibility, safe and
nontoxic, chemically stable

Biocompatibility, optical, and
magnetic properties for biological
applications

The nanomaterials are prevented from
degrading and coagulating in the
organism, making it easier to connect
functional groups

Improve the stability of magnetic
nanoparticles and maintain the magnetic
moment of magnetic nanomaterials

Improve the stability of magnetic
nanomaterials, improve the oxidation
resistance and acid resistance of
magnetic nanoparticles

play an important role in their biokinetics and biodistribu-
tion in vivo [31]. For instance, the nanomaterial’s overall par-
ticle size must be significantly small to avoid being engulfed
by the reticuloendothelial system (RES), a vital nonspecific
immune system formed by macrophages residing in tissues
and relatively large to avoid kidney clearance. Besides, proper
surface modification can reduce the magnetic nanomaterials’
surface toxicity and enable them to be enriched in specific
regions, a prerequisite in tumor diagnosis and targeted ther-
apy [32]. Furthermore, the appropriate nanomaterials’ sur-
face modification exhibits precision characteristics when
coated with targeting ligands such as proteins, peptides, anti-
bodies, or other small molecules. This unique conjugation of
the magnetic nanomaterial to specific ligands promotes iden-
tifying certain molecular markers on the surface of malignant
cells, allowing the magnetic nanomaterials to be specifically
enriched in the tumors, providing a strong basis for their
use in tumor diagnosis and treatment [33]. Moreover, mag-
netic nanomaterial-small molecule coupling can increase
the affinity between the magnetic nanomaterials and the cor-
responding surface receptors of malignant cells. For instance,
folic acid receptors are overexpressed in different human
tumors, including ovarian, lung, breast, endometrial, kidney,
and colon cancer. The recent applicable materials in surface
modification include high molecular polymers, surfactants,
and inorganic coatings. See Table 1 for details [34].

4. Magnetic Nanomaterials Applications in
Tumor Diagnosis

4.1. Magnetic Nanomaterial Applications in Magnetic
Resonance Imaging. Magnetic resonance imaging (MRI) is a
widely used noninvasive medical diagnostic technique. MR
image has unique advantages in diagnosing various tumors
such as liver cancer, cervical cancer, ovarian cancer, glioma,
and other tumors [35]. Magnetic resonance imaging uses
radio frequency (RF) electromagnetic waves to motivate
nuclear materials with nonzero spins in a magnetic field——-
mainly hydrogen atoms——to generate nuclear magnetic
resonance (NMR). The induction coil detection technology
is used to obtain tissue relaxation information and proton
density information (acquisition resonance signal). Finally,
mathematical image reconstruction has been used in differ-
ent techniques to construct magnetic resonance images
[36]. During NMR imaging, the RF pulses are stopped to
transmit the resonated hydrogen atom in the body. The
relaxation process aims to restore the high energy nucleus
to equilibrium, and the time experienced by this process is
called the relaxation time. The relaxation time is divided into
T1 and T2, where T1 is called longitudinal relaxation time,
and T2 is called transverse relaxation time [37]. The cur-
rently used contrast agents are divided into T1 inhibitors
such as paramagnetic metal ions Gd3+, Mn2+, etcetera, and
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T2 inhibitors, including superparamagnetic and ferromag-
netic substances. Due to the efficient magnetism of the mag-
netic nanomaterials, they have been broadly utilized in
magnetic resonance imaging research. The superparamag-
netic iron oxide (SPIOs) nanomaterials are famously used
in MRI imaging; they significantly enhance the contrast of
T2WI images. Currently, Daou et al. reported the use of
nanoparticle alloys such as FePt and MnZeFe as MRI con-
trast agents [38].

4.2. Magnetic Nanomaterial Applications in PET-CT
Imaging. Positron emission computed tomography (PET-
CT) is a commonly used noninvasive clinical examination
in the tumor diagnosis and prognosis. The chelated 2-
fluoro-2-deoxy-D-glucose (18F-FDG) with small molecules
or antibodies is a commonly used contrast agent [39]. In
recent preclinical studies, the radioactive-labeled magnetic
nanoparticles have been proved very promising in cancer
diagnosis. It has three significant advantages compared with
traditional imaging techniques: (1) the magnetic nanoparti-
cles labeled with radioactive tracer possess precision target-
ing due to the EPR effect, (2) magnetic nanoparticles have a
high surface to volume ratio, allowing the use of high-
density radioactive labels, and (3) obtainable complementary
multimodal imaging, for instance, utilizing different radionu-
clide nanoparticles in integrated imaging [40]. Pratt et al.
found that chelating radionuclides on the surface of small
and biocompatible magnetic nanoparticles improved the
accuracy and specificity of early tumor diagnosis, also using
the advantages of PET scan of displaying the changes in tis-
sue functions [41].

4.3. Biofluorescence Imaging. Bioluminescence imaging
obtains optical images given fluorescence characteristics
changes. At the cellular level, fluorescent nanomaterials act
as fluorescent probes enter the cells in both active transport
and passive diffusion due to their small size; at the organism
level, the nanoparticles enter the bloodstream, then exuded
and enriched in the tumor lesion due to the high permeability
of tumor blood vessels. CL et al. combined magnetic nano-
particles with fluorescent materials to prepare magnetic fluo-
rescent nanocomposites that are both superparamagnetic
and fluorescent. When the magnetic fluorescent nanocom-
posites are introduced into living cells, the fluorescence can
be traced and controlled to be enriched at the desired loca-
tion upon applying an external magnetic field, which dramat-
ically improves the efficiency of cell imaging [42].

4.4. Hybrid Imaging Model. Different imaging techniques
comprise certain advantages and disadvantages, and yet,
there is no ideal technique. A single imaging technique can-
not guarantee optimal performance in different cases. Never-
theless, hybrid imaging can integrate the advantages of
several techniques to address the inherent limitations of a
single imaging technique [43]. For instance, PET-CT is a
renowned sensitive tumor diagnostic tool, while MRI can
provide more anatomical information through high-
resolution images [44]. Therefore, combining these two
imaging techniques can provide higher sensitivity and more

detailed anatomical information in tumor diagnosis. Nano-
materials can possess precision targeting properties through
surface modification and could be used as contrast agents
in imaging technology. Tracking the contrast agent’s enrich-
ment in the body helps determine surgery scope and facilitate
the procedure, i.e., employing fluorescence imaging. It can
also ensure whether tumor tissues are entirely removed or
not, ie., performing MRI analysis. Besides, the tumors’
occurrence and progression can be tracked and identified,
i.e., utilizing PET-CT [45]. The recent hybrid imaging tech-
niques are MRI/fluorescence imaging and PET-CT/MR
imaging [46]. Therefore, diagnosis accuracy can be
improved, and better cancer therapeutics can be developed.

5. Magnetic Nanomaterial Applications and
Research in Tumor Therapy

Recently, radiotherapy and (or) chemotherapy are com-
monly used as initial treatment combined with surgery
[47]. However, different factors, including genetic alterations,
could promote tumor drug resistance by dysfunctioning the
cellular transport mechanisms and reducing drug efficiency
and cellular detoxification capability. These adverse effects
restrict the administrated drug dosage to patients [48].

5.1. Magnetic Nanomaterial Applications as Drug Carriers.
With the vigorous development of the nanotechnology, has
more and more attention has been paid to nanocarriers.
Nanoparticles have good biocompatibility and less immune
reaction, coupling with other ligands or antibodies after eas-
ily into the organization or the specific antigen specificity and
cell surface receptors, or be swallowed up by the target cell
into the cell, the DNA of the implementation of tranship-
ment. It is also released in cells with high gene transfer
efficiency [49]. Magnetic nanoparticles, especially paramag-
netic and superparamagnetic ferrite nanoparticles, have
become an objective material in drug carriers’ development
[50]. The ferrite nanoparticles are primarily made of iron-
containing particles or other active ingredients containing
iron. It has been proven that ferrite nanoparticles exhibit
decent biocompatibility and can be entirely metabolized.
Moreover, it has robust and distinct drug-loading capabili-
ties. Various antibodies, antigens, small molecules, polypep-
tides, and active proteins can be loaded on the modified
nanoparticles’ surface. Different examples can present the
mode of action of the modified nanoparticles; for instance,
through the antigen-antibody reaction in the body or under
the guidance of an external magnetic field, these targeted
antigen-loaded nanoparticles are enriched in the tumor
lesions, concentrating the accumulation of the antibodies to
the target tumor cells to achieve the optimal therapeutic
potential [51]. Recently, the nanoparticle preparation process
is relatively mature. A complex combination of tumor sup-
pressor genes, antitumor monoclonal antibodies, and antitu-
mor drugs such as doxorubicin, paclitaxel, and cisplatin, can
be integrated to establish a distinct advantageous microcar-
rier system that possesses magnetism, bioapplicability, and
capability to cross the blood-brain barrier. Following the pre-
viously mentioned basis of establishing microcarrier systems,



the “three-stage carrier rocket theory” is proposed to provide
a basis for tumor-targeted therapy [52]. Magnetic nanoma-
terials are proposed in the 1970s as carriers in targeted ther-
apeutics, which has been recently shown as an ideal
application [53]. For instance, the MNP-HP-CP complex
has been synthesized using magnetic nanoparticles (MNPs)
coated with heparin (HP) and embedded with cisplatin
(CP) by solvent evaporation and emulsification crosslinking.
The MNP-HP-CP complex intake by human ovarian cancer
cells CP70 promoted cell apoptosis [54]. These findings
proved the feasibility of magnetic nanomaterials as drug car-
riers. It has also been shown that this magnetic nanomaterial
composite is biocompatible, minimally cytotoxic, and sus-
tains the release of cisplatin [55].

Although paclitaxel is an essential drug in ovarian cancer
treatment, its high administrated dose may cause severe aller-
gic reactions and dramatically limits its therapeutic effect
[56]. On the other hand, the polyethylene glycol- (PEG-)
triethoxysilane (APTES)- (PA-) modified magnetic nanoma-
terial packed with paclitaxel and doxorubicin precisely deliv-
ered the paclitaxel and doxorubicin to tumor cells, alleviating
adverse side effects and sustaining the drug concentration in
the tumor tissue [57] and increasing the therapeutic effect of
paclitaxel.

5.2. Magnetic Nanomaterial Applications in Tumor
Hyperthermia. Tumor hyperthermia refers to heat augmen-
tation tumor treatment. Tumor hyperthermia is renowned
as the fifth therapeutic approach after surgery, radiotherapy,
chemotherapy, and immunotherapy [58]. It employs physi-
cal energy to elevate a particular or whole-body heat so that
the tumor tissue temperature rises to a certain level and dura-
tion. Within specific time and temperature, tumor cells die
without affecting healthy cells due to the different tempera-
ture tolerance between healthy and tumor cells [59]. When
the temperature range is 40-42°C, the tumor cell fluidity is
enhanced, the structure is weakened, and the viability is lost.
High temperature injuriously affects the tumor cells’ endo-
plasmic reticulum, lysosomal membrane, and mitochondrial
membrane, promoting cell death. The high temperature also
inhibits the polymerase and ligase activity, repressing the
synthesis of nucleic acids. Besides, the tumors’ surrounding
blood vessels are characterized by abundant blood flow,
abnormal vascular structure, twisted blood vessel shape,
and high blood flow resistance and enable blood vessel
thrombosis or occlusion. During hyperthermia, healthy and
tumor tissues’ temperature increases; however, because of
the optimal blood circulation in healthy tissues rather than
tumor tissues, the heat poorly dissipated and eventually
rises, killing tumor cells. Jordan et al. reported the unprec-
edented use of magnetic nanoparticles in tumor hyperther-
mia and proposed magnetic fluid hyperthermia (MFH)
conceptualization [60]. The magnetism and adequate water
solubility of magnetic fluids fostered its uses in clinical
applications. Applying an external alternating magnetic
field (AMF) over magnetic nanoparticles converts the
magnetic energy into heat and steadily increases local
tumor tissue temperature, thereby suppressing tumor cell
growth [61]. Studies have shown that compared to pacli-
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taxel cytotoxicity under normal body temperature, 30
minutes of constant heating at 43°C can significantly
increase paclitaxel cytotoxicity by 10-100 times [62].
Secord et al. reported that the PEG-modified liposome
nanoparticle-adriamycin complex combined with abdomi-
nal hyperthermia exhibited better precision, outcome, and
drug uptake in tumor tissues [63].

5.3. Magnetic Nanomaterial Applications in Photodynamic
Tumor Therapy. Photodynamic therapy is a new therapeutic
technique that combines photosensitizer with the corre-
sponding illuminant to destroy tumor tissue through selec-
tive photodynamic reactions [64]. The photosensitizer is
the key for photodynamic therapy. Conventional photosensi-
tizers include porphyrins, chlorin, and bacteriochlorin/phtha-
locyanines. However, due to low hydrophilicity and possible
aggregation, traditional photoactive molecules are limited in
biomedical applications. It is thus urgent to improve the pho-
tosensitizers’ water solubility and biocompatibility [65].

The emergence of nanomaterials provides a new aspect in
developing photoactive molecules. They can be used as new
carriers for photoactive molecules and improving the photo-
sensitizers’ biocompatibility. Moreover, the self-targeting
nanomaterial enables sufficient photosensitizer enrichment
in the tumor tissue, improving tumor therapeutic effects,
and reducing the photosensitizer’s adverse effects [66].
Recently, gold nanomaterials, carbon-based nanomaterials,
and silica nanomaterials are the major substances in photo-
dynamic therapy. These nanomaterials have a high drug-
loading capacity and can efficiently boost tumor photother-
mal therapy [67]. Besides, photodynamic therapy, chemo-
therapy, hyperthermia, and other tumor therapies can be
integrated by constructing multifunctional nanomaterials to
achieve multitherapeutic synergy, which is favorable in can-
cer treatment [68].

6. Prospect

The constant nanotechnology and magnetic nanomaterial
development have made significant progress in cancer diag-
nostics and therapeutics. Magnetic nanomaterials are widely
used in MRI/PET-CT imaging, antitumor drug carriers,
magnetic fluid hyperthermia, and different fields. However,
their application remains preclinical and yet to be applicable
in clinical trials [69]. Primarily, we need a comprehensive
study on the multifunctional magnetic nanomaterials’ bio-
safety, distribution, long-term toxicity, synthesis, elemental
composition, size, surface modification, and metabolism
in vivo. With the rapid development of magnetic nanomater-
ials, nanotechnology, and biotechnology, magnetic nanoma-
terials can be widely used in cancer diagnosis and treatment
in the future.

7. Conclusion

Magnetic nanoparticles not only have the general character-
istics of nanoparticles but also have magnetic properties,
which have become the research focus in the field of nanome-
dicine in recent years. Magnetic nanoparticles are widely



Journal of Nanomaterials

used in biomedicine, drug gene delivery, magnetic resonance
imaging, molecular probe, tumor detection, tumor therapy,
and other fields due to their unique properties. With the
development of nanotechnology, magnetic nanoparticles will
be more widely used in tumor diagnosis and treatment.
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Purpose. Our previous research has confirmed that the addition of nano-amorphous calcium phosphate (ACP) materials can
improve the support of poly-L-lactic acid (PLLA) vascular scaffolds. Based on this, we continued to explore the effect of novel
bioresorbable scaffold composed of PLLA and ACP nanoparticles on inflammation and calcification of surrounding tissues after
scaffold implantation in porcine coronary artery. Methods. PLLA/ACP scaffolds in the experimental group and PLLA scaffolds
in the control group were implanted into the coronary arteries of small pigs. Serum levels of C-reactive protein (CRP), calcium
(Ca), and alkaline phosphatase (ALP) were measured before implantation and at 1, 6, 12, and 24 months after operation.
Intravascular ultrasonography (IVUS) was performed to evaluate the vascular calcification score. The scaffold and surrounding
tissues were hematoxylin-eosin staining for inflammation score. The scaffold and surrounding tissues were stained with NF-xB
and ALP, and the positive expression index was calculated. Western blot was used to detect the expression of IL-6 and BMP-2
in the tissues around the scaffold. Results. There was no statistically significant difference between the two groups in CRP,
calcium, and ALP at preimplant, 1 month, 6 months, 12 months, and 24 months (P > 0.05). The inflammation score, NF-«B
positive expression index, and calcification score in the PLLA/ACP group were lower than that in the PLLA group at 12 months
and 24 months (P < 005). The ALP positive expression index in the PLLA/ACP group was lower than that in the PLLA group
at 6 months, 12 months, and 24 months (P < 005). Western blot results showed that the IL-6 expression level in the PLLA/ACP
group was significantly lower than that in the control group at 6 months, 12 months, and 24 months (P < 0.05). The expression
of BMP-2 in the PLLA/ACP group was significantly lower than that in the control group at 12 months and 24 months (P < 0.05).
Conclusion. The PLLA/ACP composite scaffold has good biocompatibility. The incorporation of nanoscale ACP can reduce the
inflammatory response caused by the acid metabolites of PLLA scaffolds, reduce the expression of procalcification factors in the
body, and inhibit tissue calcification. The PLLA/ACP composite scaffold provides reliable guidance for the application and
development of degradable vascular scaffold.

1. Introduction bioabsorbable scaffolds represented by PLLA have a promis-
ing prospect in clinical practice on the basis of their
Bioabsorbable scaffold is the mainstream direction of inter-  biodegradable ability and support performance. However,

ventional therapy for coronary heart disease. At present, the  poly-L-lactic acid material (PLLA) has its own limitations,
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and its support performance is less than that of metal scaffold
[1, 2]. Besides, during the degradation of PLA materials
in vivo, it may produce lactic acid, an acid metabolite, which
may cause long term and chronic stimulation to the tissue
around the scaffold. Consequently, it may induce and aggra-
vate inflammatory reaction and delay vascular healing [3].
Considering the above interpretations, it may eventually lead
to slow development of PLLA scaffold and the de-listing of
Abbott BVS scaffold [4]. In order to improve the biocompat-
ibility and mechanical properties of PLLA, our study for the
first time added nano-scale amorphous calcium phosphate
(ACP) into PLLA to form a new-type vascular scaffold
blended by bioceramic and polymer. ACP is a bioceramic
material featured by high hardness, good biological activity,
good biocompatibility, and strong cell affinity [5, 6]. Previous
experiment of our research group proved that PLLA/ACP
scaffold has better support performance than PLLA scaffold
[7, 8]. However, it remains to be clarified whether long-
term composite scaffold implantation can cause inflamma-
tion and calcification of vascular tissues around the scaffold.
In this study, PLLA scaffold and biological scaffold synthe-
sized with calcium phosphate were implanted into porcine
coronary artery to observe and explore their effects on
inflammation and calcification of vessels around the scaffold.

2. Materials and Methods

2.1. Scaffold Preparation. The host material of PLLA/ACP
scaffold is the complex consisting of PLLA, and ACP. ACP
(Ca/P =1: 1, size < 150 nm) was homogeneously mixed with
PLLA powder (MW =250,000 g/mol, Purac Biomaterials,
Lincolnshire, IL, USA) with a ratio of PLLA/ACP at 98/2
(w/w) using a speed mixer (SpeedMixer™ DAC 600). The
mixture was dried at around 60°C overnight prior to extru-
sion in a single screw extruder (Genca Engineering Inc., Saint
Petersburg FL). The extruded tubes were laser-automated
according to design specifications (3.0 mm diameter x
13 mm length x 150 ym width), and one radiopaque metal
marker was incorporated one on each end. All scaffolds were
crimped on 3.0 mm x 15 mm balloon catheters and sterilized
with gamma radiation prior to implantation. The PLLA scaf-
fold (3.0 mm diameter x 13 mm length x 150 ym width) was
used for the control group; both the production process
and the design of PLLA scaffold are as same as the
PLLA/ACP scaffold [9].

2.2. Animal Preparation and Scaffold Implantation. Twenty-
four minipigs aging 12-20 months and weighing 25-30kg
(no limitation in gender) were used in the experiment. The
pigs were fed separately for more than 1 month before the
experiment and orally administrated with 300 mg/d aspirin
enteric-coated tablets and 75mg/d clopidogrel hydrogen
sulfate tablets 3 days before the experiment. Animal study
protocol was approved by Institutional Animal Care
Committee at Renmin Hospital of Wuhan University. All
procedures involving animal use were conformed to the
“Guide for the Care and Use of Laboratory Animals” pub-
lished by the US National Institutes of Health [10].

Journal of Nanomaterials

Drinking water and food were deprived 12 hours before
surgery. Basic anesthesia was performed by intramuscular
injection of ketamine hydrochloride, midazolam, and scopol-
amine. Intraoperative anesthesia was achieved by intrave-
nous anesthesia of ketamine combined with propofol. A 6F
sheath was inserted into the femoral artery, the guide wire
was pulled out, and 6,000 U heparin was injected. The angio-
graphic catheter was inserted along the guide wire and
hooked to the coronary artery, and multiposition angiogra-
phy was performed. Two straight vascular segments of the
left anterior descending branch, the left coronary circumflex
branch, and the middle segment of the right coronary artery
were randomly selected as the scaffold placement sites. Each
pig was implanted with two PLLA/ACP scaffolds or two
PLLA scaffolds. Three days after surgery, 1.6 million U pen-
icillin BMP-2ium was intramuscularly injected to prevent
infection. Aspirin enteric-coated tablets (100 mg) and clopi-
dogrel hydrogen sulfate tablets (75 mg) were orally adminis-
trated continuously until the end point.

2.3. Hematological Examination. By venipuncture, 2ml
blood was collected for hematological examination before
and 1, 6, 12, and 24 months after scaffold implantation.
Serum levels of C-reactive protein (CRP, mg/l), calcium
(Ca, mmol/L), and alkaline phosphatase (ALP, U/L) were
measured using an automatic biochemistry analyzer
(AU5400, Siemens, Germany) according to the manufac-
turer’s instructions.

2.4. Intravascular Ultrasound. At each time point after angi-
ography, 20 ug nitroglycerin was intracoronarily injected.
The intravascular ultrasound (IVUS) catheter was inserted
into the distal vessel at least 10 mm away from the scaffold
along the guide wire, and then, the IVUS catheter was with-
drawn automatically at 0.5 mm/s to record images. Image
recording was performed every 2-3 mm to determine the rel-
ative position of the IVUS catheter and angiographic images.
Al TVUS images were recorded and saved for subsequent off-
line analysis. Each scaffold segment was divided into three
segments in average: proximal, middle, and distal scaffold
segment. Single-frame image of each segment was evaluated
using vascular calcification score (Table 1). In each segment,
the frame with the highest score was selected for calcification
scoring, and finally, the average of three segments was used as
the calcification score of this scaffold.

2.5. Animal Sampling and Pathological Examination. Three
pigs in each group were sacrificed at the 1st, 6th, 12th, and
24th month after scaffold implantation, respectively. The
scaffold segment was taken out, and partial tissue around
the stented coronary was isolated and put into liquid nitro-
gen for cryopreservation for next molecular biological
detection. The stented coronary sample was fixed with 10%
formalin solution and embedded in paraffin.

The scaffold segment specimens were divided into prox-
imal reference vessel, proximal scaffold, middle scaffold, dis-
tal scaffold, and distal reference vessel. The hard tissue was
sliced using a slicer, and 5 sections were selected from each
part for hematoxylin-eosin (HE) staining. Under a light
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TaBLE 1: Evaluation criteria for peri-strut coronary calcification
score.

Degree/extent <25% >25%, <50% >50%, <75% >75%
a 1 2 3 4
b 2 3 4 4
c 3 4 4 4

The calcification score is evaluated based on the degree and extent of
calcification of the vessel wall structure by IVUS. Degree 0=no
calcification was found; a = internal elastic plate calcification of the blood
vessel wall; b= calcification involved the medial membrane of the blood
vessel; ¢ = calcification involved the external elastic plate of the blood vessel
wall. The extent (25%, 50%, 75%) refers to the portion of the
circumference of the artery involved.

microscope, four quadrantic visual fields were selected from
each section for observation. Under a microscope (mag-
nification, x40 and x200), the inflammatory reaction
around the scaffold was evaluated using inflammation score
(Table 2).

In some sections, NF-«B was stained with immunohisto-
chemistry to observe the inflammatory reaction, and some
were subjected to ALP staining by immunohistochemistry
to observe the calcification around the scaffold. Four visual
fields were photographed in each section, and the percentage
and average optical density of positive cells in the visual fields
were randomly measured using the Image-pro Plus 6.0 image
analysis system. Finally, positive expression = the percentage
of positive cells x average optical density x 100.

2.6. Molecular Biological Detection. At the same time, the tis-
sue around the scaffold was homogenated and detected by
Western blot. The optical intensity of the electrophoretic
band of IL-6 and BMP-2 was analyzed by a gel scanner.
The expression levels of IL-6 and BMP-2 in muscle tissue
were determined by the ratio of the optical intensity of the
electrophoretic band of IL-6 and BMP-2 to the optical inten-
sity of the electrophoretic band of f-actin, respectively.

2.7. Statistical Analysis. All results were analyzed by two
independent observers. Data were presented as mean
value + standard deviation (SD). The differences between
two groups were compared using independent two-sample
t-test. The differences between time points were tested for
the statistical significance using ANOV A followed by Tukey’s
test. P<0.05 was considered statistically significant. All
statistical analyses were performed with SPSS version 19.0
(Statistical Product and Service Solutions Ltd.).

3. Results

3.1. General Condition. All the 24 pigs survived healthy until
the end point of sampling, and no major adverse cardiovas-
cular events such as thrombus and myocardial infarction
occurred after scaffold implantation.

No statistically significant differences were found in CRP,
Ca, or ALP contents in blood between the two groups before
and 1, 6, 12, and 24 months after scaffold implantation
(P >0.05, Table 3). The results demonstrated that neither
PLLA scaffold nor PLLA/ACP scaffold caused obvious

3
TaBLE 2: Evaluation criteria for peri-strut inflammation score.
Degree/extent <25% >25%, <50% >50%, <75% >75%
a 1 2 3 4
b 2 3 4 4
[¢ 3 4 4 4

The peri-strut inflammation score is based on the degree of inflammation
and extent of the circumference of the artery involved. Degree 0= not
present; a=scattered inflammatory cells; b=small and segmental
aggregates of inflammatory cells; c=Ilarger aggregates widespread or
circumferentially distributed. The extent (<25%, 25%-50%, and >50%)
refers to the portion of the circumference of the artery involved. In general,
inflammation scores of 1 and 2 denote excellent local biocompatibility,
namely, if neutrophils are not seen. An inflammation score of 3 or 4 may
denote a biocompatibility issue, especially if neutrophils or large numbers
of lymphocytes are present. Large proportions of eosinophils and
lymphocytes may be indicative of a hypersensitivity response.

inflammatory reaction or calcification in the pigs after
implantation [11].

3.2. Local Inflammation. In the PLLA group, at the Ist, 6th,
12th, and 24th month after scaffold implantation, HE stain-
ing showed that with the extension of implantation time,
increasing infiltrated inflammatory cells were found around
the PLLA scaffold (Figure 1). Inflammation scores increased
gradually after scaffold implantation (P < 0.05, Figure 2). The
IL-6 expression in the homogenate increased gradually after
scaffold implantation (P <0.05, Figure 2), and the IL-6
expression at the 6th, 12th, and 24th months after scaffold
implantation was significantly higher than that at the Ist
month after implantation (P < 0.05, Figure 2). At the 1st,
6th, 12th, and 24th month after scaffold implantation, NF-
kB staining results showed that inflammatory cells were
found around the PLLA scaffold (Figure 3).

In the PLLA/ACP group, no significant difference was
found in the IL-6 expression among different time points
after scaffold implantation (P > 0.05, Figure 2). There were
a small amount of inflammatory cells around the scaffold at
each time point, but the inflammation score, NF-xB positive
index, and IL-6 expression had no significant differences at
each time point (P > 0.05).

The infiltration of peripheral inflammatory cells in the
PLLA group was significantly more obvious than that in the
PLLA/ACP group (Figure 1). Inflammation score in the
PLLA group was significantly higher than that in the
PLLA/ACP group at the 12th and 24th months after scaffold
implantation (P < 0.05, Table 4). The positive expression of
NF-«B in the tissue and cells around the PLLA scaffold was
significantly higher than that in the PLLA/ACP group at
the 12th and 24th month after scaffold implantation
(P <0.05, Table 4). At the 6th, 12th, and 24th months after
scaffold implantation, the IL-6 expression in the PLLA group
was significantly higher than that in the PLLA/ACP group
(P <0.05, Figure 2).

3.3. Local Calcification. In the PLLA/ACP group, at the 1st,
6th, 12th, and 24th months after scaffold implantation
revealed that ALP-rich cells were found around the PLLA
scaffold (Figure 4). ALP positive index, BMP-2 expression,



TaBLE 3: Serum level of CRP, Ca, and ALP.

Journal of Nanomaterials

Preimplant 1 month 6 months 12 months 24 months
CRP (mg/l)
PLLA 4.34+1.39 4.73£1.06 4.93+£0.97 5.16+1.02 5.72+1.49
PLLA/ACP 4.49+1.37 4.64+0.71 5.65+0.84 524+1.14 534+1.14
P values 0.85 0.87 0.20 0.90 0.63
Ca (mmol/L)
PLLA 1.36 +0.37 1.12£0.31 1.16 £0.53 1.18+0.35 1.28 £0.37
PLLA/ACP 1.36 £0.32 1.08 £0.26 1.11+£0.28 1.14+0.41 1.21+0.60
P values 0.98 0.80 0.85 0.85 0.81
ALP (U/L)
PLLA 307.15 £ 60.08 307.68 +£47.98 321.26 £59.22 313.33 £62.01 351.08 £47.21
PLLA/ACP 316.28 £ 54.45 288.93 +51.85 334.39 + 54.07 354.44 £ 52.64 308.42 £ 59.26
P values 0.98 0.80 0.85 0.85 0.81
Data are presented as mean + standard deviation. P values: PLLA/ACP group compared with PLLA group.

1 month 6 months

h ¢

@ o)

©

12 months

24 months

: o :

FiGURE 1: Hematoxylin-eosin staining. Histological cross-sections of the stented porcine coronary arteries from 1 month to 24 months
(x200). (a—-d) PLLA scaffolds and (e-h) PLLA/ACP scaffolds. Note the remarkable vascular wall swelling, tissue inflammation with PLLA

scaffold (red arrows).

and calcification scores increased gradually after scaffold
implantation, and ALP positive index, BMP-2 expression,
and calcification scores increased gradually after scaffold
implantation, and the BMP-2 expression at the 6th, 12 at
the 6th, 12th, and 24th month after scaffold implantation
was significantly higher than that at the 1st month after scaf-
fold implantation (P <0.05). In the PLLA/ACP group, no
significant difference was found in ALP positive index and
BMP-2 expression among different time points after scaffold
implantation (P > 0.05, Figure 2).

The ALP positive expression around the PLLA scaffold
was significantly higher than that in the PLLA/ACP group
at the 6th, 12th, and 24th month after scaffold implantation
(P <0.05, Table 4). At the 12th and 24th month after scaffold
implantation, the BMP-2 expression in the PLLA group was
significantly higher than that in the PLLA/ACP group
(P <0.05, Figure 2). IVUS data showed no significant differ-
ence in calcification score between the two groups at the Ist
and 6th month after scaffold implantation but higher calcifi-
cation score in the PLLA group than the PLLA/ACP group at

the 12th and 24th month after scaffold implantation
(P < 0.05, Table 5).

4. Discussion

Nano-scale ACP is a biodegradable inorganic bioceramic
material that has been widely used in biological and medical
fields. ACP belongs to calcium phosphate family, which is a
natural calcium and phosphate reservoir existed widely in
nature. ACP is a calcium phosphate mineral that is nontoxic
and harmless to the human body with weak alkaline prop-
erty, possessing good hydrophilicity, tissue compatibility,
and mechanical support as well [12, 13]. The major purpose
of the addition of ACP is to increase the mechanical support
performance of PLLA scaffold and reduce the thickness of the
scaffold. It is expected to reduce the inflammatory reaction
caused by acidic products during the degradation of PLLA
scaffolds. However, considering ACP as a natural calcium
and phosphate reservoir, it requires to be further explored
whether long-term implantation of ACP may cause or
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F1GURE 2: Immunohistochemistry staining of NF-«B, positive cells with the PLLA scaffold (a—d) and with the PLLA/ACP scaffold (e-h). Note
the significantly lower expression of NF-«B in the PLLA/ACP stented artery (e-h) compared with that of the PLLA stented artery (a-d) (the

red arrows show positive cells. x200).
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FI1GURE 3: Western blotting analysis of coronary arteries treated with PLLA scaffolds and PLLA/ACP scaffolds for 24 months. The expression
of IL-6 in the PLLA group was significantly higher than the PLLA/ACP group at 12 months and 24 months (a). The expression of BMP-2 in
the PLLA group was significantly higher than the PLLA/ACP group at 6 months, 12 months, and 24 months (b). P* < 0.05 means the PLLA
group compared with the PLLA/ACP group. P#<0.05 means that the data for 6 months, 12 months, and 24 months are compared with the

data for 1 month.

promote calcification of tissues around the scaffold, affect the
recovery of coronary systolic and diastolic function, even
accelerate the formation of new atherosclerotic plaques of
the diseased vessel in the scaffolding segment, thus resulting
in serious end-stage cardiac events to patients with coronary
heart disease. In this study, PLLA and PLLA/ACP scaffolds
were implanted into porcine coronary arteries to explore
the effect of PLLA/ACP scaffolds on inflammation and calci-
fication of surrounding tissues at 1, 6, 12, and 24 months.
According to the results of this study, there was no signif-
icant difference in the content of CRP, calcium, and alkaline
phosphatase between groups at 1, 6, 12, and 24 months after
scaffold implantation, and there was no significant difference
in the results of each group at each time point. It suggested
that the two kinds of bioabsorbable scaffolds had no influ-
ence in systemic inflammation and calcification of experi-
mental animals. In the aspect of inflammatory response,

with the prolonged duration of scaffold implantation, the
scaffold was continuously degraded and absorbed, showing
increasingly more infiltration of inflammatory cells around
the scaffold in the PLLA group, accompanied by gradual
increase in inflammatory score, NF-xB positive expression
index, and IL-6 expression level, which were obviously higher
than those in the PLLA/ACP group at 12 and 24 months after
implantation. It indicated that the addition of nano-scale
ACP can significantly reduce local inflammatory response
caused by PLLA scaffold degradation [14].

Furthermore, for calcification reaction, the scaffold was
constantly degraded and absorbed with the prolonged dura-
tion of scaffold implantation. Besides, there were a growing
number of calcification related reactive protein accumulation
and potential calcification around PLLA scaffold. Meanwhile,
calcification score, ALP positive expression index, and BMP-
2 expression level increased gradually in the PLLA group and
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TaBLE 4: Pathology results.

1 month 6 months 12 months 24 months
Inflammation scores
PLLA 0.79£0.41 1.33+0.56 1.63 £0.58 1.92+0.58
PLLA/ACP 0.80+£0.54 1.04£0.46 1.13+0.34 1.25+0.53
P values 0.75 0.06 <0.01 <0.01
NE-«B positive index
PLLA 27.97+3.27 36.74 +4.24 42.49+4.22 53.75+5.63
PLLA/ACP 28.42 £ 3.81 32.59+£3.70 34.21+£6.51 37.41+£7.24
P values 0.82 0.10 0.03 <0.01
ALP positive index
PLLA 39.61 £8.39 51.45+6.21 61.32+7.43 87.80 £9.29
PLLA/ACP 40.07 £ 10.08 43.21 £5.86 45.58 +6.14 51.71+7.75
P values 0.93 0.04 <0.01 <0.01
Data are presented as mean + standard deviation. P values: PLLA/ACP group compared with PLLA group.
24 months

6 months

12 months

FIGURE 4: Immunohistochemistry staining of ALP, positive cells with the PLLA scaffold (a-d) and with the PLLA/ACP scaffold (e-h).
Note the significantly lower expression of MMP-9 in the PLLA/ACP stented artery (e-h) compared with that of the PLLA stented

artery (a-d) (x400).

TasLE 5: Calcification scores measured by IVUS.

1 month 6 months 12 months 24 months
PLLA 0.17+0.38 0.67+0.48 1.21+0.59 1.58+0.50
PLLA/ACP 0.13+£0.34 0.50+0.51 0.83+0.48 1.04+0.46
P values 0.69 0.17 0.02 <0.01

Data are presented as mean * standard deviation. P values: PLLA/ACP
group compared with PLLA group.

were significantly higher than those in the PLLA/ACP group
at 12 and 24 months after implantation. In this regard, the
addition of nano-scale ACP can significantly reduce the
potential calcification of local tissue caused by PLLA scaffold
degradation. One of the important factors of abnormal calci-
fication of the body’s soft tissues is the microinflammatory
response, in which the chronic microinflammatory response
of blood vessels leads to the formation of atherosclerosis. In
the late stage of implantation of PLLA scaffold material, the
expression levels of calcification-promoting factor alkaline

phosphatase and BMP-2 in the tissue homogenate were
higher than those of the PLLA/ACP scaffold material group,
which indicates that PLLA scaffold material has certain calci-
fication effect.

One of the important factors of abnormal calcification of
soft tissue is the microinflammatory reaction, in which the
chronic microinflammatory reaction of blood vessels leads
to the formation of atherosclerosis that can also promote
the abnormal calcification of soft tissue [15, 16]. The process
of calcification promoted by microinflammatory reaction can
be divided into three stages. To be specific, in the initial stage,
inflammatory factors released by microinflammatory reac-
tion and infiltrated monocyte/macrophage promote the
formation of calcification factors in tissues. In the middle
stage, the combination of microinflammatory response and
calcification-promoting factor can transform histocytes into
osteoblasts, secrete and release matrix vesicles, promote cell
apoptosis, and release apoptotic bodies [17, 18]. In the case
of high concentration of calcium and phosphorus, matrix
vesicles and apoptotic bodies promote the formation of
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hydroxyapatite and provide new focal points for its nucle-
ation, thus forming microcalcification. In the later stage, the
microinflammatory reaction further upregulates calcification-
promoting factor, downregulates calcification-inhibiting
factor, and promotes mineralization of stromal vesicles,
resulting in the development of obvious tissue calcification
from microcalcification [19].

With the addition of a small amount of ACP, it can be
transformed into essential elements such as Ca and P
through normal metabolism of human body and can bond
with human tissue to form hydroxyl (-OH) group, generate
a natural weak alkaline environment, neutralize acidic
metabolites of PLLA, facilitate cell adhesion and growth,
and thus reduce the occurrence of scaffold thrombosis and
restenosis. In the process of alleviating inflammatory reac-
tion, ACP also inhibits the potential effect of promoting
calcification of PLLA degradable scaffolds. In view of the pos-
sible mechanisms, firstly, the local tissue develops acidic
microinflammatory reaction that promotes calcification
subsequently during the decomposition of PLLA, while the
addition of weakly basic ACP material neutralizes acidic
microinflammatory reaction of PLLA, thus reducing calcifi-
cation. Secondly, ACP has a strong hydrophilicity [20, 21],
which is conducive to the growth of cells, reducing cell
apoptosis, thus decreasing the site of hydroxyapatite
nucleation. Thirdly, the ratio of calcium to phosphorus
in ACP is 1:1, with less content of calcium in ACP com-
pared with other calcium phosphates with high ratio of
calcium to phosphorus. Meanwhile, PLLA and ACP are
mixed in the ratio of 98:2, forming a new bioabsorbable
PLLA/ACP material that has less content of calcium and
phosphorus, which can reduce the risk of calcification
in the absence of high concentration of calcium and
phosphorus.

5. Conclusions

To sum up, the novel bioabsorbable PLLA/ACP scaffolds
have good histocompatibility and mild inflammatory
response. In our study, the incorporation of small-dose
ACP can reduce the acidic inflammatory response of PLLA
scaffolds, which can not only maintain the formation of cal-
cification in surrounding tissues but also inhibit tissue calci-
fication by reducing the content of calcification-promoting
factors in vivo.

5.1. Limitations and Future Studies. First, the coronary arter-
ies of the experimental minipigs did not have atherosclerosis,
and the inflammatory and calcification responses during
vascular repair may be different from humans. Second, a rel-
atively small sample size may affect the results of statistical
analysis. We will carry out related research on the changes
of ACP and PLLA materials on the biochemical environment
around tissues. Our next step is to further extend to the ath-
erosclerosis model and to detect and evaluate the effects of
PLLA/ACP bioabsorbable scaffolds on the inflammation
and calcification of surrounding tissues in the coronary inti-
mal injury model.

Data Availability

All results were analyzed by two independent observers. Data
were presented as mean value + standard deviation (SD). The
differences between two groups were compared using inde-
pendent two-sample t-test. The differences between time
points were tested for the statistical significance using
ANOVA followed by Tukey’s test. P <0.05 was considered
statistically significant. All statistical analyses were per-
formed with SPSS version 19.0 (Statistical Product and
Service Solutions Ltd.).
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Our main focus was to evaluate the efficacy of silver and sodium dichloroacetate as dual-function agents to be used in melanoma
treatment. This strategy is designed to increase the activity of these two compounds that affect DNA integrity and the mitochondria
at different levels. Furthermore, we evaluated if the cell death mechanism induced by our treatments was immunogenic cell death.
To evaluate antitumor efficacy, we assessed tumor volume and production of tumor necrosis factor-a, nuclear factor « B (both by
ELISA), and nitric oxide levels (Nitrate/Nitrite colorimetric assay kit); for immunogenic cell death, we evaluated the release of
danger-associated molecular patterns using immunohistochemistry and flow cytometry, as well as an in vivo challenge. Our
results showed that the combination of colloidal silver and sodium dichloroacetate is more effective than each treatment alone
and that the antitumor mechanism is not through immunogenic cell death. Furthermore, this study can broadly contribute to
the development of dichloroacetate-loaded silver nanoparticles and to the design targeted pharmacological formulations to fight
melanoma as well as other types of cancer.

cancer [5]. Furthermore, the clinical use of colloidal silver
for bactericidal and antiviral purposes proves that this treat-
ment is safe [6, 7].

Sodium dichloroacetate (DCA) is a pyruvate analog

1. Introduction

Targeted therapies have increased the chances of survival for
people with melanoma [1]; however, cancer cells present

within the tumor favor different metabolic pathways [2]; as
a consequence, the tumor eventually becomes resistant to
targeted therapies, especially the ones designed against a sin-
gle target [3].

The development of silver-based therapies is a promising
tool in cancer treatment. Silver ions and silver nanoparticles
induce oxidative stress, mitochondrial membrane dysfunc-
tion, DNA damage, and cytokines upregulation [4]. The
exact action mechanism varies depending on the physical
and chemical properties of the nanoparticle and the type of

which interferes with tumor-associated glycolysis (Warburg
effect), decreases cancer malignancy, and reduces lactate pro-
duction by altering cancer cell metabolic pathways [8]. A
decrease in lactate counteracts the acidic state of tumoral
microenvironment, reducing tumor growth and metastasis
[8]. WZBI117, a bis-hydroxybenzoate, 2-deoxy-d-glucose,
metformin, and DCA reduce glycolysis and block glucose
uptake in cancer cells. Under low intracellular glucose levels,
biosynthetic pathways, such as nucleotides and amino acids
genesis, are interrupted due to a shortage of intermediate
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molecules, putting a break on cell proliferation. Despite of its
use as monotherapy or combined with chemotherapy, few or
none adverse effects have been reported [9].

Because of these activities, we evaluated immunogenic
cell death as a possible action mechanism, owing to the
increasing number of studies that demonstrate that cellular
and mitochondrial danger-associated molecular patterns
(DAMPs) can be actively released when exposed to external
stimuli [10]. The release of alarmins (Hsp70, HSP90, calreti-
culin, HMGBI1, ATP, DNA, and RNA) and tumor neoanti-
gens induce a tumor-specific immune response that
eliminates live cancer cells and residual tumor tissue, avoid-
ing cancer recurrence [11].

The main focus of this study was to use silver and DCA as
dual-function agents that affect the DNA integrity and mito-
chondria activity in order to increase the antitumor response
in melanoma treatment. Furthermore, this study could serve
as a starting point for the next level developmental stage of
dichloroacetate-loaded silver nanoparticles targeted pharma-
cological formulation.

2. Materials and Methods

2.1. Reagents. Penicillin-streptomycin solution, Ficoll-
Hypaque solution, trypsin-EDTA solution, RPMI-1640
medium, Dulbecco’s Modified Eagle’s Medium (DMEM/F-
12), and 1% antibiotic-antimycotic solution were obtained
from Life Technologies GIBCO, Grand Island, NY, USA.
Fetal bovine serum (FBS) was purchased from Sigma-
Aldrich (St. Louis, MO).

2.2. Cell Culture. B16F10 murine melanoma cell line was pur-
chased from American Type Culture Collection (ATCC,
Manassas, VA, USA). Cells were grown and maintained in
Dulbecco’s Modified Eagle’s Medium supplemented with
10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin solution at 37°C and 5% CO, atmosphere.

2.3. Cell Viability. Cells (5 x 10° cells/well) were plated on 96
flat-bottom well plates and incubated for 24 h at 37°C in 5%
CO, atmosphere. After incubation, culture medium was
removed, and Ag (0.8mM to 6.5x10°mM) or DCA
(75mM/ml to 750mM/ml) diluted in the same medium were
added. The plates were then incubated for 4h at 37°C and 5%
CO, atmosphere. Thereafter, the supernatant was removed,
and cells were washed twice with DMEM/F-12 medium. Cell
viability was determined by the resazurin (Alamar Blue)
method, and cytotoxicity was expressed as the concentration
of 50% cell growth inhibition (LDs,). Results were given as
the mean + standard deviation (SD) of three independent
experiments. The LD, of each treatment was used in further
experiments.

2.4. Cell Death Determination. For cell death determination,
we followed the methodology described by Rodriguez-
Salazar et al. [12]. Briefly, B16F10 cells (1 x 10°) were
seeded into 12-well plates and cultured overnight in 5%
CO, at 37°C. Cells were treated with AgC (LD,,) or
DCA (LD,,) or a combination of AgC (LD,s)+ DCA (L
D,;) for 5h. Following treatment, cells were collected and
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washed with phosphate-buffered saline (PBS) and resus-
pended in 100yl of 1x binding buffer (0.IM Hepes pH
7.4, 14M NaCl, and 25mM CaCl,; Sigma-Aldrich; Merck
KGaA, Darmstadt, Germany) supplemented with APC-
conjugated Annexin V (5ul/sample) and propidium iodide
(1ul/sample), incubated on at 4°C, and kept in the dark
for 15 min. Flow cytometry analysis was performed using
an Accuri C6 cytometer; the BD Accuri C6 Software ver-
sion 1.0.264.21 was used for data analysis (both BD Biosci-
ences, San Jose, CA, USA).

2.5. Animals. Female C57BL/6 mice aged 6 and 10 weeks with
a body weight around 23 (+2) g were purchased from the
Harlan Laboratories (Mexico City, Mexico). The mice were
kept at 25-29°C and a 12h light to 12h dark cycle. Food
and water were provided ad libitum. The experimental proto-
col was approved by the Ethics Review Committee for Ani-
mal Experimentation of the Biological Sciences Faculty,
Autonomous University of Nuevo Leon (San Nicolas de los
Garza, Mexico).

2.6. Tumor Implantation and Treatment Administration.
Tumors were induced subcutaneously by injecting 1 x 10°
B16F10 cells in 200yl of phosphate buffered saline (PBS)
solution. Seven days after BI6F10 cell transplantation, a
noticeable tumor mass appeared, and mice were distributed
randomly into four groups (five mice per group). The control
group received only saline solution. The DCA group received
50mg/kg of DCA, whereas the Ag group received 28mg/kg of
Ag. Saline solution, Ag, and DCA were administrated by
peritumor route, daily, for 21 days. Finally, the Ag+ DCA
group received the same of doses Ag and DCA by peritumor
route every other day, alternating between treatments.
Tumor length and width were measured weekly, and tumor
volume was determined using the equation: L x W2, where
L is the longest side and W is the shortest side. Animals were
euthanized at the study endpoint (21 days), and the tumors
were excised for further experiments.

2.7. ELISA for Active NF-kB p65 Subunit. To measure NF-«xB
P65 subunit activation, nuclear extracts were prepared from
3% 10° tumor cells, using a Nuclear Extract Kit according
to the manufacturer’s protocol. Levels of nuclear p65 concen-
trations were determined by a sensitive ELISA assay
(TRANS-AM, Active Motif, Rixensart, Belgium).

2.8. TNF-a and NO Production. Tumors were macerated with
RPMI and the supernatant collected and adjusted at a con-
centration of protein by BSA and stored at -20°C for evalua-
tion. TNF-a was measured in the tumor supernatant by
enzyme-linked immunosorbent assays (TNF alpha Mouse
ELISA Kit; Invitrogen; Thermo Fisher Scientific; Viena, Aus-
tria). All assay procedures were performed according to the
manufacturer’s protocol.

Nitrate/Nitrite assay kit was used to measure the levels of
NO in the tissue homogenates of the tumor followed the pro-
tocol established by the manufacturer (Nitrate/Nitrite color-
imetric assay kit; Cayman Chemical, USA).
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2.9. Immunocytochemistry for HMGBI, HSP70, and HSP90
Determination. Cells (100 x 10® cells/well) were seeded on
glass cover slips at 37°C and 5% CO, for 24 hours. After this,
cells were treated with Ag LD, (2.8 x 107> mM), DCA LDy,
(195mM), or Ag + DCA LDs, (2.8 x 10> mM and 135 mM,
respectively) at 37°C and 5% CO, for 4 hours. Subsequently,
cells were fixed with methanol, blocked with normal horse
serum (2.5%) (Vector Laboratories, ABC Kit) for 20 minutes,
and incubated for 4 hours with Santa Cruz (Santa Cruz, CA,
USA) mouse monoclonal antibodies against HMGB1(sc-
56698), HSP70 (sc-24), or HSP90 (sc-7947), all used in a
1:1000 dilution. Then, cells were incubated with HRP-
biotinylated anti-mouse/rabbit IgG (Vector Laboratories,
ABC Kit) for 1 hour and Avidin-DH solution (Vector Labo-
ratories, ABC Kit) for 30 minutes; DAB (3,3’ -diaminoben-
zidine) was added afterwards. DAB chromogen produces a
brown reaction in the presence of peroxidase (HRP). Slides
were counterstained with Mayer’s hematoxylin, dehydrated
in an alcohol-xylol gradient, and mounted with Entellan®
(synthetic resin) onto glass slides. Untreated B16F10 cells
were used as HMGB1, HSP70, and HSP90 basal expression
control. The HMGB1, HSP70, and HSP90 expression (DAB
staining intensity) was performed using the Fiji (Image])
software version 2.0 as described by Patera (2019). Data are
presented as DAB optical density (=log (max intensity/mean
intensity)) of five sections per slide. Three independent
experiments were performed.

2.10. Flow Cytometry for Calreticulin Determination. Cells
(50 x 10° cells/well) were seeded on ultra-low-attachment,
24-well plates at 37°C and 5% CO,. After this, cells were
treated with Ag LD,, (2.8x10°mM), DCA LD,
(195mM), or Ag+DCA LD, (2.4 % 10°mM and 135mM,
respectively) at 37°C and 5% CO, for 4 hours. Subsequently,
cells were recovered and stained with calreticulin polyclonal
antibody conjugated with phycoerythrin for 1 hour at 37°C
and 5% CO,. Cells were washed with PBS+bovine serum
albumin (BSA) (1% w/v) and resuspended in 2004l of PBS.
Events were acquired in the Accouri C6 flow cytometer
(BD Biosciences, San Jose, CA, USA).

2.11. In Vivo Antitumor Vaccination Experiments. For cell
lysate preparation, we followed the protocol described by
Rodriguez-Salazar et al. [12] with minor modifications.
Briefly, BI6F10 cells (5 x 10°) were treated in vitro with Ag
(LD4,) or DCA (LDg,) or the Ag (LD,) + DCA (LD,;) com-
bination for 5h. Following this, the cells were centrifuged at
260 x g for 10min and washed twice with PBS. Finally, cells
were resuspended in 200ul PBS and inoculated subcutane-
ously into the left flank of the mouse. After 7 days, mice were
challenged with 5x 10° live BI6F10 cells resuspended in
200 pl of PBS via subcutaneous injection into the right flank.
Tumor incidence and growth were measured every day at the
two injection sites for 30 days with a digital caliper. Tumor
volume was calculated using the formula: V = (L x W?)/2,
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F1GURE 2: Tumor regression in melanoma tumor-bearing mice treated with Ag + DCA. B16F10 viable cells (0.5 x 10%) were injected into the
left flank of C57BL/6 mice. Mice were randomly distributed into 4 experimental groups: untreated (control) or treated with Ag (28mg/kg),
DCA (500mg/kg), or Ag (28mg/kg) + DCA (500mg/kg). Tumor growth was monitored daily until mice sacrifice and determined with the
equation: tumor volume = (L x W?)/2, where L is the longest side and W is the shortest side (a). Representative photographs of tumors or
remaining lesions from mice of each group are shown (b). Graph bar represents the mean + standard deviation of TNF-a (c), NF-«B p65
(d), and nitric oxide (e) levels of three mice per group. There is statistical difference (p < 0.05) between bars labelled with (*).

where V is the tumor volume, L is the tumor length,and Wis 3. Results
the tumor width, same formula as previously used by

Rodriguez-Salazar et al. [12]. 3.1. DCA-Ag Decreased the Cellular Viability of Melanoma

BI16F10 Cells. The treatment of Ag or DCA induced a cell via-
2.12. Statistical Analysis. Statistical analysis was performed  bility decrease of B16F10 cells in a dose-dependent manner

using a one-way analysis of variance (ANOVA) followed by when compared with the control (p <0.01) (Figures 1(a)
Dunnett’s test, unless otherwise stated. Statistically signifi- ~ and 1(b)). DL,s (2.4 x 10° mM) and DL, (2.8 x 10°) were
cant difference was considered at p < 0.05. All experiments  determined for Ag (Figure 1(a)); DL, (135mM) and DLy,
were performed in triplicate. (195mM) were also determined for DCA (Figure 1(b)).
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F1GURE 3: Immunocytochemistry of B16F10 cells. BI6F10 cells were cultured in 6-well plates (100 x 10° cells/well) on glass cover slips at 37°C
and 5% CO, for 24 hours. Then, cells were treated with Ag (2.8 x 10~°mM), DCA (195mM), or Ag+ DCA (2.4 x 10°mM and 135mM,
respectively) for 4 hours and fixed with 100% methanol. Primary antibodies for HMGB1, HSP70, and HSP90 were applied, followed by
HRP secondary antibody and ABC substrate kit (Vector Laboratories, Burlingame, CA). The cells were counterstained with hematoxylin
(Vector), mounted onto slides, and imaged at 40x. Positive protein expression is evidenced by the presence of brown stain in the cell
nucleus, cytoplasm, or both and quantified with the image analyzer software Fiji (ImageJ) version 2.0. Representative images of three
independent experiments are shown (a). There is no statistical difference (p < 0.05) between bars labelled with the (*) in the graph (b).

Lower doses of Ag and DCA were required in the combina-
torial setting to achieve DL,. and DL, (Figure 1(c)).

3.2. Ag-DCA Induced Tumor Regression. The administration
of Ag, DCA, and Ag+ DCA induced tumor volume regres-
sion (p < 0.05) in a time-dependent manner, observing a bet-
ter effect in mice treated with Ag+DCA treatment
(Figure 2(a)).

3.3. Ag, DCA, and Ag + DCA Treatments Decreased TNF-a,
NF-kB, and Nitric Oxide. All treatments significantly
decreased (p < 0.05) TNF-«a production (Figure 2(c)), NF-
xB activity (Figure 2(d)), and nitric oxide (NO) production
when compared to the control group; significant difference
was not observed between treated groups (Figures 2(c)-2(e)).

3.4. HMGBI, HSP70, and HSP90 Expression and Localization
in BI6F10 Cells Treated with Ag DCA, or Ag+ DCA.
HMGBI1, HSP70, and HSP90 localization were determined
by microscopy (Figure 3(a)). In control conditions, HMGBI,
HSP70, and HSP90 were undetectable or localized to the
nucleus (Figure 3(a)). Ag treatment mobilized HSP70 to the
cytoplasm and cell membrane, DCA treatment mobilized
HMGBI1 and HSP70 to the cytoplasm and cell membrane,
and AgDCA combined treatment mobilized HMGBI,

HSP70, and HSP90 to the cytoplasm and cell membrane
(Figure 3(a)).

All treatments significantly increased (p < 0.05) HMGB1
and HSP70 expression; however, only DCA and Ag+DCA
significantly increased (p <0.05) HSP90, as compared to
the control (untreated B16F10 cells) (Figure 3(b)).

3.5. Calreticulin Exposure in Ag, DCA, or Ag + DCA Treated
Cells. Ag, DCA, and Ag + DCA treatments do not induce cal-
reticulin surface exposure in B16F10 cells, as compared to the
control (B16F10 untreated cells) (Figures 4(a) and 4(b)).

3.6. Ag, DCA, or Ag + DCA Do Not Induce Immunogenic Cell
Death. B16F10 cells lysed with Ag, DCA, and AgDCA do not
prevent tumor implantation in C57BL/6 mice (Figures 5(a)-

5(d)).

4. Discussion

The cytotoxic effect of colloidal silver (Ag), sodium dichlor-
oacetate (DCA), and their combination was evaluated against
B16F10 murine melanoma cells. Our results show that Ag
has antiproliferative effects against BI6F10 cells, as previ-
ously reported by our research group [13]. Further reports
of the cytotoxic activity of silver against melanoma cells refer
to silver nanoparticles, although the proposed toxicity
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FIGURE 4: Calreticulin surface exposure in B16F10 cells. BI6F10 cells were cultured in 24-well plates (50 x 10° cells/well) at 37°C and 5% CO,
for 24 hours. Then, cells were treated with Ag (2.8 x 10°mM), DCA (19mM), or Ag + DCA (2.4 x 10~ mM and 135mM, respectively) for 4
hours. Calreticulin exposure was determined by flow cytometry. The figure shows (a) size versus granularity representative dot plots of the
analyzed cell population (above) and cell count versus stain intensity representative histograms. (b) Positive stain average cell percentage
+ standard deviation of three independent experiments. There is no statistical difference (p <0.05) between bars as determined by one-

way ANOVA and the Tukey post hoc test.

mechanism remains the same [14]. DCA also exhibited an
antiproliferative effect against melanoma cells. In a similar
manner, Rivera-Lazarin et al. reported a dose-dependent via-
bility decrease in BI6F10 cells treated with DCA [15].

The cytotoxic activity of Ag and DCA increased when
used as a combined treatment. This was expected since the
combination of two or more agents is a cornerstone for can-
cer treatment; it allows to target key pathways simulta-
neously, achieving an efficacy increase [16].

After observing the increased cytotoxic effect, we evalu-
ated whether our results correlated with an in vivo antitumor
activity. At the tumor level, the generation of necrosis was
noted; it is worth mentioning that the lesions completely
healed in all cases of tumor elimination. Skin lesions can
occur due to the overexpression of tumor necrosis factor
alpha [17]. Our results revealed higher levels of TNF-« in

untreated melanomas and a significant decrease of this factor
in response to all of our treatments. TNF-« correlates with
melanoma aggressiveness and metastatic potential in vivo
[18], and its overexpression has been reported in advanced
primary melanomas by Rossi et al. [19].

It is important to mention that TNF-« is a pleiotropic
cytokine, and its proapoptotic effects against cancer cells
have been widely described [20]; however, melanoma cells
resist TNF-a-induced apoptosis through NF-xB and nitric
oxide [21].

In this study, our results showed NF-xB and nitric
oxide decrease in mice treated with Ag, DCA, or the com-
bination of both, correlating with tumor regression. Wang
et al. reported that NF-xB suppresses TNF-a-mediated
apoptosis through the activation of the antiapoptotic pro-
teins TRAF1, TRAF2, c-IAP1, and c-IAP2 [22]. On the
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F1GURE 5: Tumor implantation in vaccinated mice. C57BL/6 mice were randomly divided into 4 groups: mice without immunization (control)

and mice immunized with B16F10 cells (5 x 10°) lysed with Ag (6.5 x 10~

> mM), DCA (300 mM), or Ag + DCA (2.8 x 10> mM and 195mM,

respectively). Seven days after immunization, mice were challenged with 0.5 x 10° B16F10 viable cells injected into the left flank. Tumor
appearance was monitored daily by palpation, and on the day of the sacrifice, tumor volume was determined with the equation: tumor
volume = (L x W?)/2, where L is the longest side and W is the shortest side. The image shows the percentage of mice without tumor
(tumor free mice) (a), tumor volume (b), and weight (c) on day 12 after the challenge, and a representative mouse, tumor, and lungs of

each group. (d) There is no statistical difference (p < 0.05) between bars

other hand, Salvucci et al. reported nitric oxide production
in human melanoma cells, and blocking this production
induces cell death in human melanoma [23]. Specifically,
nitric oxide inhibits at least seven caspases trough s-
nitrosylation [24].

Despite our observations, it is important to mention that
TNF-a, NF-«B, and NO have pleiotropic effects, and their
role in melanoma is not well understood. However, we
emphasize that our results indicate that these molecules
decrease in correlation with tumor regression and wound
healing.

Many anticancer therapies have the potential to induce
cancer cell death, resulting in tumor elimination and a
patient free of malignancy. However, only immunogenic cell
death inducers can prevent cancer recurrence. Therefore,
drugs that induce immunogenic cell death represent a recent
innovation in the field of onco-immunotherapy [25], such is
the case of the use of immunomodulator IMMUNEPOTENT
CRP, that recently demonstrated this capacity [12]. We set
out to evaluate whether our treatments were capable of
inducing an immunogenic cell death.

The presence of alarmins in vitro indicates the potential
to induce immunogenic cell death [26]. But, despite
treatment-dependent increase of HMGBI1, HSP70, and
HSP90 (but not calreticulin), the vaccination of mice with

labelled with the (*) in the graph.

B16F10 cells lysed with Ag, DCA, or the combination Ag+
DCA did not induce immunogenic cell death as evidenced
by the tumor appearance in all mice (vaccinated or unvacci-
nated) after challenge with viable B16F10 cells. Tumor
growth indicates a specific immune response was not
induced by the vaccines. A reason for this could be that
DCA, Ag, and DCA + Ag do not induce the release of
DAMPs in a coordinated spatiotemporal pattern; therefore,
they lack the capacity to induce cytokines and efficient anti-
gen presentation [27].

In conclusion, the combination of Ag and DCA has
potential antitumor properties against melanoma cells; how-
ever, the in vivo antitumor mechanism is not immunogenic
cell death. Further studies to elucidate the cell death mecha-
nism are important in order to design strategies and combi-
nations with clinical efficacy against melanoma.
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