
N
a

no
m

a
te

ri
a

ls
Advances in Functionalized 
Materials Research

Guest Editors: Daniela Predoi, Mikael Motelica-Heino,  
and Philippe Le Coustumer

Journal of Nanomaterials



Advances in Functionalized Materials Research



Journal of Nanomaterials

Advances in Functionalized Materials Research

Guest Editors: Daniela Predoi, Mikael Motelica-Heino,
and Philippe Le Coustumer



Copyright © 2015 Hindawi Publishing Corporation. All rights reserved.

This is a special issue published in “Journal of Nanomaterials.” All articles are open access articles distributed under the Creative Com-
mons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.



Editorial Board

Katerina Aifantis, Greece
Nageh K. Allam, USA
Margarida Amaral, Portugal
Xuedong Bai, China
Enrico Bergamaschi, Italy
Theodorian Borca-Tasciuc, USA
C. Jeffrey Brinker, USA
Christian Brosseau, France
Xuebo Cao, China
Sang-Hee Cho, Republic of Korea
Shafiul Chowdhury, USA
Cui ChunXiang, China
Miguel A. Correa-Duarte, Spain
Shadi A. Dayeh, USA
Ali Eftekhari, USA
Claude Estournes, France
Alan Fuchs, USA
Lian Gao, China
Russell E. Gorga, USA
Hongchen Chen Gu, China
Mustafa O. Guler, Turkey
John Zhanhu Guo, USA
Smrati Gupta, Germany
Michael Harris, USA
Zhongkui Hong, USA
Michael Z. Hu, USA
David Hui, USA
Y.-K. Jeong, Republic of Korea
Sheng-Rui Jian, Taiwan
Wanqin Jin, China
Rakesh K. Joshi, India
Zhenhui Kang, China

Fathallah Karimzadeh, Iran
Do Kyung Kim, Republic of Korea
Kin Tak Lau, Australia
Burtrand Lee, USA
Benxia Li, China
Jun Li, Singapore
Shijun Liao, China
Gong Ru Lin, Taiwan
J.-Y. Liu, USA
Jun Liu, USA
Tianxi Liu, China
Songwei Lu, USA
Daniel Lu, China
Jue Lu, USA
Ed Ma, USA
Gaurav Mago, USA
Sanjay R. Mathur, Germany
Nobuhiro Matsushita, Japan
A. McCormick, USA
Vikas Mittal, UAE
Weihai Ni, Germany
Sherine Obare, USA
Edward Andrew Payzant, USA
Kui-Qing Peng, China
Anukorn Phuruangrat, Thailand
Ugur Serincan, Turkey
Huaiyu Shao, Japan
Donglu Shi, USA
Suprakas Sinha Ray, South Africa
Vladimir Sivakov, Germany
Marinella Striccoli, Italy
Bohua Sun, South Africa

Saikat Talapatra, USA
Nairong Tao, China
TitipunThongtem, Thailand
Somchai Thongtem, Thailand
Valeri P. Tolstoy, Russia
Tsung-Yen Tsai, Taiwan
Takuya Tsuzuki, Australia
Raquel Verdejo, Spain
Mat U. Wahit, Malaysia
Shiren Wang, USA
Yong Wang, USA
Cheng Wang, China
Zhenbo Wang, China
Jinquan Wei, China
Ching Ping Wong, USA
Xingcai Wu, China
Guodong Xia, Hong Kong
Zhi Li Xiao, USA
Ping Xiao, UK
Shuangxi Xing, China
Yangchuan Xing, USA
N. Xu, China
Doron Yadlovker, Israel
Ying-Kui Yang, China
Khaled Youssef, USA
Kui Yu, Canada
Haibo Zeng, China
Tianyou Zhai, Japan
Renyun Zhang, Sweden
Yanbao Zhao, China
Lianxi Zheng, Singapore
Chunyi Zhi, Japan



Contents

Advances in Functionalized Materials Research, Daniela Predoi, Mikael Motelica-Heino,
and Philippe Le Coustumer
Volume 2015, Article ID 412690, 2 pages

Clarification of the Magnetocapacitance Mechanism for Fe3O4-PDMS Nanocomposites, Chen Guobin,
Yang Hui, Zhang Xiaoming, Liu Jun, and Tang Jun
Volume 2015, Article ID 982174, 6 pages

Characterization of the Oxides Present in a Polydimethylsiloxane Layer Obtained by Polymerisation of
Its Liquid Precursor in Corona Discharge, A. Groza and A. Surmeian
Volume 2015, Article ID 204296, 8 pages

Multifunctional DNA Nanomaterials for Biomedical Applications, Dick Yan Tam and Pik Kwan Lo
Volume 2015, Article ID 765492, 21 pages

Advances in Multiferroic Nanomaterials Assembled with Clusters, Shifeng Zhao
Volume 2015, Article ID 101528, 12 pages

Hydrothermal Synthesis of Bi2MoO6 Visible-Light-Driven Photocatalyst, Anukorn Phuruangrat,
Sunisa Putdum, Phattranit Dumrongrojthanath, Somchai Thongtem, and TitipunThongtem
Volume 2015, Article ID 135735, 6 pages

Rare Earth Doped Apatite Nanomaterials for Biological Application,
Thalagalage Shalika Harshani Perera, Yingchao Han, Xiaofei Lu, Xinyu Wang, Honglian Dai, and Shipu Li
Volume 2015, Article ID 705390, 6 pages

Generation of Porous Alumina Layers in a Polydimethylsiloxane/Hydrogen Peroxide Medium on
Aluminum Substrate in Corona Discharges, A. Groza, A. Surmeian, C. Diplasu, C. Luculescu, C. Negrila,
and M. Ganciu
Volume 2014, Article ID 578720, 6 pages

Tetraethyl Orthosilicate Coated Hydroxyapatite Powders for Lead Ions Removal from Aqueous
Solutions, Rodica V. Ghita, Simona Liliana Iconaru, Cristina Liana Popa, Adrian Costescu,
Philippe Le Coustumer, Mikael Motelica-Heino, and Carmen Steluta Ciobanu
Volume 2014, Article ID 176426, 7 pages

Preparation of Mesoporous SBA-16 Silica-Supported Biscinchona Alkaloid Ligand for the Asymmetric
Dihydroxylation of Olefins, Shaheen M. Sarkar, Md. Eaqub Ali, Md. Lutfor Rahman,
and Mashitah Mohd Yusoff
Volume 2014, Article ID 123680, 5 pages

Improved Ferroelectric and Leakage Properties of Ce Doped in BiFeO
3
Thin Films, Alima Bai,

Shifeng Zhao, and Jieyu Chen
Volume 2014, Article ID 509408, 7 pages



Editorial
Advances in Functionalized Materials Research

Daniela Predoi,1 Mikael Motelica-Heino,2 and Philippe Le Coustumer3

1National Institute of Materials Physics, P.O. Box MG 07, Bucharest, 077125 Magurele, Romania
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During the last couple of decades an intensive attention has
been given by the scientific communities to the development
of a variety of nanomaterials such as inorganic, organic,
polymeric, biological, and polymer composites for various
applications from biomedical to environmental. Of these, the
inorganic ones have been the most investigated as their prop-
erties can be changed through functionalization. They can
also be made multifunctional with the ability to incorporate
broad categories of functions relevant for biomedicine and
environment.

This special issue is focused on current and expected
advances in the area of functionalized nanomaterials. Due
to the interdisciplinary nature of the topic, researchers from
the scientific community were invited to contribute with a
broad range of original research articles as well as review
articles on the following topics: design and synthesis of
functionalized nanomaterials, structural and morphologi-
cal characterization of newly functionalized compounds,
advanced functionalized materials for biomedical and envi-
ronmental applications, and functionalized nanomaterials
with magnetic properties.

R. V. Ghita et al. reported the synthesis of a new porous
nanocomposite material based on tetraethyl orthosilicate
(TEOS) coated hydroxyapatite. In their study, the authors
have investigated the ability of these newmaterials to remove
Pb2+ ions from aqueous solutions with different concentra-
tion and pH values. Their study showed that the HApTh
nanopowders are promising materials for lead ions removal
from aqueous solutions with different pH values, being able
to be used in the future for depollution of wastewaters.

In his work, S. Zhao presents a review which highlights
that the multiferroic properties of heterostructured multifer-
roic films assembled with clusters prepared by low energy
cluster beam deposition can be controlled or improved by
tuning the size of the clusters. In his review, he revealed
that thin-film heterostructure is not destroyed due to low
temperature and energy during LECBD progress, rendering
the LECBD technique ideal to prepare multiferroic nanos-
tructure for applications on NEMS devices.

A. Groza and A. Surmeian evidenced the type of the
silicon oxide structures in the PDMS layer deposed on dif-
ferent supports in corona discharges using studies performed
by reflection-absorption IR spectroscopy coupled with peak
fitting. Their study revealed that at high currents (40𝜇A) the
distribution of silicon oxide structures in the PDMS layer
deposed on aluminium is influenced by the anodization of
the Al substrate.

S. M. Sarkar et al. presented successfully synthesized air
and moisture stable SBA-16-supported bis-cinchona alkaloid
chiral ligand and demonstrated that SBA-16 silica is an excel-
lent support material for the heterogeneous chiral ligands.

S. Putdum et al. reported the synthesis of bismuth
molybdate (Bi

2
MoO
6
) nanoplates using the hydrothermal

reaction of bismuth nitrate and sodium molybdate. In their
work, the authors have also investigated the effect of the
reaction temperature and time of photocatalytic nanoplates
on phase, morphology, and photocatalytic properties. Their
study revealed that Bi

2
MoO
6
nanoplates synthesized at 180∘C

for 5 h exhibit the highest photocatalytic efficiency (over 96%)
within 100min of visible light irradiation.

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2015, Article ID 412690, 2 pages
http://dx.doi.org/10.1155/2015/412690

http://dx.doi.org/10.1155/2015/412690


2 Journal of Nanomaterials

A. Groza et al. reported for the first time the formation of
a porous anodicAl oxide layer in negative corona discharge in
the presence of the PDMS/H

2
O
2
lying on the surface of the

Al substrate. They revealed that the process was favored by
the enhanced infusion of H

2
O and OH radicals, respectively,

by the negative ions of oxygen and neutral species (O
3
)

produced in negative corona discharge in air at atmospheric
pressure.

A. Bai et al. presented the preparation of pure and Ce
dopedBiFeO

3
thin films by solution-gelation process and also

the investigation of their phase structures and ferroelectric
and leakage properties. They have attributed the enhanced
ferroelectric properties to the structural transformation due
to the Ce doping. Their work provides an available way of
enhancing ferroelectric properties and possible multifunc-
tional applications for BiFeO

3
based thin films.

C. Guobin et al. reported that they obtain Fe
3
O
4
-PDMS

nanocomposites. Their study has shown that the magnetic
properties of the nanocomposites depend on the magnetic
properties of nanoparticles and that the variation of mag-
netocapacitance depends on the elastic module and the
viscosity of PDMS. By comparing the calculated value with
the experimental value, they have demonstrated that the
model can well explain the magnetocapacitance effect in
Fe
3
O
4
-PDMS nanocomposites.

In their work, T. S. H. Perera et al. summarized some
recent progress on the synthesis, properties, and application
of lanthanide doped Anps.They highlight themany synthesis
methods reported by now in the literature and identified the
in situ precipitation method as the most effective method.
The review is focused on the new generation of fluorophores
called rare earth doped apatite nanoparticles (REAnps) and
their ability to emit near infrared radiations which have
low absorptivity by tissue chromophores and are suitable for
biological system imaging and also discusses the opportunity
for future studies on the effective biological applications of
REAnps.

In their work, D. Y. Tam and P. K. Lo make a review of
the cutting edge research in the DNA nanotechnology field.
The review focuses on the important role of DNA in nan-
otechnology and summarizes recent progress of drug delivery
systems based onmultidimensionalDNAnanostructures and
the understanding of cellular uptakemechanism such as their
intracellular pathway and pharmacokinetics.
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We mainly focused on the magnetocapacitance effect of Fe
3
O
4
-PDMS nanocomposites. We also proposed the preparation method

and measured microstructures, magnetic properties, and magnetocapacitance value of the nanocomposites. The magnetoca-
pacitance measurement results show that the nanocomposites have magnetocapacitance property, the magnetocapacitance with
magnetic field depends on the magnetic property, and the value at the samemagnetic field is increasing with the volume fraction of
Fe
3
O
4
nanoparticles.Themagnetocapacitancemodel is proposed to explain this phenomenonby analyzing themagnetic interaction

between particles and the viscoelasticity of PDMS. We also calculated the theoretical capacitance value of all samples using the
magnetization of nanoparticles and mechanical parameters of PDMS. From the theoretical values, it is concluded that the model
we proposed can well explain the magnetocapacitance effect of Fe

3
O
4
-PDMS nanocomposites.

1. Introduction

Materials with magnetocapacitance effect are promising for
advanced applications in magnetic field sensors, data storage,
and microwave communication devices [1–3]. Currently,
main attention has been paid to the magnetocapacitance
composites with magnetoelectric coupling, which consist of
piezoelectric phase and piezomagnetic or magnetostrictive
phase, such as CFMO-PBT, CFO-KNN, and Terfenol-D-
PZT [4–9]. Recently, magnetocapacitance nanocomposites
without magnetoelectric coupling composed of magnetic
nanoparticles and polymer have also been reported [10, 11].
However, most of the studies on the composite have focused
on the magnetocapacitance effect at radio frequencies [12]
and the variation of magnetocapacitance with magnetic field
at lower frequency electric field and the mechanism of
magnetocapacitance effect are rarely discussed. Further, this
magnetocapacitance effect is very significant for designing
magnetic field sensors and actuators with novel mechanism.

Fe
3
O
4
nanoparticles have wide applications because of

their good electrical and magnetic characteristics, such as
drug delivery and magnetic resonance imaging (MRI) [13,
14]. There are also plenty of studies on synthesis and prop-
erties of the particles in recent papers [15–17]. Polydimethyl-
siloxane (PDMS) is mainly used in microfluidic devices due
to its biocompatibility and easy fabrication [18, 19]. Recently,
researchers also have reported conducting property of the
composites with PDMS and silver or carbon nanoparticles
[20–22].

In this study, we investigated the magnetocapacitance
effect of Fe

3
O
4
nanoparticles-PDMS composite at lower fre-

quency (200 kHz). Firstly, the composite preparationmethod
is introduced, and samples with different volume fraction of
nanoparticles are prepared. Then. the variation of the com-
posite magnetocapacitance dependence of magnetic field is
studied. Finally, the model of composite magnetocapacitance
effect is also analyzed.
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Table 1: Experimental compositions and volume fractions of
nanoparticles.

Sample number Fe3O4 particle size
(nm)

Particle content
(vol%)

1 200 20
2 200 17
3 200 13
4 200 9
5 200 5
6 (Pure PDMS) — —

2. Experimental Section

In this experiment, Fe
3
O
4
particles (200 nm, 99%) were used

(Beijing DK Nanotechnology, china). Sylgard 184 Silicone
from (DowCorning,MI,USA)was chosen as PDMSpolymer
matrix. All materials were used as received.

The preparation procedure of Fe
3
O
4
-PDMS nanocom-

posite was as follows. First, Fe
3
O
4
particles wereweighted and

mixed with alcohol, and then the suspension was sonicated
for about 10min. Amount of PDMS was added to the
suspension. After a stirring of about 15min, the mixture
was dried at 100∘C for 1 h in a vacuum for evaporating all
alcohol. The curing agent was added with the ratio of 10 : 1 of
PDMS to curing agent and stirred for 10min.The prepolymer
mixture was dropped into a square module with a size of
15mm × 15mm × 1.5mm, degassed at ambient temperature
under vacuum for 30min to remove any air bubbles, and
then cured for 2 h at 90∘C in air atmosphere. After curing,
the nanocomposite film was peeled off from the module. The
detail experimental compositions are shown in Table 1.

Microstructures of the prepared samples were examined
by scanning electron microscope (SEM, Quanta 250 FEG).
Magnetic properties of particles and nanocomposites were
investigated using superconducting quantum interference
device (SQUID, MPMS-XL-7) magnetometry. Elastic mod-
ulus of PDMS was measured by dynamic thermomechani-
cal analysis (DMA, SDTA861e) at ambient temperature. In
order to determine the magnetocapacitance properties of
the nanocomposite, the film samples were fabricated to be
parallel plate capacitor with copper electrode and shielding
shell. The magnetic field dependence of the capacitance was
measured in the magnetic field range of −10 Gs to 10 Gs at
the frequency of 200 kHz using an Agilent high-precision
LCR meter (HP4284A). The magnetic field was applied by
electromagnet (EMP3, East Changing Technologies). The
scheme of the experimental setup is depicted in Figure 1.

3. Results and Discussion

3.1.The Characterizations of Fe
3
O
4
Particles and Fe

3
O
4
-PDMS

Nanocomposites. The SEM micrographs of sample number 1
are shown in Figure 2. The particles are equally distributed
in the composite materials with the average size of 200 nm.
Figure 3 shows magnetization at the room temperature as a

(d)

(b)

(a) (c)

LRC meter

Figure 1:The scheme of the experimental setup: (a) nanocomposite;
(b) Cu electrode; (c) Cu shielding shell; (d) electromagnet.

Figure 2: Scanning electron microscope (SEM) photographs of
sample number 1.

Applied magnetic field (Gs)

M
ag

ne
tiz

at
io

n 
(e

m
u/

g)
 

M
ag

ne
tiz

at
io

n 
(e

m
u/

g)
 

Applied magnetic field (Gs)

0 10000 20000

0

40

80
0

10

20

Sample number 1

−20000 −10000

0 100 200−200
−20

−40

−80

−10

−100

Fe3O4 Nps

Figure 3: Variation ofmagnetization with appliedmagnetic field for
200 nm Fe

3
O
4
nanoparticles (Nps) and sample number 1 at ambient
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Figure 4: Variation of magnetocapacitance with applied magnetic
field for all samples. Inset: an amplification of the curve for sample
number 1.

function of appliedmagnetic field for 200 nmFe
3
O
4
nanopar-

ticles and sample number 1. There is hysteresis present for
Nps and nanocomposites with the same coercivity of 90Oe,
which is consistent with ferrimagnetic behavior. When the
magnetic field exceeds 2 kGs, their magnetization would be
saturated. However, the magnetic permeability and the satu-
ration magnetization of the nanocomposites are smaller than
that of the particles, because there is nonmagnetic material
in the nanocomposites. Therefore, we can conclude that the
magnetic properties of magnetocapacitance nanocomposites
depend on themagnetic properties ofmagnetic nanoparticles
in the nanocomposites.

3.2. Magnetocapacitance Properties of the Fe
3
O
4
-PDMSNano-

composites. For analyzing the magnetocapacitance effect of
nanocomposite, we have measured the magnetic field depen-
dences of the capacitance of all samples at the frequency
of 200 kHz. During the measurements, the magnetic field
and the electric field are parallel. At one measurement, the
magnetic field starts at 10 kGs and gradually decreases to
−10 kGs (defined as decreasing cycle) and then gradually
increases to 10 kGs back (defined as increasing cycle).

Figure 4 shows the variation of difference capacitance
with applied magnetic field. The magnetocapacitance (MC)
effect is defined as [Cp(H) − Cp(0)], where Cp(H) and
Cp(0) are the capacitance at magnetic field H and zero
field. Here, magnetocapacitance was found to increase with
increasing the magnetic field for all samples, which illus-
trates that Fe

3
O
4
-PDMS nanocomposites have magnetoca-

pacitance property. The sample with higher volume fraction
of nanoparticles has bigger magnetocapacitance, and the
magnetocapacitance effect was not observed in the sample of
pure PDMS.When themagnetic field exceeds 2 kGs, themag-
netocapacitance of all samples would be saturated. It can be
seen from the inset of Figure 4 that the magnetocapacitance

of the composite did not reach the minimum at zero field,
but the magnetocapacitance minimum is at −90Gs when
the magnetic field decreases from 10 kGs to −10 kGs and is
also at 90Gs when the magnetic field increases from −10 kGs
to 10 kGs. It can be seen that the magnetocapacitance effect
for nanocomposite with magnetic field is similar to that for
nanoparticles.

3.3. The Magnetocapacitance Effect Mechanism of Fe
3
O
4
-

PDMS Nanocomposite. The capacitance dependence of the
magnetic field is mainly induced by the magnetostriction
effect of Fe

3
O
4
-PDMS nanocomposite. We assumed that the

particles are completely equally distributed in the composites.
When the magnetic field is applied to the composites, the
arrangement of particles and the attraction between particles
are directed along magnetic field vector. Because of the sim-
ilarity between the magnetic nanoparticles and the magnetic
dipole, the strength of the magnetic attraction force is given
by

𝐹 = −

3𝜇
0
𝑚
2

2𝜋𝑟
4
, 𝑚 =

4

3

𝜋𝑎
3
𝐵. (1)

Here, 𝑟 is the distance between the two particles dipole, 𝑎 is
the radius of the particle, 𝐵 is the magnetic induction of the
particle, and 𝜇

0
is the permeability of vacuum.

Due to the viscoelasticity of PDMS which is the matrix of
the nanocomposite, the motion of particles in the composites
induced by applied magnetic field depends on elastic force,
viscous force of PDMS, and the attraction force between
two adjacent particles. The viscoelasticity of PDMS can be
depicted as Kelvin model which contains parallel spring and
damper.The particles are supposed as spherical. According to
Stokes Law, the motion of dipoles with magnetic field can be
described as follows:

𝑚
𝑝

𝑑
2
𝑟

𝑑𝑡
2
+ 6𝜋𝜂𝑎

𝑑𝑟

𝑑𝑡

+ 𝜋𝑎
2
𝐸

𝑟 − 𝛿

𝛿

= −

8𝜋𝜇
0
𝑎
6
𝐵
2

3𝑟
4

, (2)

in which 𝑚
𝑝
, 𝜂, 𝐸, 𝛿, and 𝑟 are the mass of one particle, the

viscosity of PDMS, the elasticitymodulus of PDMS, themean
mutual distance between the two adjacent particles at zero
field, and the distance between the two neighboring particles
with applying magnetic field in the direction of magnetic
field, respectively.

If the particles are completely equally distributed in the
composites, the mean mutual distance between the two
adjacent particles at zero field is given by

𝛿 =
3
√
𝐿𝑙𝑑
0

𝑛

=
3
√
4𝜋

3Φ

𝑎, 𝑛 =

𝐿𝑙𝑑
0
Φ

(4/3) 𝜋𝑎
3
, (3)

in which 𝐿 is the length of the sample, 𝑙 is the width of the
sample, 𝑑

0
is the thickness of the sample at zero field,Φ is the

volume fraction of the nanoparticles, and 𝑛 is the number of
particles in the sample.
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The distance 𝑟 can be defined as

𝑟 = 𝛿 + Δ, (4)

inwhichΔ is the distance variation between particles induced
by applied magnetic field.

Therefore, (2) can be rewritten as follows by substituting
(4) for 𝑟 in (2):

𝑚
𝑝

𝑑
2
Δ

𝑑𝑡
2
+ 6𝜋𝜂𝑎

𝑑Δ

𝑑𝑡

+ 𝜋𝑎
2
𝐸

Δ

𝛿

= −

8𝜋𝜇
0
𝑎
6
𝐵
2

3(𝛿 + Δ)
4
. (5)

It is known that 𝑚
𝑝
≈ 2.09 × 10

−17 kg and the first
term of (5) becomes negligible with respect to the others. For
simplifying (5), we use Taylor expansion method to rewrite
the right part of the equation.Thevariation distanceΔ is small
enough to make the higher order Taylor expansion terms be
also negligible. Accordingly, (5) becomes

6𝜋𝜂𝑎

𝑑Δ

𝑑𝑡

+ 𝜋𝑎
2
𝐸

Δ

𝛿

≈ −

8𝜋𝜇
0
𝑎
6
𝐵
2

3

(

1

𝛿
4
−

4

𝛿
5
Δ) . (6)

If a stable compressive stress is applied, the variation of
the strain with time for PDMS has the creep property and Δ
is given by

Δ = 0 (𝑡 = 0; 𝐵 ̸= 0) . (7)

Using the initial condition (7), the solution of (6)
becomes

Δ =

8𝜇
0
𝑎
4
𝐵
2
𝛿

32𝜇
0
𝑎
4
𝐵
2
− 3𝐸𝛿

4
(1 − 𝑒

((32𝜇0𝑎
5
𝐵
2
−3𝑎𝐸𝛿

4
)/18𝜂𝛿

5
)𝑡
) . (8)

The number of each chained particle directed along the
magnetic field on the sample thickness can be calculated by

𝑛
𝑑
=

𝑑
0

𝛿

. (9)

When 𝑡 ̸= 0, 𝐵 ̸= 0, the thickness of the sample 𝑑 can be
approximated as

𝑑 = (𝑛
𝑑
− 1) (𝛿 + Δ) ≅ 𝑑

0
(1 +

Δ

𝛿

) for 𝑛
𝑑
≫ 1. (10)

On the other hand, the capacitance of the sample is

𝐶 = 𝜀
0
𝜀
𝑟

𝐿𝑙

𝑑

= 𝜀
0
𝜀
𝑟

𝐿𝑙

𝑑
0

(

𝛿

𝛿 + Δ

) , (11)

where 𝜀
0
is the dielectrical permittivity of the vacuum and 𝜀

𝑟

is the relative permittivity of sample.
When the magnetization of the particles is zero, the

capacity of the sample is

𝐶
0
= 𝜀
0
𝜀
𝑟

𝐿𝑙

𝑑
0

. (12)

Equation (13) describing the variation of the capacitance
of the sample with the magnetization of particles and time
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Figure 5: Variation of experimental and theoretical capacitance
with magnetic field for sample number 1. Left inset: an amplification
of experimental data. Right inset: an amplification of theoretical
data.

of magnetic field can be obtained by substituting (8) and (11)
into (12), as follows:

𝐶 = 𝐶
0
(

𝛿

𝛿 + Δ

)

= 𝐶
0
((32𝜇

0
𝐵
2
− 3𝐸(

4𝜋

3Φ

)

4/3

)

× (40𝜇
0
𝐵
2
− 3𝐸(

4𝜋

3Φ

)

4/3

− 8𝜇
0
𝐵
2
𝑒
((32𝜇0𝐵

2
−3𝐸(4𝜋/3Φ)

4/3
)/18𝜂(4𝜋/3Φ)

5/3
)𝑡
)

−1

) .

(13)

Therefore, we can conclude from (13) that the magneto-
capacitance variation of nanocomposites with magnetic field
depends on the elastic module and the viscosity of PDMS;
it also depends on the magnetic property and the volume
fraction of nanoparticles.

We can know that elastic modulus of PDMS is 6.72Mpa
and viscosity is 5.09 × 103 Pa⋅s by using DMA. We can also
obtain the magnetic induction 𝐵 of nanoparticles at different
magnetic field from the hysteresis loop of nanoparticles in
Figure 3. Accordingly, we can calculate the capacitance of
the samples with different volume fraction of nanoparticles
at 𝑡 = 10 s by using (13). Figure 5 shows the variation of
experimental and calculated capacitance value withmagnetic
field for sample number 1. Figure 6 shows the variation
of calculated magnetocapacitance with applied magnetic
field for samples with various volume fractions. It is clear
from these figures that the variation of experimental and
calculated capacitance value withmagnetic field has the same
characteristic and the deviation between the experimental
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Figure 6: Variation of calculated magnetocapacitance with applied
magnetic field for samples with various volume fraction.

and calculated capacitance value is smaller, which is caused
by the unknown measurement errors. In conclusion, the
proposed model can describe the magnetocapacitance effect
of Fe
3
O
4
-PDMS nanocomposites well.

4. Conclusions

In this paper, Fe
3
O
4
-PDMS nanocomposites are prepared.

The morphology characteristics, magnetic property, and
magnetocapacitance effect are investigated. By analyzing
the viscoelasticity of PDMS and the magnetic interac-
tion between particles, the magnetocapacitance model of
nanocomposites is also proposed. The particles are equally
distributed in the compositematerials with the average size of
200 nm.The magnetic properties of nanocomposites depend
on the magnetic properties of nanoparticles. The magne-
tocapacitance effects of nanocomposites are observed. The
velocity, hysteresis, and saturation value of the variation of
the magnetocapacitance with applied magnetic field depend
on the magnetic property and the volume fraction of Fe

3
O
4

nanoparticles. The magnetocapacitance model shows that
the variation of magnetocapacitance also depends on the
elastic module and the viscosity of PDMS. By comparing
the calculated value with experimental value, we demonstrate
that themodel canwell explain themagnetocapacitance effect
in Fe
3
O
4
-PDMS nanocomposites.
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By combining the reflection-absorption infrared spectral studies with the peak fitting analysis we determined the type of the silicon
oxides present in polydimethylsiloxane layers obtained on germanium and aluminium substrates in corona discharges. We have
also evidenced that the dependence of silicon oxides density on the corona discharge current intensity is related to the existence
of a concurrent anodizing process occurring at the polymer/Al substrate interface. The morphology of the Al substrate surface
investigated by scanning electron microscopy proved that the anodizing process occurs.

1. Introduction

Polydimethylsiloxanes (PDMS) are widely used as protective
corrosion media or in medical applications. The strength of
the Si–O bonds gives them a remarkable thermal stability,
most oxidizing agents not being able to attack their structure.
They are elastic, transparent, and compatible with human
tissue and are biologically inert [1].

The PDMS layers are known for their hydrophobic char-
acter, although for biomedical applications regarding cell
adhesion [2] or antibacterial activity [3] it is important
that PDMS layers have a hydrophilic character. By oxygen
plasma, water vapor plasma, or ultraviolet-ozone (UV-ozone)
treatments their surfaces can be functionalized [4] becoming
more SiO

2
like surfaces with more –OH groups [2–5].

Recently [6], it was shown that SiO
2
layers, which have an

excellent compatibility with the living tissues, can be used as
interlayers for improving the delamination of hydroxyapatite
(HAP) [7] coatings.

In our previous papers we presented a method of gen-
eration of PDMS layers on different substrates in corona
discharges starting from different liquid precursors [8–10]. In
[11] we showed by Fourier transformer infrared spectroscopy,

glow discharge optical emission spectroscopy, and scanning
electronmicroscopy that function of the liquid precursor end
group and substrate material, in the polymer bulk, mainly
on the polymer surface, on some SiO

2
like structures can be

generated.
In the present work, by peak fitting analysis of the

reflection-absorption infrared (IR) spectra of the PDMS lay-
ers we have investigated the type of silicon oxides formed
in the polymeric layer function of corona discharge cur-
rent intensity and substrate material. Also, by scanning elec-
tron microscopy (SEM) we have analyzed the morphology
of the substrate surface after the complete removal of the
polymer layer.

We showed that the reflection-absorption IR spectral
analysis could be used for the investigation of thin films
deposited on different substrates, highlighting the processes
occurring at thin film/substrate interface.The understanding
of these interfacial processes can be useful in the studies
of the different mechanical properties of thin polymeric
layers, like adherence. For example, the interlinked bonds
performed by the Si–OH groups can improve the adherence
of thin layers to substrate surfaces avoiding the polymer
delamination.

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2015, Article ID 204296, 8 pages
http://dx.doi.org/10.1155/2015/204296

http://dx.doi.org/10.1155/2015/204296


2 Journal of Nanomaterials

2. Materials and Methods

In this paper, using a SP100 IR Perkin Elmer spectrometer
(with a resolution of 4 cm−1) and a SPECTRUM acquisition
software version 6.4.1, we investigated by reflection-absorp-
tion and transmission IR spectroscopy the PDMS layers
deposed in corona discharges on germanium and aluminium
mirror like surfaces.

The PDMS layers have been obtained in negative corona
discharges in a point (cathode) to plane (anode) electrode
configuration (10mm interelectrodic gap) in air at atmos-
pheric pressure for different values of current intensity (10 𝜇A
and 40 𝜇A), starting from liquid precursors of hydroxyl
terminated polydimethylsiloxane. These experimental con-
ditions are proper for operating of the negative corona
discharge in a Trichel pulse regime known for its uniformity
of the current density distribution on the anode surface.
Also, in this regime, the pulsating nature of the current
assures uniform and periodically charged species (O

2

−, O
3

−,
O
4

−, CO
2

−, and CO
3

−) transport between electrodes [11].
The procedure of PDMS thin film generation was as fol-

lows: a drop of hydroxyl terminated PDMS lying on the plane
electrode is uniformly stretched in a liquid film under the
injection of the negative ions produced in corona discharge.
The electrohydrodynamic instabilities induced in the liquid
film determine the formation of some stationary convective
structures of Bernard cell type [8]. Consequently, after 2
hours of corona charge injection on the free surface of the
liquid film, a solid PDMS layer, in our case with an average
thickness of few hundred of nanometers [11], is generated.

It is well known that specular techniques provide reflec-
tance measurement for reflective materials and reflection-
absorption measurement for thin films deposited on reflec-
tive surfaces. In reflection-absorption measurements, a part
of the radiation is reflected on the upper interface and
contributes towards the spectrum via specular reflection.
Another part of the radiation penetrates the surface film
and is reflected by the reflective surface and, thus, the light
passes through the surface layer twice, leading to an increase
in intensity of the reflectance spectrum as compared to the
normal transmission. The path length of the light through
the sample depends on the angle of incidence [12].

In order to get information about the molecules bonds
arrangement in the polymer layer and as close as possible to
its surface, we recorded the reflection-absorption IR spectra
of the PDMS layers deposited on germanium and aluminum
mirror like surfaces using a variable angle specular reflectance
accessory positioned inside the IR spectrometer. This acces-
sory allows the variation of the angle of incidence of the light
on the sample. The path length of the light and consequently
the penetration depth of the light into the layer can be
changed by varying the angle of incidence light on the sample.
The reflection-absorption measurements were performed by
varying the angle of reflection in the range of 30∘–60∘ [13].

The acquired reflection-absorption and transmission IR
spectra were transformed into absorption spectra according
to the formulas 𝐴 = log(1/𝑅) and 𝐴 = log(1/𝑇), respectively,
using the SPECTRUM software.

In order to better reveal the structure of the obtained
absorption spectra of the PDMS layers we proceed with
the peak fitting analysis performed using the MagicPlotPro
software specialized for these kinds of investigations in accor-
dance with theNational Institute of Standard and Technology
(NIST) [22]. The procedure consists in a baseline correction
of experimental IR spectrum followed by the calculation of
the second order derivative for peak wavenumbers identifi-
cation.

For each identified peak we used a Lorentz type profile
curve as fitted curve. In the peak fitting analysis process, a
sum of all the Lorentz fitted curves is generated by multiple
iteration of the nonlinear least squares data fitting algorithm
of the software. If the sum of all the fitted curves is set
correctly the algorithm gives a valid and convergent solution.
The theoretical curve, obtained as a result of peak fitting
analysis versus experimental IR curve, will be presented and
analysed in our further discussions.

3. Results and Discussions

Our previous papers have shown that, during the polymer-
ization process of hydroxyl terminated polydimethylsiloxane
liquid precursors in corona discharges, some SiO

2
like struc-

tures are generated.Themorphology of these layers deposited
on different substrates and their elemental depth profiles [11]
showed that the SiO

2
structures are formed in the polymer

bulk, mainly on the polymer surface.
In this work, the silicon oxides type in the polymeric layer

was revealed by the peak fitting analysis of their reflection-
absorption IR spectra. Also, the influence of the anodization
process of the substrate on the IR reflection-absorption
spectra of the PDMS layers will be analyzed.

3.1. FT-IR Analysis of Polymers Generated on Germanium
Substrates. The IR spectra of the PDMS layer generated on
a Ge substrate in corona discharge for an intensity of the
current of 10 𝜇A are presented in Figure 1. Although there are
some differences, both reflection-absorption, Figure 1(a), and
transmission, Figure 1(b), spectra indicate the same IR bands
specific to PDMS layers: 860 and 792 cm−1 peaks attributed
to Si–CH

3
rocking and Si–C stretching vibrations; 1400 and

1254 cm−1 peaks assigned to symmetrical and asymmetrical
deformation of CH

3
bonds in Si–CH

3
groups; 1080 and

1015 cm−1 peaks belonging to Si–O–Si stretching vibrations
[15].

Knowing germanium as a transparent material to the IR
light, we record the transmission IR spectrum of the PDMS
layer as a marker for a proper identification of the absorption
bands from 870, 570, and 750 cm−1 belonging to Ge–O–
Ge and Ge–OH vibrational groups [10, 20]. The decrease
of the intensity of these absorption bands in the reflection-
absorption IR spectrum, Figure 1(a), is accompanied by the
increases of the Si–O–Ge IR band from 660 cm−1 [10] and
the evidence of the Si–OH IR band from ∼960 cm−1 [18]. As
the elemental depth profile of a PDMS layers deposited on a
Ge substrate previously showed the presence of a germanium
oxide at the polymer/substrate interface [10], we suppose
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Figure 1: IR spectrum of the PDMS layer obtained by (a) reflection-absorption spectroscopy for a reflection angle of 30∘ and (b) transmission
spectroscopy.
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Figure 2: Deconvoluted reflection-absorption IR spectra (30∘ reflection angle) of PDMS layers deposited on Ge substrate in the spectral
regions: (a) 1200–900 cm−1 and (b) 900–700 cm−1. The experimental curve is plotted in black and the theoretical fitted curve is in red dotted
line.

that the IR spectrum obtained for 30∘ reflection angle can
give information about the processes that take place at pol-
ymer/substrate interface.

Besides the evidence of the Si–O–Ge interlinked bonds
between the polymer layer and the germanium substrate, the
strong absorption band of the Si–OH groups present in the
reflection-absorption IR spectrum, Figure 1(a), indicates the
possibility of the development of some additional processes
in the polymer layer, other than the polymerization one.

Therefore, we performed a peak fitting analysis for certain
spectral regions of the reflection-absorption IR spectrum
from Figure 1(a).This analysis reveals the formation of a SiO

2

networkwith some specific SiO
0.5
, SiO
1.5
, and SiO

4
structures

in the polymer layer, as is shown in Figure 2 and Table 1.

3.2. FT-IR Analysis of Polymers Generated on Aluminum
Substrates. The PDMS layers deposited on Al substrates in
negative corona discharges for 10 𝜇A and 40 𝜇A values of

the discharge current are investigated by reflection-absorp-
tion spectroscopy. The peak fitting analysis of the IR spectra
obtained for different reflection angles of the light from the
sample allowed us to evidence the silicon oxides type: at
polymer/Al substrate interface, into the polymer bulk, and as
close as possible to its surface, as function of corona discharge
current intensity.

In Figure 3 and Table 1 the results of the peak fitting anal-
ysis of the IR spectra of the PDMS layer deposited on Al sub-
strate for a value of the corona discharge current of 10 𝜇A are
presented. It can be seen that in the spectra of PDMS layers
deposited on Al and Ge substrates are identified as the same
types of silicon oxides.

Looking carefully at the evolution of the IR bands specific
to silicon oxides developed in the PDMS layer function of
the reflection angle, Table 1, we can find out the distribution
of these structures in the PDMS layer. There are no major
increases in the intensities of the IR bands characteristic to
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Figure 3: The dependence of the deconvoluted IR reflection-absorption spectra of PDMS layers deposited on Al substrate on the reflection
angle in (a) 1200–900 cm−1 and (b) 900–700 cm−1 spectral regions.

siloxane groups (1080 and 1015 cm−1), SiO
0.5
, SiO
1.5

suboxides
(1050 and 1030 cm−1), and SiO

4
(784 cm−1) structures. This

fact indicates that the polymerization process of PDMS liquid
film and that of the silicon oxides generation in corona
discharge are produced homogeneously.

The intensities of the 1110 and 820 cm−1 (specific to stoi-
chiometric SiO

2
layers [21]) IR bands increase gradually with

the reflection angle mainly due to the higher density of SiO
4

structures formed at polymer surface as the scanning electron
microscopy measurements previously showed [11]. In [16],
the Si–O vibrations manifested at 1110 cm−1 and 1070 cm−1
were attributed to a cage like Si–O stretching mode and,
respectively, to a Si–O network stretching mode that appears
in a SiO

2
network. As the IR bands from 1070 cm−1 and

784 cm−1 do not present a gradual increase with the reflection
angle, it means that at the proximity of the surface a cage like
network of SiO

4
structures formation is favored. The results

presented in Figure 3(b) and Table 1 also indicate that the
intensity of the Si–OH IR band at 875 cm−1 increases as we
increase incrementally the reflection angle from 30∘ to 60∘.
In some previous papers [18] it was shown that the formation
of the OH groups on the surface of PDMS layers increases

the bioactivity properties of these materials, making them
more proper for biological applications.

The distribution of the Si–O based network in the poly-
mer can be explained if we consider the negatively charged
particles deposition at the free surface of the liquid precursor
during the polymerization process of the hydroxyl termi-
nated PDMS in corona discharge.Thenegative ions of oxygen
O
2

−, O
3

−, O
4

−, CO
2

−, and CO
3

− and water vapors from
the atmosphere [23] are then continuously and uniformly
injected into the liquid precursor generating a convective
movement of the liquid. In this way, they propagate through
the liquid until reaching the substrate. As a result of these pro-
cesses, the charged particles attack like solvents the chemical
structure of the precursor initiating a polymerization process.
As the polymerization process advances and the convective
movement of the liquid is diminished, the charge particle
deposition from the free surface of the material favors the
SiO
4
structures formation mainly at the polymer surface [11].

The presence of the polymers deposited on both Ge and
Al substrates of the Si–OH, Ge–OH, Al–OH, Si–O–Si, Ge–
O–Ge, Al–O–Al, and Si–O–Ge groups in the IR spectra may
be considered as a result of the following reactions occurring
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in the polymer, respectively [10, 11, 24]:

H
2
O + Si–O–Si = Si–O–H +H–O–Si (1)

Si–OH + Si–OH = Si–O–Si +H
2
O (2)

Al–OH + Al–OH = Al–O–Al +H
2
O, (3)

Si–OH + Ge–OH = Si–O–Ge +H
2
O (4)

Ge–OH + Ge–OH = Ge–O–Ge +H
2
O (5)

Although the PDMS layers are produced in the same
experimental conditions on both Ge and Al substrates (10 𝜇A
current intensity of the corona discharge), there are no Si–
O–Al vibrational bands identified in the IR spectrum from
Figure 3.

During the polymerization process of the hydroxyl ter-
minated PDMS liquid precursor in negative corona dis-
charge some water molecules are generated. They can be
decomposed under the influence of corona electric fields and
associated charge injection, generatingOH radicals.Thus, the
negative ions of oxygen produced in corona discharge and
the OH radicals present in the material bulk can oxidize the
substrate surface generating oxides by a process similar to
anodization [25]. In a classical electrochemical anodization
process, these species are responsible for the oxidation of the
material interface and the generation of oxides.

The IR spectra of a PDMS layer deposited on Al substrate
in a negative corona discharge for a discharge current of
40 𝜇A are presented in Figure 4. As we increase the reflection
angle from 30∘ to 60∘ the IR spectra look alike. Although
in Figure 4 there are no visible IR bands attributed to Si–O
bonds, other than those specific to siloxane groups, the peak
fitting analysis allowed the identification of the IR bands char-
acteristic to the SiO

2
network. The distribution of these IR

bands (for all the reflection angles) is similar to that one pre-
sented in Figure 3 in the case of the PDMS layer deconvoluted
spectra from 30∘ reflection angle.This fact could indicate that
some concurrent processes that inhibit the major develop-
ment of the SiO

2
network on the polymer layer surface have

occurred during the polymerization of the PDMS.
The IR band from642 cm−1, previously assigned to Si–O–

Al bonds formation [11, 26], appears in the spectra in Figure 4,
having almost the same intensity for all the reflection angles.
This band was not observed in the IR spectrum of the PDMS
layer generated on Al substrate for a value of the corona
discharge current of 10 𝜇A. It indicates that, at higher values
of the corona discharge currents (40𝜇A), Si–OH bonds are
rather involved in the generation of Si–O–Al bonds than in
the formation of the silicon oxides.

The dependence of the Si–O–Al IR band intensity on
the corona discharge current values observed for a reflection
angle of 30∘ was previously associated with an anodization
process of the Al substrate at polymer/substrate interface.The
aluminum oxide layer formed at polymer/substrate interface
was evidenced by the elemental depth profile of the PDMS
layer deposited on an Al substrate for 10 𝜇A corona discharge
current intensity [11].
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Figure 4: IR reflection-absorption spectra of the PDMS layer
deposited on Al substrate (at 40𝜇A discharge current) for different
reflection angles.

Therefore, we suppose that the similar values of the Si–
O–Al IR band intensities obtained when the reflection angle
was gradually increased up to 60∘ (for 40𝜇Acorona discharge
current), Figure 4, could indicate an advanced anodization of
the substrate with the formation of some columnar structures
[24]. Thus, as the polymer is formed, it follows perfectly the
complex surface of the anodizedAl interface and the Si–O–Al
bonds are uniformly distributed inside the polymer bulk.

The presence of the Si–O–Al bonds in the IR spectrum,
Figure 4, indicates that the Si–OH + Al–OH = Si–O–Al +
H
2
O reaction is also possible to occur in the PDMS layer.

3.3. Scanning Electron Microscopy (SEM) Investigation of the
Al Substrate Surfaces. The surface morphology of the sub-
strate, after the complete removal of the polymers obtained
at two different corona discharge current intensities, was
examined using the scanning electron microscopy (SEM).
Images were acquired with a FEI Inspect S scanning electron
microscope in both high-vacuum and low-vacuum modes.

In Figure 5(a) it can be seen that, for 10 𝜇A intensity
of the corona discharge current, the anodized Al surface is
rugged with no defined pore structures. On the contrary,
when the corona discharge current is increased up to 40 𝜇A,
Figure 5(b), the distribution and shape of the pores are
changed.Their structure is ordered indicating some columns
formation into the material bulk.

These SEM results are in good agreement with the IR
spectral analysis shown in Figure 3. In this way, as the poly-
mer is formed it follows the porous surface of the anodized
Al substrate, with the Si–O–Al bonds being distributed
uniformly into the polymer bulk.

The morphology of the Al surfaces also indicates that the
infusion of negative oxygen ions and oxygen based radicals
generated in negative corona discharge during the polymer-
ization processes of a PDMS liquid precursor is not limited to
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(a) (b)

Figure 5: SEM images of the anodized Al substrate surface at different corona discharge current intensities: (a) 𝐼 = 10 𝜇A and (b) 𝐼 = 40 𝜇A.

the polymer surface and polymer bulk, respectively.They can
attack directly and indirectly (due to the OH radicals gener-
ated into the polymer bulk) the surface of the substrate mate-
rial by an oxidation process similar to anodization [11, 25].

We did not observe these kinds of structures on the
surface of oxidized germanium substrate.

4. Conclusions

The studies performed by reflection-absorption IR spectro-
scopy coupled with the peak fitting analysis presented in this
paper evidenced the type of the silicon oxides structures in
the PDMS layer deposed on different supports in corona
discharges. At low current intensity of the corona discharge
(10 𝜇A), the IR spectral analysis of the layers deposed on
germanium and aluminium substrates showed that while the
SiO
0.5
, SiO
1.5

suboxides and SiO
4
structures are uniformly

distributed in the polymer layer, the cage like network of the
SiO
4
structures is more present in the very proximity of the

polymer surface.The germaniumand aluminiumoxideswere
also evidenced.

As the distribution of silicon oxides structures in the
PDMS layer deposed on aluminium substrate is strongly
dependent on the corona discharge current intensity, we
observed that at high currents (40 𝜇A) their distribution is
influenced by the anodization of the Al substrate.

The SEM images of the Al substrate surface after the com-
plete removal of the polymers indicate the presence of the
porous alumina structures which create the possibility of
columns formation into the material bulk. These images evi-
denced the anodization process of the Al substrate confirm-
ing the results obtained by reflection-absorption IR spectral
analysis of the PDMS layer.
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The rapidly emerging DNA nanotechnology began with pioneer Seeman’s hypothesis that DNA not only can carry genetic
information but also can be used as molecular organizer to create well-designed and controllable nanomaterials for applications in
materials science, nanotechnology, and biology. DNA-based self-assembly represents a versatile system for nanoscale construction
due to the well-characterized conformation of DNA and its predictability in the formation of base pairs. The structural features of
nucleic acids form the basis of constructing a wide variety of DNAnanoarchitectures with well-defined shapes and sizes, in addition
to controllable permeability and flexibility. More importantly, self-assembled DNA nanostructures can be easily functionalized to
construct artificial functional systems with nanometer scale precision for multipurposes. Apparently scientists envision artificial
DNA-based nanostructures as tool for drug loading and in vivo targeted delivery because of their abilities in selective encapsulation
and stimuli-triggered release of cargo. Herein, we summarize the strategies of creating multidimensional self-assembled DNA
nanoarchitectures and review studies investigating their stability, toxicity, delivery efficiency, loading, and control release of cargos
in addition to their site-specific targeting and delivery of drug or cargo molecules to cellular systems.

1. Introduction

Public healthcare is a big issue among the society and has
drawn much attention to general public. In general, some
organic small-molecules, proteins, and nucleic acids have
exhibited their promise as therapeutic agents for biomedical
therapy. In the past years, scientists dreamed of improving the
delivery efficacy of these target drugs for various biological
and biomedical applications. However, problems in terms
of solubility, toxicity, cost, and penetration ability need to
be solved. They face several transport barriers after they
are introduced to human body, before going to their sites
of action. For example, first, drug molecules have to be
stable in the circulation system, passing through the blood
vessel and being recognized by those particular diseased cells.
Afterwards, they have to pass through the highly chargeable
plasma membrane and/or the nuclear membrane. They also
have to withstand the acidic cellular environment. Finally,
the multiple drug resistance mechanism also needs to be
considered. Thus, it is of great importance developing smart

systemwhich exhibits specific targeting and has high delivery
efficacy of active drug molecules.

Scientists envision the rapid development of material
sciences offering great advantage for creating smart drug
delivery vehicles or carriers. Various drug delivery systems
based on different materials have been developed [1]. For
example, drugs can be loaded onto the nanoparticles [2] or
nanodiamonds [3] for targeted delivery. Active biomolecular
drugs can be coordinated to metals inside the carbon nan-
otube and then released by heating up the nanotubes samples
[4]. Another advanced development is to deliver siRNA by
PEGylated cyclodextrin molecules [5]. They were released by
dissociation of the complexes in lysosome. Particularly, the
most commonly used drug delivery system is the polymeric
materials [6].The biblock copolymers tend to formmicelle in
the presence of drug molecules. Therefore, drug can be easily
loaded into the core of micelle [7]. However, being useful
drug nanocarriers, it is necessary to consider their toxicity,
biocompatibility, and stability in a cellular environment. It
is well-known that most of the nanoparticles are toxic; they
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may induce cytotoxicity in living systems. Heat triggered-
release of drug molecules in a cellular environment is not
appreciated because other healthy cells may also be affected.
In addition, the efficiency and selectivity of drug loading
in polymeric micelles is also highly limited. Therefore, to
design new materials as drug carriers, these carriers should
have a capability of drug incorporation and controlled release
in a highly effective way. They should also be highly stable
and biocompatible in a specific cellular environment. It is
also necessary for them to target particular areas and carry
multifunction in order to enhance the delivery efficiency.

Indeed, developing novel biocompatible and multifunc-
tional nanocarriers remains a key challenge for targeted drug
delivery. The rapidly emerging DNA nanotechnology began
with pioneer Seeman’s hypothesis that DNA not only can
carry genetic information but also can be used as molecular
organizer to create well-designed and controllable nanoma-
terials for applications in materials science, nanotechnology,
and biology [8, 9]. AsDNAhas a simple and robustmolecular
recognition rule of adenine to thymine (A-T) and guanine to
cytosine (G-C) pairings, two complementary single-stranded
DNA hybridize to form a double helix with predictable
and programmable interactions. The structural features of
nucleic acids form the basis of constructing a wide variety
of well-ordered DNA nanoarchitectures with well-defined
shapes and sizes, in addition to controllable permeability
and flexibility [10, 11]. This DNA nanotechnology offers
new opportunities for the construction of complex DNA
structures in different dimensions. More importantly, self-
assembled DNA nanostructures can be easily functionalized
to construct artificial functional systems for multipurposes.
Apparently scientists envision artificial DNA-based nanos-
tructures as tools for drug loading and in vivo targeted
delivery because of their potential of selective encapsulation
and stimuli-triggered release of cargo.

In this review article, we concentrate on a new-comer
of drug delivery carriers based on self-assembled DNA
nanostructures. We will demonstrate the power and promise
of DNA as a scaffold to create DNA nanostructures with
precise geometry and versatile functionality. Their structural
stability in physiological conditions and internalization will
be briefly described. Different cargo loadingmechanisms and
their control release via external stimuli will be summarized
in detail. As a new-comer in drug delivery system, studies
of intracellular behaviors/functions of drug loaded DNA
nanocarriers and their interactions in specific intracellular
compartments in vitro or in vivo will also be discussed.
Some concluding remarks will try to ascertain what the next
challenges and outlook of this exciting research area could be.

2. DNA Nanotechnology
To begin with, we first briefly introduce the history and the
most updated status of DNAnanotechnology.The innovation
of the field of DNA nanotechnology was first demonstrated
by Seeman in the early 1980s [12]. Taking advantage of
self-recognition property of DNA, his group designed and
constructed modified Holliday junctions to convert one-
dimensional DNA strands into branched DNA tiles with

sticky ends at the edges (Figure 1(a)). These short single-
stranded units provide toeholds for further assembly of 2D-
structures [13]. Since then, the structural role of DNA is
widely well-recognized and extensively explored. However,
these assembly approaches did not offer rigid junctions with
well-defined angles and geometry of the final structures. To
overcome these drawbacks, researchers started to develop
advanced rigid junctions including multicrossover [14–16],
cross-shaped tile with arms [17], DNA tensegrity triangle
[18], and parallelogram DNA tile (Figure 1(b)) [19]. With
such unprecedented talent to construct DNA-based architec-
tures, highly ordered 2D-DNA surfaces with programmable
arrangement and a large variety of three-dimensional poly-
hedral structures were successfully assembled via sticky-
end cohesion among those building blocks [20–22]. Never-
theless, these tile-based assemblies have certain limitations.
For example, it is difficult to control the size of resulting
structures. An exact stoichiometric and a high purity control
of individual DNA fragments are still problematic for the
assembly of large and complex nanostructures.

Another creation in DNA nanotechnology was made
by Rothemund in 2006 [23]. He invented scaffolded DNA
origami which successfully offered high complexity and
versatility in DNA assembly. In DNA origami, a long piece
of single-stranded DNA from theM13 circular bacteriophage
genome is folded with itself into a desired pattern with
the assistance of short staple strands (Figure 1(c)) [24, 25].
Typical examples consist of nonperiodic 2D-structures, such
as a map of the Americas, stars, smiley faces, and other
deliberately well-designed patterns [26, 27]. In this approach,
the relative stoichiometric ratio on different staple strands
to a single DNA scaffold is not highly restricted. More
importantly, DNA origami is a versatile and simple one-pot
assembly to generate nanostructures with complex shapes
of predefined dimensions as compared to the conventional
crossover approach [28, 29]. In an advanced development,
Kostiainen’s group has recently demonstrated the optical
control of the DNA origami formation and release [30].
Although DNA was used as the only component to guide the
DNA assembly in tile-based assembly or DNA origami, this
resulted in fully double-stranded and DNA-dense structures.

An alternative approach to building DNA nanostructure
is to bring together the programmability of DNA with func-
tional and structural diversities offered by supramolecular
chemistry [31].This new emerging area inDNAnanotechnol-
ogy involves the insertion of synthetic molecules into DNA
strand to alter its hybridization and control the assembly
outcome (Figure 1(d)). By conjugating synthetic molecules
at the insertion points of a DNA strand, typical linear
DNA duplexes can be oriented and hybridized relative to
one another in a controlled manner. This supramolecular
DNA assembly combines the diverse structural features of
molecules and their functionalities such as luminescence,
redox, magnetic, and catalytic properties to generate discrete
well-defined structures.

Taking advantages of synthetic molecules as rigid junc-
tions, this can reduce the amount of DNA strands needed
for the structural definition as compared to the previous
two methods. For example, Sleiman’s group have successfully
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Figure 1: Examples of self-assembled DNA nanostructures: (a) A lattice is formed by hybridization of the sticky ends of a Holliday junction;
(b) multistranded junction structures and crossover structures including double-crossover structure; cross-shaped tile with four arms; DNA
tensegrity triangle and parallelogram DNA tile; (c) the principle of DNA origami and the design of 2D origami formed smiling face and star;
(d) sequential self-assembly of hexagonal-shaped DNA nanostructure via supramolecular DNA assembly.

developed DNA-conjugated m-terphenyl-based organic ver-
tices for modular construction of cyclic polygons, a library of
DNA polyhedral structures and nanotubes with good control
over their geometry [32], dimension [33], and flexibility [34].
Besides the organic insertions, other important self-assembly
strategies take advantages of transition metal-, ligand-, lipid-
and block copolymer-based environments [35–37].

3. Stability of Self-Assembled
DNA Nanostructures

Among various DNA assemblies, three-dimensional DNA
nanostructures hold promise to be the universal nanocarriers

for smart and targeted drug delivery. In contrast to 1D or
2D DNA structures, the power of self-assembled 3D DNA
nanostructures lies in their excellent stability and biocom-
patibility, high drug loading capability, and passive delivery
into live cells. They also possess fine control over geometry,
precise and monodisperse dimensions, positioning of guest
molecules, stimuli-responsive switching of structure, and
triggered-release of cargos. Typical examples of drug delivery
systems based on 3D DNA nanostructures [38, 39] include
tetrahedron, icosahedron, hexagonal barrel, nanotube, DNA
origami box [40], nanorobot, and nanocage.

To be employable as a drug carrier system in mammals,
DNA nanostructures must meet several important criteria:
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Table 1: Stability of different DNA nanostructures.

Linear dsDNA CpGbearing
DNA tetrahedral nanostructure

A 3D multilayer rectangular
parallelepiped structure

CG

C
G

CG

C
G

Description of the structure Normal linear DNA strand with
DdeI restriction site

It is made up of four 55-mer
strands extended with the CpG

sequence and a 7-mer
oligothymine spacer

A 3D multilayer rectangular
parallelepiped structure (8 helix
× 8 helix square lattice with

dimensions of 16 nm × 16 nm ×
30 nm)

Incubation temperature / 37∘C 25∘C

Medium 10% FBS 50% non-heat-inactivated fetal
bovine serum (FBS) Cell lysate

Decay time Decay after 0.8 h Start decaying after 4 h, but still
not completely decayed after 24 h Still remains stable after 12 h

Citation [41] [43] [44]

(1) they have to be stable and intact in both extracellular and
intracellular environments, particularly stable long enough
in the cytoplasm of cells to perform their predefined tasks;
(2) they should not have toxic effect in mammals; and (3)
the cellular immune system in mammals should tolerate
the nanometer-scale DNA nanocarrier systems. Thus far,
several research groups have put efforts on the stability
studies of DNA constructs. Bermudez’s group indicated
that oligonucleotide-based tetrahedral made from branch
junctions exhibit a strong resistance to enzymatic digestion
compared to the linear counterparts in terms of their decay
time constants (Table 1) [41]. The reason behind this would
highly be due to the steric hindrance effect. Since the endonu-
cleases initially bind to the DNA nonspecifically with a low
affinity and then follow by diffusion along the strands. The
steric hindrance introduced by three-dimensional tetrahe-
dron would reduce the effective binding of enzymes to DNA
and then inhibit DNA cleavage, no matter if the enzyme acts
specifically or nonspecifically. Furthermore, shorter sequence
or smaller size of DNA complex can enhance the resistance
towards various nucleases as they are more difficult to bend
and possibly have higher steric hindrance for the action of
the enzymes. Walsh and coworkers have demonstrated the
first example of 3D DNA nanostructure which can enter live
mammalian cells effectively with or without the help of a
transfection reagent [42]. They stay intact for up to 48 h in
cytoplasm. In a recent study by Li et al., they have modified
the tetrahedral with CpG oligonucleotides which have been
confirmed to be taken up by macrophage RAW264.7 cells
effectively (Table 1) [43].

Regarding scaffold DNA origami, Mei and coworkers
demonstrated that different shapes of DNA origami nanos-
tructures are stable and remain intact for 12 h after exposing

to cell lysates of various cell lines and can be easily puri-
fied from lysate mixtures, in contrast to single-stranded
or duplex DNA (Table 1) [44]. They are not accessible to
various DNAzymes due to negatively charged, large, and
rigid origami structures. Their superior structural integrity
and versatile functionality are highly preserved in relation
to conventional oligonucleotides, validating their use for
various biological applications. Subsequently, a further study
carried out by Dietz’ group tested the enzymatic digestion of
DNAorigami structures [45].They are fully exposed to a large
variety of endonucleases, including DNase, T7 exonuclease,
T7 endonuclease, Msel restriction endonuclease, Lambda
exonuclease, and Escherichia coli exonuclease. These results
indicated that they are highly stable at 37∘C towards degra-
dation as compared to duplex plasmid oligonucleotides.
More recently, Schüller and his coworkers reported that CpG
oligonucleotides-decorated DNA origami tubes amplify a
strong immune response, which are completely dependent on
TLR9 stimulation in mammalian spleen cell [46].

To further optimize DNA structures in regard to enzy-
matic digestion resistance, Sleiman’s group has modified 3D
DNA nanostructures using a number of chemical strategies.
They found that simple chemical modification to both ends
of DNA oligos with hexanediol and hexaethylene glycol in
self-assembledDNAprismatic cage or site-specific hybridiza-
tion of DNA-block copolymer chains to 3D DNA scaffold
would dramatically enhance its nuclease resistance under
fetal bovine serum condition (Table 2) [47]. These studies
could provide guidelines for decoration of DNA nanostruc-
tures with simple chemistry modification and allow impart-
ing momentous stabilization towards nuclease degradation.
Meanwhile, the same group also demonstrated that creation
of DNA nanotubes with a template generated by rolling circle
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Table 2: Stability of modified DNA nanostructures generated from supramolecular DNA assembly.

Triangular prism1 Triangular prism2 Nanotube RCA-nanotube

Triangular prism
(TP)

Description of
the structure

Made up of three
96-mer strands
with 20 bp edges

Made up of three
96-mer hexaethylene

glycol (HEG)
modified strands with

20 bp edges

Triangular prism built up by
small unit with short linking

DNA strand

Connect small triangular prism
units with RCA synthesized

DNA strand

Incubation temperature 37∘C 37∘C / /
medium 10% FBS 10% FBS 10% FBS 10% FBS
Decay time 18 h 62 h 1.1 h 3.5 h
Citation [47] [47] [32, 48] [48]

amplification (RCA) results in increased stability towards
nuclease degradation as compared to their previous nanotube
design (Table 2) [48]. On the other hand, the high density of
DNA and aspect ratio of the RCA-templated DNA nanotubes
offer a greater cell penetration ability over normal DNA
oligos. Such enhanced cellular stability and nuclease suscep-
tibility are the key requirements for DNA nanostructures to
act as delivery carriers or vehicles.

To modulate the stability and uptake profile of self-
assembled DNA nanocube, Sleiman’s group recently deco-
rated their DNA cubes with hydrophobic (dodecane alkyl,
C12) or hydrophilic (hexaethylene glycol, HEG) dendritic
DNA chains [49] or block copolymers on the edges [50].
They found that all of the integrating dendritic DNA chains
were facing outward, as confirmed by a larger hydrody-
namic radius from dynamic light scattering (DLS) study and
lower mobility band on gel electrophoresis. In addition, this
chemical modification would allow enhancing their cellular
stability with a longer half-life as compared to the blunt-
ended nanocubes. More importantly, they found that the
hydrophobic chains on the cube favor rapid and increased
cellular uptake while the hydrophilic chains favor slow and
continuous internalization.

4. Cargo Loading and Cellular Delivery

In response to the well-defined and highly programmable
properties of DNA-based nanostructures, precise control

of positioning of cargo molecules in DNA nano-objects is
highly possible. This valuable property is hardly attainable
with inorganic or organic nanomaterials. In general, cargo
molecules can be loaded via different strategies such as
covalent linkage, nucleic acid base-pairing, biotin-avidin
interaction, intercalation, aptamer-target interaction, DNA-
protein interaction, and encapsulation.

4.1. Covalent Linkage. To deliver the cargo with the aid of
DNA nanostructures, some of the cargos can form covalent
bonds with DNA strand in the presence of some molecular
linkers. Sleiman’s and Mao’s groups have shown that self-
assembled DNA nanotubes act as carriers to deliver cyanine
fluorescent dyes into human cancer cells [48, 51]. In Mao
study, Cy3 is covalently conjugated to some of the nucleic
acid strands at their 5 ends via a well-established N-
hydroxysuccinimide (NHS) chemistry. Cy3-functionalized
DNA nanotubes were formed by mixing DNA strands with
and without Cy3 molecules after a heart-cool cycle. Flu-
orescent dyes are the most commonly used model cargo
for targeted delivery, because they can easily be visualized
and traced under various fluorescence microscopes. Taking
advantage of automatic solid-phase DNA synthesis, a wide
range of fluorescent probes can be readily coupled and
labeled on DNA stands. With/without the help of targeting
moieties, these structures could be internalized by tumor
cells. The fluorescence of the dyes could be localized with
fluorescent microscopy, confirming the presence of DNA
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Figure 2: (a) Different kinds of antibodies have been tagged on the nanorobot and it can identify different antigens on different cells. (b)The
complementary strand is incorporated inside the cavity of the nanocage for encapsulation of gold.

nanoassemblies in cells. Moreover, we are able to precisely
control the numbers and positions of these fluorescent cargos
such that multiple fluorophores can be labeled on a single
DNA nanostructure [42, 52].

4.2. Nucleic Acid Base-Pairing. Hybridization of cargo-
consisting of single-stranded nucleic acids offers an alter-
native strategy for site-specific loading of cargos. The
nanorobots produced by Church’s group have been chem-
ically modified via covalent attachment of 15-base ssDNA
linkers as loading sites to the 5 ends of payloads (Figure 2(a))
[53]. In this structure, twelve loading sites were gener-
ated. Subsequently, two types of cargo linkers have been
prepared in the following ways: gold nanoparticles cova-
lently conjugated to 5-thiol-functionalized DNA linkers,
and Fab’ antibodies were covalently conjugated to 5-amine-
functionalized DNA linkers. Mixing the cargo linkers and
the nanorobot in aqueous buffer, the staple strands with 3
extensions localized at the loading sites hybridized with the
complementary sequences of cargo linkers. Eventually, two
different types of payload molecules are loaded successfully
per robot. In their design, different Fab’ antibody fragments
were bounded covalently to the amine-modified linkers.
They found that the antibodies were recognized by certain
cell-surface receptors and thus inhibited the growth of the
targeted cells. In addition, generality of using these barrel
structures as carrier is highly possible because a decrease in T
cell activation activity that was observed when Fab fragments
targeted to human CD3 and flagellin were loaded on these
hexagonal barrel structures.

Mao’s group has designed a series of symmetric DNA
polyhedral structures consisting of two unpaired, ss DNA
tails sticking out on each edge (Figure 2(b)) [54]. When
mixing the gold nanoparticles functionalized with DNA

strands (DNA-AuNPs), the DNA-AuNPs are swallowed into
the polyhedral structures governed by nucleic acid base
pairing between the ssDNA tail on the DNA polyhedral
structures and the complementaryDNA strands immobilized
on AuNPs. The size and number of guest molecules trapped
by these DNA polyhedra highly depend on their internal
volumes.

An alternative molecular cargo drawing attention is
RNA interference (RNAi). It becomes a powerful therapeutic
agent to knock down the gene expression, inducing gene
silencing. Small interfering RNAs (siRNAs) are chemically
synthesized nucleic acids with specific sequences which bind
to their complementary mRNA molecules and thus inhibit
the corresponding protein synthesis, leading to targeted gene
knockdown. By choosing the appropriate siRNA sequence,
it is possible to restrain the target gene expression which
causes diseases. Anderson and coworkers have successfully
developed a new siRNA delivery system by incorporating
six double-stranded siRNAs to tetrahedral DNA assemblies.
The single-stranded overhangs on DNA strands allow the
specific hybridization of complementary siRNA sequences
and cancer targeting ligands with better control over their
spatial orientation, locations, and density. These nanostruc-
tures have been applied in female BALB/c nude mice model
bearing Luc-KB tumor.They found that RNA-modified DNA
nanostructures are able to knock down the luciferase levels
in terms of the protein and mRNA levels, leading to target
genes silencing in tumor cells. Importantly, they exhibit a
longer blood circulation time than the parent siRNAs do.This
work highlights the significance of DNA nanostructures to
improve the biostability of tethered RNA strand, thus greatly
enhancing the RNAi efficacy in nanomedicine [55].

Recently, Sleiman’s group has integrated the firefly
Luciferase antisense strands into the DNA triangular prism.
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They demonstrated that DNA prisms composed of antisense
strands can significantly induce gene knockdown in HeLa
cells without being influenced by conjugating small fluores-
cent probes within the structure and by serum conditions.
The RNA-modified DNA prisms maintain gene silencing up
to 72 h and are still significantly powerful at an initial stage of
gene knockdown after they are removed (Figure 3) [56].

In addition, unmethylated cytosino-phosphate-guanine
(CpG) oligonucleotides are classified as therapeutic nucleic
acids, with a strong immunostimulatory effect [26].The CpG
sequences are commonly present in bacterial and natural
viral DNA for immune response, invading pathogens in a
host [57, 58]. Interestingly, it is found that CpG oligonu-
cleotides can effectively be recognized by endosomal Toll-
like receptor 9 (TLR9) and further induce conformational
changes simultaneously [59, 60]. This process ultimately
triggers a signaling cascade which leads to the power-
ful immunostimulatory properties of CpG oligonucleotides.
They can be highly used for the immunotherapy of cancer
and infectious diseases [61, 62]. However, natural CpG
oligonucleotides are easily digested by nucleases in biological
systems and difficult to pass through the plasma membrane,
entering cell and reaching their target sites. In this regard, it is
necessary to develop a nanocarrier with low cytotoxicity and
high delivery efficacy for clinical uses of CpG. Given that self-
assembled well-defined DNA nanostructures are rigid and
insensitive to nuclease digestion, several research groups have
appended CpG motifs to multidimensional DNA structures
in order to evaluate their uptake efficiency, stability, and
immunoregulatory effects.

Nishikawa et al. designed and assembled aY-shapedDNA
unit from three single-stranded DNAs. Interestingly, CpG
sequences have been introduced to these strands [63]. They
found that Y-shaped DNA units induced a great immune
response from RAW264.7 cells compared to ss- or ds-DNAs
in terms of producing a higher amount of proinflamma-
tory cytokines such as tumor necrosis factor-𝛼 (TNF-𝛼)
and interleukin-6 (IL-6). These units also exhibited higher
uptake efficiency in macrophage-like cells than natural ds
DNAs. Subsequently, the same group further applied this Y-
shaped DNA unit to assemble dendrite-like nanostructures.
Surprisingly, they demonstrated even a stronger immune

response by inducing a larger amount of proinflammatory
cytokines from RAW267.4 cells than the monomer Y-shaped
DNA units do [64]. Recently, Nishikawa’s group developed
a series of nanometer-scale polypodna consisting of CpG
motifs and examined their structural and immunologi-
cal properties. Particularly for hexa- and octapodna; they
could highly induce the secretion of TNF-𝛼 and IL-6 from
RAW264.7 cells. Interestingly, large numbers of pod could
increase the cellular uptake but also reduce their stability
in serum condition. This enhanced stimulatory activity sug-
gests the importance of the stereochemical property of self-
assembled DNA nanostructures.

Recently, Li and coworkers have successfully devel-
oped a DNA tetrahedron as a CpG nanocarrier [43].
These nanometer-scale 3D structures are structurally rigid,
mechanically stable, and nontoxic.They are also highly stable
in serum condition and resistance to nuclease digestion in
live cultured cells for few hours. As compared to ssDNA, the
CpG-functionalized DNA tetrahedral structures can enter
RAW264.7 cells efficiently. Importantly, this tetrahedron acts
as a carrier to deliver the CpG therapeutic nucleic acids to
acquire immune response. The amount of certain cytokines
including TNF-𝛼IL-6 and IL-12 stimulated by them were
remarkably increased than those by ss CpG nucleic acid
strand. In addition, DNA tetrahedral could load more than
one CpG, resulting in even higher stimulatory activity. In
such case, the positions of CpG loading can be used to
monitor the dose of drug molecule precisely. Additionally,
several groups have successfully developed a large variety of
origami structures for large amount of CpG loading, leading
to a strong immune cell activation in freshly isolated spleen
cells or in RAW 264.7 cells by cytokine production in a high
level (Figure 4) [46, 65]. In overall, it is highly suggested that
various geometries of DNA nanoobjects have shown advan-
tages of cellular delivery and immunostimulatory activity of
CpG in macrophage-like cells, making DNA nanostructures
promising immunotherapeutic carriers.

4.3. Biotin-Streptavidin Interaction. Biotin, also called vita-
min H, is a small molecule and exhibits a strong binding
affinity to biotin-binding proteins such as avidin or strepta-
vidin. The high affinity of the biotin-streptavidin interaction
not only offers useful bioanalytical advantages [66],but also
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makes this system to be an attractive model for site-specific
loading or positioning of guest molecules in highly ordered
DNA assemblies [67, 68]. Recently, Gothelf and coworkers
have demonstrated a chemical modification of nucleic acid
strands with biotin allowing for streptavidin binding at pre-
cise positions in a well-defined self-assembled DNA origami
scaffold. In this study, biotin-tethered functional groups
including an alkyne, an amine, and an azide reacted with
their corresponding reactive groups via either a Huisgen-
Sharpless-Medal copper(I) catalyzed click chemistry or N-
hydroxysuccinimide chemistry. The results of high yield,
selective cleavage, and bond formation in this study offer the
potential of applying such interaction for site-selective uptake
and triggered release of cargos in a control manner [69].

4.4. Intercalation. In DNA chemistry, intercalation is a
reversible insertion of a guest molecule into double helix
of DNA strands. The small molecules can interact with
nucleobases and disturb the 𝜋-𝜋 stacking of between double-
stranded DNA (dsDNA). Doxorubicin is one of the most
common drugs that can be trapped by DNA nanostructures.
It can intercalate in G-C base pair of DNA strand. It is small
and can be trapped by DNA nanomaterials easily [70–72].
Many newly developed DNA nanocarriers have been tested
due to its simplicity [73, 74]. There is another example of

doxorubicin carried by DNA origami which can circumvent
drug resistance. It enters and localizes in resistance human
breast cancer cell (res-MCF-7) while the free doxorubicin
cannot enter. The DNA origami increases pH of lysosome in
resistant cancer cells, followed by redistribution of drug.This
would allow them to go to their target site (Figure 5) [73].
Zhao and his colleagues have also developed a DNA origami
tube for transporting doxorubicin. By optimizing the design
of nanostructures, encapsulation efficiency and the release
rate of the drug can be adjusted [74].

Shen et al. and Zhu et al. also reported the delivery of
DNA-based structures to cells in the presence of intercalated
dyes including SYBR Green and carbazole-based biscyanine
as fluorescent cargo [75, 76]. These dyes can specifically bind
to and intercalate with DNA duplex, giving out strong fluo-
rescence. Subsequently, the intercalated dyes are completely
released and a decrease in fluorescence is observed onceDNA
structures are disrupted by some reasons. Importantly, they
realized that the enzymatic degradation of these assemblies
lasted for at least few hours in cellular environment, resulting
in sustainable release of cargo molecules.

4.5. Aptamer-Target Interaction. Aptamers are either ssDNA
or ssRNA molecule that can selectively bind to certain
targets such as proteins and peptides, with high affinity and
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Figure 6: Thrombin binding aptamer is introduced into the design of the DNA origami for tagging thrombin.

specificity.Thesemolecules can be presented in a large variety
of shapes including helices and single-stranded nucleic acid
loops due to their intrinsic propensity and versatility to
diverse targets. They can link to various proteins as well
as other nucleic acids, small organic compounds, and even
entire organisms [77, 78]. Yan’s Group has demonstrated the
first example of selective DNA aptamer binding as a powerful
platform for positioning of proteins in periodic locations of
self-assembled DNA arrays (Figure 6) [79]. In these studies,
thrombin binding aptamer (TBA) is chosen, which is a well-
known 15-base nucleic acid aptamer consisting of specific
sequence of d(GGTTGGTGTGGTTGG) [80]. They found
that DNA-based array constructed with this TBA can fold
into a unimolecular guanine quadruplex and then selectively
bind to a protein called thrombin, with nanomolar affinity.
This aptamer-target interactionmechanismwould provide an
alternative choice for cargo uptake with a larger flexibility
and simplicity. Only aptamer sequence is required to be
implemented in the design of DNA nanocarrier.

In general, aptamers are usually selected from a pool of
large random sequences. Because of their high specificity and
ease of synthesis, they have been widely used for biosensing
and diagnostic applications [81]. More recently, aptamers
have become therapeutic candidate as biomedical drugs [82,
83]. Common used human 𝛼-thrombin aptamer, which has
two binding sites, can be readily loaded on self-assembled
DNA structures with appropriate design [84, 85]. Fan’s group
designed a dynamic DNA tetrahedral nanostructure with an
anti-ATP aptamer embedded in one of the edges [60]. This
nanostructure could go into cells and monitor the level of
ATP via the ATP-induced aptamer conformational change
that alters the FRET efficiency of a pair of fluorophores (Cy3
and Cy5) labeled on the structure.

The optical activity of DNA strand used to construct
DNA nanomolecules would also affect the structure of nano-
materials. L-DNA and D-DNA has common structure and
liability but once the nanostructure is attached to aptamer,
mismatching in nanocage made by D-DNA may occur. L-
DNA is a better choice for construction because the structure
of cage with aptamer is unchanged [86].

4.6. DNA-Protein Interaction. In a cellular environment,
there are many different kinds of proteins while some of
them can interact with DNA for various cellular reactions.
Transcription factor is one of the examples. It has binding
sitewhich can interactwithDNAsequence.Kapanidis’s group

has demonstrated selective trapping of transcription factor
(TF) in DNA cage (Figure 7) [87]. Transcription factor is a
DNA binding protein which is important in gene regulation.
TF catabolite activator protein (CAP) is used as cargo in
this experiment. The 22 base pair DNA recognition site is
integrated in the DNA tetrahedron. With the presence of
cyclic adenosine protein (cAMP), the allosteric effector of
protein increases the binding affinity of CAP towards the
binding recognition sequence. These results suggested that
proteinwould still be trapped inside the cage even it is already
formed, unlike other passive encapsulation methods. The
CAP can be released by degradation of cages in presence of
DNA nuclease I.

Liu and his coworkers reported a DNA-based delivery
system for synthetic vaccines [88]. In their design, biotiny-
lated DNA tetrahedron was used as carrier to deliver antigen
streptavidin (STV) intomicewith the aid of biotin-STV inter-
action. Interestingly, the antigen-modified DNA tetrahedron
complexes could stimulate strong and continuous antibody
responses against the antigen in comparison with antigen
itself. On the other hand, unmodified DNA nanostructures
did not induce any response. These results indicated the
promise of the use of self-assembled DNA nanostructures
as a delivery and generic platform for rational design and
construction of vaccines.

4.7. Encapsulation. In addition to specific binding interac-
tions between cargos and carriers, payloads can also be
directly loaded into container-like DNA nanostructures via
passive encapsulation. Recently, Sleiman’s group demon-
strated the ability of a 3DDNA-based nanoobject to passively
encapsulate certain sizes of cargos [89]. DNA nanotubes of
longitudinal variation structure have been created in which
they can encapsulate gold nanoparticles of specific sizes to
form nanoparticle “pea-pod” lines. It is of note that the
“sieving” ability is very important, only specific nanoparticle
sizes that match the size of the capsules along the nanotubes
could be encapsulated, and the process is highly selective.
This approach allows controlling of the positioning and
loading of a wide range of sizes of guest molecules in a precise
way by designing the dimensions of cavities inside the DNA
nanoobjects.

Sequentially, Krishnan’s group further applied this strat-
egy for the encapsulation of a fluorescent biopolymer, for
example, FITC-dextran, in a synthetic icosahedral DNA-
based container. Without molecular recognition between
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Figure 7: The figure is showing that the conformation of bound and unbound CAP integrated in DNA tetrahedron.

the host and guest, cargomolecules are passively loaded to the
3D container during joining the two halves of icosahedron in
PBS buffer (Figure 8) [90]. They have reported the delivery
of DNA icosahedral encapsulated fluorescent dextran (FD)
specifically in cellulo. Drosophila hemocytes and in C. elegans
via anionic ligand-binding receptor (ALBR) pathway. The
FD cargo is a complex, branched polysaccharide composed
of around 10 kDa, 5.2 nm in sizes. It is found that the
functionality of the encapsulated FITC-FD in living worms
is preserved and the spatially mapping of pH changes during
maturation of the endosomes in coelomocytes.

5. Controlled Releases of Cargo Molecules

To act as a nanocarrier for drug delivery, control release of
cargo is another significant issue needed to be considered
carefully. In the following section, different approaches will
be explained and discussed in detail.

5.1. A DNA Strand Displacement. The cargo trapped in
DNA nanotube from Sleiman’s group is released by strand
displacement (Figure 9(a)) [89]. The nanotube is partially
hybridized to one strand and gives some tails. Introducing the
completely complementary DNA to the tails, the rigidity of
the cavity capping gold released. Sleiman has demonstrated
selective release of cargo molecules in response to a specific
external DNA strand. They have designed and assembled
3D DNA nanotubes with encapsulated gold nanoparticle as
well as some modified linking strands consisting of an eight-
base overhang protruded from each of their large capsules.
After a fully complementary eraser DNA strand is added to
these self-assembled nanoobjects, the closing linking strands
are erased and hybridized and form a double helix with
the complementary eraser DNA strand. The fully doubled-
stranded DNA nanotubes become partially single-stranded,
so that the encapsulated cargos are released simultaneously.

This release process is highly selective and fast. It is just like
unzipping the clothes. As the cavity is more flexible without
the rigidified strands, the nanogold can be leaked out easily.

The same group has also applied the same strand dis-
placement technique to release the guest molecules such as
the block copolymer micelles loaded on the RCA-nanotubes
(Figure 9(b)) [37], and the Nile red or 1.6-diphenyl-1,3,5-
hexatriene (DPH) loaded on dendritic alkyl chains-modified
DNA cages [91].

Goodman et al. has reported the operation of recon-
figurable, braced 3D DNA nanostructure whose structure
switches precisely and reversibly in response to specific
molecular inputs [92]. Four DNA strands are mixed in
solution to form a tetrahedron which consists of a hairpin
loop on one edge. This edge can be expanded by adding a
fuel DNA strand that is fully complementary to the hairpin
region. On the other side, the edge can be contracted by
adding the eraser DNA strand which displaces the fuel strand
via hybridization of its single-stranded overhang first.

5.2. Addition of Small Molecules. To carefully realize the
potential of these 3D DNA nanostructures as nanocarriers,
the development of spatiotemporal release of the trapped
cargo is of great importance. Recently, Krishnan’s group
has successfully demonstrated the precise control over the
opening of a 3D DNA icosahedron loaded with molecular
cargo in response to an external small molecule, called cyclic-
di-GMP (cdGMP) (Figure 10(a)) [93]. Generally speaking,
cdGMP existed as a second messenger in most bacteria for
regulation of various biological processes. In their design,
cdGMP aptamers are chosen and have been introduced to
the icosahedral design. Upon binding to cdGMP ligands,
the aptamer undergoes a conformational change by strand
displacement and then dissociate the polyhedral structures
into two halves. Simultaneously, the encapsulated fluorescent
dextrans are completely released. Therefore, we strongly
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envision artificial DNA-based nanostructures as nanotool for
drug loading and targeted delivery because of their ability for
selective encapsulation and stimuli-triggered release of cargo.

5.3. pH Adjustment. pH adjustment is also a possible stim-
ulant for the structural change of DNA nanostructures. The
key element of this structural switching mechanism is i-
motif switching. It makes use of the properties of Watson-
Crick base-pairing and Hoogsteen hydrogen bonding. In an
acidic environment, C is partially protonated as C+ which
can bind with a G-C nucleobase pairs through Hoogsteen H-
bonding in order to generate C+G-C triplets. However, C+
loses one electron and turns back to C under neutral envi-
ronment, discarding the Hoogsteen H-bonding and C+G-
C triplets simultaneously. Liu et al. reported the first pH
responsive DNA tetrahedron in terms of their reversible
assembly and disassembly in response to solution pH changes
(Figure 10(b)) [94]. In the current design, three-point-star
DNA motif can associate with one another to form a DNA
tetrahedron in acidic environment (pH at 5) through DNA
triplex formation of cytosine-modified sticky ends. While
under neutral pH environment, the tetrahedron dissociates
into its building blocks immediately. The design can be
improved for drug delivery by adjusting pH value towards
the formation of DNA tetrahedral. We strongly believe that

such pH-responsive behavior in self-assembled DNA nanos-
tructures will be important for potential applications such
as controlled/targeted drug release in specific cellular envi-
ronments. The same group also developed a pH biosensor
based on DNA nanomachine which is triggered by protons
to map temporal and spatial pH changes in a cellular system
via similar structural switching mechanism [95].

5.4. Photo Irradiation. Compared with the above input sig-
nals, photon is an ideal external source for precise control
of photo-manipulation of DNA nanoobject. By using light,
DNA nanoobjects can be remotely controlled, offering a
novel avenue in nanomedicine and drug delivery. Generally
speaking, photo irradiation is a clean switching mechanism.
NO waste is generated as only light was used to drive the
entire process. It offers capability to precise control light
irradiation in both temporal and spatial fashions. More
importantly, it would not damage the samples as photo
irradiation is noninvasive and noncontact source of stimulus.
Recently, azobenzene has been confirmed to be a photo-
responsive molecule that can be conjugated to nucleic acid
strands for the regulation of hybridization-dehybridization
process [96, 97]. It exhibited reversible stereoisomerization
property. It switches from the trans to cis conformation when
excited at 330–380 nmwavelength of light. On the other side,
it reversibly switches from cis to trans under excitation of
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light with wavelength above 400 nm. This intrinsic property
of azobenzene allows the photo-manipulation ofDNAnanos-
tructures in a precise and control manner. On the basis of this
technique, Liang et al. designed photon-fuelled molecular
DNA tweezers consisted of photoresponsive azobenzene-
modified DNA strand. Photo-induced opening and closing
of the tweezers is governed by the irradiation wavelength
(Figure 11(a)) [98]. Subsequently, the same group has success-
fully designed and constructed a supra-photoswitch consist-
ing of alternating natural nucleobase pairs and azobenzene
moieties in the form of (AAB)n, where A and B represent
the natural nucleotides and the azobenzene, respectively [99].
They found that the stability of the azobenzene modified
DNA duplex is more stable than the neutral one. This prop-
erty is useful in implementing in different DNAnanocarriers.
Kang et al. designed and constructed photoswitchable single-
molecular DNA motor with tethered azobenzene moiety
[100].This nanomotor is driven by photo irradiation between
UV light and visible light without any additional DNA strand
as external fuel.

Recently, highly complex DNA nanostructures incorpo-
rated with photo-responsive molecule have been successfully
designed and generated. Zou and his coworkers constructed
DNA nanoscissors composed of two hairpin structures H1
and H2. In this study, a DNAzyme is used as an example
system for DNA cleavage (Figure 11(b)) [101]. Particularly, H2
is a complementary azobenzene-functionalized sequence at
the 5-end of DNAzyme. Under visible light irradiation, the
two hairpins preserve their hairpin structures as duplexes,
blocking the substrate binding and closing down DNA
cleavage activity.This is in a closed state ofDNAnanoscissors.
While under UV light irradiation, H2 is able to be opened
due to structural isomerization of azobenzene from its planar
to nonplanar conformations, prohibiting duplex formation at
H2 and then allowing intermolecular hybridization between
DNAzyme and the substrate, thus activating the enzymatic

activity. This is in an open state of DNA nanoscissors. They
found that the ON and OFF states of nanoscissors lead to
a remarkable change in substrate binding affinity and an
obvious difference in the activity of DNA cleavage.

Yang and his colleagues have successfully demonstrated
the reversible assembly and disassembly of DNA-based struc-
tures by introducing azobenzene-modified DNA strands into
hexagonalDNAorigami units [102]. Anumber of nanometer-
sized hexagonal DNA origami structures functionalized with
photo-responsive oligonucleotides have been generated.They
can be assembled into a large variety of 2D regular or
irregular nanostructures under visible irradiation. On the
other hand, DNA hexagonal origami would obtain the cis-
conformation under UV light irradiation such that they
cannot hybridize together due to steric hindrance effects. By
altering the numbers and positions of azobenzene-modified
oligonucleotides in the hexagonal shaped DNA origami
scaffolds, they can link together in multiorientations in order
to achieve different patterns and configurations critically.This
photo irradiation switchingmechanism shows great potential
for the applications in bionanotechnology such as remote and
controllable drug release.

Based on the above studies, we strongly believed that
photo-triggered release of drug molecules frommultidimen-
sional DNA-based nanocarriers would become a promising
release mechanism and be highly achievable by careful
designs. In an advance study, Han and coworkers have
successfully introduced azobenzene moieties into 3D DNA
tetrahedron (Figure 11(c)) [103]. Strands with introduced
azobenzene groups can hybridize with the single-stranded
hairpins, allowing the control of open and closed state of
DNA tetrahedron by visible and UV light. The hybridization
and dissociation of azobenzene-modified oligonucleotides
can be remotely and reversibly controlled by the interconver-
sion of trans and cis confirmations of azobenzene molecules.



Journal of Nanomaterials 13

Closed

Vis

Open

cis

5

3

H
N

N

N
N

N

O

P

O

O
O OH

UV

trans

(a)

Open DNA
nanoscissors

Closed DNA
nanoscissors

UV light

Vis light

5

3

5

3

H
N

N N

O

P
O

O

O

OH

N
NH

N

O

P

O

O

O OH

(b)

Vis

UV

(c)
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It is believed that these studies will open doors to implement
and facilitate the 3D structural changes for triggered-release
of encapsulated cargos in DNA-based nanoobjects.

6. Cellular Internalization and Site-Specific
Targeting of DNA Nanostructures

6.1. Passive Delivery. DNA-based molecules usually have
great difficulties in delivering to cells as they are highly neg-
atively charged. They are not able to pass through cell mem-
branes directly. Most of them undergo three types of possible
mechanisms of getting in cells, Clathrin-mediated endocy-
tosis, Cavolae-mediated endocytosis, and macropinocytosis.
In general, Clathrin-mediated endocytosis is a type of endo-
cytois which requires excitation of receptor. The molecules
would then be trapped in early endosome, then in late
endosome, and finally in lysosome. The pH in a cellular
environment is gradually decreased and then degradation
of self-assembled DNA nanostructures is highly possible.
Caveolae-mediated endocytosis is another type of endocyto-
sis but it would go to Caveosome and then migrate to Golgi,
endoplasmic reticulum, and endosomes. Macropinocytosis
is different from the above two endocytic pathways as it is
nonspecific.Though themolecules should end up at lysosome
but the macropinisome is comparatively leaky which make

them possible to enter the cytosol to escape the destiny of
degradation [104–106]. Efforts have been put to improve the
cellular uptake of DNA-based nanomaterials in terms of high
cell penetration ability and low cytotoxicity [107, 108].

6.2. Targeting of Self-Assembled DNA Nanostructures. To
enhance the selective delivery of DNA nanocarriers to cancer
cells or particular intracellular organelles for drug delivery
purposes, a targeting moiety has to be conjugated to DNA
assemblies.

6.2.1. Folate. Folate, water-soluble vitamin B
9
, has proven

to be an efficient targeting agent for cancer cells as folate
receptors are overexpressed on the surfaces of cancer cells.
Therefore, DNA nanostructures decorated with folate group
via a simple NHS chemistry would provide a higher chance
to be taken up by cancer cells over normal cells. Mao’s group
integrates folate into his DNA nanotubes (Figure 12(a)) [51].
They prove that the folate modified DNA nanotubes enter
KB cells through overexpressed folate receptor and be able to
internalize in the cells.Onehour incubation of thesemodified
nanotubes would be saturated because cells may only be able
to take up certain amount of DNA nanotubes. When the
folate content in the DNA nanostructures reaches 10%, the
uptake capability of DNA nanotubes in cells would reach
plateau due to the limited number of folate receptors.
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6.2.2. Aptamer. In general, aptamers are short, single-
stranded nucleic acid strands with specific sequences derived
from systematic evolution of ligands by exponential enrich-
ment (SELEX).They are able to recognize and bind to cellular
surface receptors in certain cancer cells and thus allow
importing to the cells, leading to target delivery. Huang’s
group have designed a DNA icosahedra from a six-point-star
motif with a sticky end segment of MUC 1 aptamer sequence
(Figure 12(b)) [109]. MUC 1 is a major class of tumor
surface marker which is abundant on the surface of most
epithelial cancer cells [110, 111], serving as entering portals
for aptamers [112]. To investigate the targeting selectivity, the

uptakes of DNA polyhedron byMCF-7 cells which areMUC-
receptor positive tumor cells, and by CHO-K1 cells which
are MUC-receptor negative cells, have been investigated.
They found that aptamer-modifiedDNApolyhedra exhibited
higher cellular internalization efficiency than the regular
DNA polyhedra do in MCF-7 cells but not in CHO-K1 cells,
confirming an aptamer-mediated cellular selectivity of inter-
nalization of DNA polyhedra. They have proposed a cellular
uptake mechanism for aptamer-modified DNA polyhedra in
MCF-7 cells. First,MUC-modifiedDNApolyhedra recognize
MUC 1 which is then rapidly recycled through intracellular
compartments. After that, MUC-modified DNA polyhedral
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structures are smuggled to endosome and later to lysosome
by binding to MUC 1.

Tan’s group have successfully designed and generated
multifunctional DNA nanoassembly by first self-assembling
three components, including aptamer, acrydite-modified
ssDNA, and antisense oligonucleotides to form Y-shaped
DNA domains (Figure 13(a)) [70]. Subsequently, these func-
tional DNA domains were hybridized to an X-shaped DNA
connector to form building units. After photo irradiation, all
building units were cross-linked to form aptamer-basedDNA
assemblies. In this study, sgc8 aptamer and KK1B10 aptamer
were chosen to demonstrate the generality of selective recog-
nition of target cancer cells by thesemultifunctional aptamer-
based nanoassemblies. Their results indicated that sgc8-
functionalized DNA assemblies internalized specifically to
CCRF-CEMcancer cells (T cell acute lymphoblastic leukemia
cell line) but not to Ramos cells (B cells human Burkitt’s
lymphoma). While KK1B10 can specifically recognize and
internalize into K562/D (Dox-resistant leukemia cell line)

but cannot control Ramos cells. Using this technique, the
construction of the nanocarrier is easy to achieve and is
highly programmable as the position, number, and size of the
aptamer can be adjusted. In addition, this system has been
tested in vitro, indicating that the nanoassembly is enzymatic
resistant and cytotoxic negligible.

Recently, Kim et al. decorated their l-DNA nanocarriers
with antiproliferative aptamer, AS1411, allowing them to
selectively recognize and take up by cancer cells [86]. This is
likely due to the interaction between AS1411 aptamers on l-
DNA nanocarriers and the target protein nucleolin expressed
on the surface of HeLa cells.

6.2.3. Organelle Localization Signal Peptides. Most of the self-
assembled DNA nanostructures are taken up and eventually
localized in lysosomes, endosomes, or Golgi networks by
means of endocytosis (Figure 13(b)) [75, 95, 113]. It is realized
that these locations are highly limited by their biological
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behaviors and functions in a cellular system among different
intracellular compartments.

Our group recently developed a new delivery technology
on the basis of functionalized vertical silicon nanowire arrays
as a delivery platform to transport intact DNA cages to the
cytosol efficiently without endocytosis (Figure 14) [52]. We
proved that this delivery strategy exhibits high cellular uptake
efficiency together with great stability and low cytotoxicity
in a cellular environment. In addition, this delivery approach
would preserve the structural integrity of cages and help them
escape degradation under endocytosis. More importantly,
we demonstrated the first example of site-selective DNA
nanocages for targeting mitochondria and nuclei. In this
study, specific organelle localization signal peptides such as
mitochondrial localization signal (MLS) peptide or nucleus

localization signal (NLS) peptide were incorporated to one
of the constituent DNA strands and then further assembled
to MLS or NLS peptide-functionalized DNA nanocage. It
is found that the modified MLS or NLS-cages are able to
localize exclusively inmitochondria or nuclei, respectively, by
means of a powerful SiNW delivery platform in vitro. This
work opens a door for the use of DNA nanocage as smart
vehicles, particularly for targeted drug delivery to the specific
intracellular organelles.

7. Conclusions and Outlook

DNA nanotechnology becomes a cutting edge research in
recent years.The role of DNA in nanotechnology has reached
far beyond its intrinsic role in biology. With the well-known
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knowledge of self-recognition properties of DNAand its dou-
ble helix feature on the molecular level, different geometries
and sizes of DNA-based nanoarchitectures can be generated
very accurately and efficiently in contrast to other self-
assembling systems. In this review article, we summarized
recent progress of drug delivery system based on multidi-
mensional DNA nanostructures. Thus, self-assembled DNA
nanostructures are undoubtedly highly promising scaffold
to act as a drug nanocarrier or to display functionalities
for therapeutic applications. From the high demand of
multifunctional DNA carriers in the context of drug delivery
vehicles that have been described in detail here, we can
summarize several reasons why self-assembled nucleic acid
structures are feasible for targeted drug delivery. First, the
DNA nanostructures can be designed and modified with
multifunctional groups including drug molecules, targeting
motifs, and fluorescence probes and position all of them
with high accuracy. Second, in comparison with multistep
synthesis of other nanocarrier scaffolds like dendrimers, the
desired DNA nanoobjects with great versatility can be easily
formed by simple mixing of individual DNA building blocks
together in a single step.This strategy can be achieved a large
size of DNA nanostructures effortlessly, ranging from only a
few nanometers to micrometer scale. Another conspicuous
feature suggesting the use of self-assembled DNA-based
carrier is that they can pass through the negatively charged
plasma membrane and get into the cells efficiently without
the need of transfecting agents, except some of the large
and flexible DNA origami structures as compared to naked
DNA strand itself. In addition, all DNA-based nanomaterials
exhibited a very low cytotoxicity, no matter in the presence
or absence of the payloads or stimuli. Such feature makes the
self-assembled DNA nanoarchitectures a promising delivery
system. Another striking advantage of using DNA nanoob-
jects for the purpose of drug delivery is that a large number of
drug loading methods have been utilized for the interaction
between drug molecules/cargos and self-assembled DNA
nanostructures. We have described the examples briefly in
this paper. They included covalent linkage, nucleic acid
base-pairing, biotin-streptavidin interaction, intercalation,
aptamer-targeted interaction, DNA-protein interaction, and
encapsulation. Scientists also demonstrated several possi-
bilities for the control release of drug or cargo molecules.
In the presence of the specific and weak hydrogen bonds
between A and T, and C and G nucleobases, a strand
displacement is a method by adding an eraser DNA or RNA
strand, allowing exchange and release of strands consisting
of a toehold overhang. This DNA-mediated release strategy
highly relies on specific nucleic acid sequences. When those
DNA nanostructures are introduced into an environment
with different pH values, i-motif switching is a promising
mechanism for structural change and control release of cargo
simultaneously. Another option for drug release is the use
of light. In this case, light acts as a stimulus to facilitate the
clean removal process. No accumulation of waste happens.
Overall, multifunctional DNA nanostructures have success-
fully demonstrated their efficient intracellular delivery and
specific targeting to cancer cells or particular intracellular
organelles including, lysosomes, endosomes, Golgi networks,

mitochondria, and the nuclei. They are also extensively used
for the delivery of certain drug or cargo molecules in living
cell systems and induced some cellular activities or effects
accordingly. To sum up, self-assembled DNA nanostructures
offer unprecedented control over their structures and func-
tionalities in a biological or cellular environment, the above
examples demonstrate the potential applications, particularly
for targeted drug delivery or gene regulation.

However, the use of DNA nanostructures in the biomed-
ical field faces several challenges. As self-assembled DNA
nanostructures have been seriously considered for the appli-
cation in drug delivery, further studies are needed to obtain
better information for their practical applications.These con-
sist of the understanding of cellular uptake mechanism such
as their intracellular pathway and pharmacokinetics. Can
they escape from the fate of being degraded by endocytosis
before reaching the target sites and taking biological effects?
It is also necessary to investigate the relationship between
their intracellular behavior/function and their various chem-
ical/physical properties such as functional group incorpora-
tion, surface charges, nucleobase sequences, geometry, and
dimensions. Another focus which should be concentrated
on is the study of selective targeting of functionalized DNA
nanostructures in terms of discrimination of diseased cells
from common normal cells in vitro and in vivo. For instance,
how can they be only taken up by cancer cells, but not
macrophages? It is also important to look for some chemical
modifications to prevent the formation of aggregates in
circulating systemandovercome themultilayers barriers after
the DNA-based nanocarriers enter human body. The last
but not the least, an alternative new and safe control release
mechanism for drugmolecules should be developed such that
no waste is accumulated in biological system in addition to
no harm being induced to the tissues of human bodies. We
strongly believe that these suggested questions and studies are
attractive topics to be investigated in the near future.
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[108] J. Mikkilä, A.-P. Eskelinen, E. H. Niemelä et al., “Virus-
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As an entirely new perspective of multifunctional materials, multiferroics have attracted a great deal of attention. With the
rapidly developing micro- and nano-electro-mechanical system (MEMS&NEMS), the new kinds of micro- and nanodevices
and functionalities aroused extensive research activity in the area of multiferroics. As an ideal building block to assemble the
nanostructure, cluster exhibits particular physical properties related to the cluster size at nanoscale, which is efficient in controlling
the multiferroic properties for nanomaterials. This review focuses on our recent advances in multiferroic nanomaterials assembled
with clusters. In particular, the single phase multiferroic films and compound heterostructured multiferroic films assembled with
clusters were introduced detailedly.This technique presents a new and efficient method to produce the nanostructuredmultiferroic
materials for their potential application in NEMS devices.

1. Introduction

Multiferroics have attracted increasing attention due to
simultaneous coexistence of ferromagnetic, ferroelectric, or
ferroelastic ordering [1, 2]. Many researchers focused on the
magnetoelectric effect driven by the prospect of controlling
polarization bymagnetic field andmagnetization by electrical
field [3], which opens up an entirely new perspective of mag-
netic/ferroelectric data storage media, spin-based devices
(spintronics), magnetocapacitive devices, magnetic sensors,
nonvolatile memories, random access memory, and so forth
[4–8]. Since its discovery a century ago, ferroelectricity
has been linked to the ancient phenomena of magnetism.
Attempts to combine the dipole and spin orders into one
system started in the 1960s in Cr

2
O
3
single crystal [9, 10],

and other single phase multiferroics, including boracites
(Ni
3
B
7
O
13
I, Cr
3
B
7
O
13
Cl) [10], fluorides (BaMF

4
, MMn, Fe,

Co, Ni) [11, 12], magnetite Fe
3
O
4
[13], (Y/Yb)MnO

3
[14],

and BiFeO
3
[15], were identified in the following decades.

However, such a combination in these multiferroics has been
proven to be unexpectedly tough.

Moreover, by growing composite films combined with
piezoelectric andmagnetostrictivematerials, the strongmag-
netoelectric coupling effect could be achieved due to product
property. Much work has been done to prepare the com-
posite films by combining perovskite ferroelectric oxides
(e.g., Pb(Zr

0.52
Ti
0.48

)O
3
(PZT), BaTiO

3
) with ferromagnetic

oxides (e.g., CoFe
2
O
4
, La
0.67

Sr
0.33

MnO
3
) [16–21]; however,

due to the low magnetostriction of these ferromagnetic
oxides and Ni metal, the reported magnetoelectric effects in
these composite films are generally not strong.

As well known, rare earth iron alloy (R-Fe, R = rare earth
element) possesses giant magnetostriction, being an order of
magnitude greater than the ferromagnetic oxides [22]. The
previous investigations have shown that the magnetoelectric
effect in the bulk laminate consisted of R-Fe alloy and fer-
roelectric oxide (e.g., Tb

0.30
Dy
0.70

Fe
2
(Terfenol-D)/PZT) with

magnetoelectric coupling coefficient 𝛼
𝐸
of ∼4680mV/cm⋅Oe

is much larger than that of the all-oxide laminates (e.g.,
CoFe
2
O
4
/PZT; its 𝛼

𝐸
is ∼60mV/cm⋅Oe) [23–25]. However,

with the applications in themicro-electro-mechanical system
(MEMS) devices such as microtransducers, microactuators,
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Figure 1: The sketched diagram of the growth and deposition process of clusters.

and microsensors [26], the well-defined microstructures
together with the tunable properties are necessary for the
multiferroics. Therefore, for the laminated composite film
(i.e., thin-film heterostructure), it could be expected that
magnetoelectric effect would be enhanced significantly if the
R-Fe alloy is used in the magnetostriction layer. Though
the giant magnetostrictive films have been prepared by
song conventional film preparation means [27–30], since the
phase-formation temperature of R-Fe alloy is very high (the
substrate is generally heated above 500∘C), it is unavoidable
to bring about serious oxygen diffusion from PZT oxide
to Tb-Fe alloy. As a result, both magnetostriction in Tb-Fe
alloy and piezoelectricity in PZT are seriously suppressed.
Moreover, the serious oxygen diffusion would also generate
a new interface layer, which further significantly decreases
the magnetoelectric coupling efficiency [31]. Therefore, a
progress with low temperature and energy is necessary dur-
ing deposition. Fortunately, we have developed an effective
preparation method, namely, low energy cluster beam depo-
sition (LECBD), to prepare the nanostructured magnetic,
giant magnetostrictive, single phase multiferroic, and well-
defined microstructured multiferroic heterostructured films
[32–38]. This paper aims to review the breakthroughs on the
multiferroic nanostructure assembled with clusters.

2. Low Energy Cluster Beam Deposition

As a very important building block of nanomaterials, nan-
oclusters are aggregates of atoms or molecules of nanometric
size, containing a number of constituent particles ranging
from 10 to 106 [39–41]. All the beam experiments on clusters
have a cluster source, in which the clusters are produced.
There are a variety of sources available including arc cluster
ion source [42], laser vaporization cluster source [43, 44], gas
aggregation source [45, 46], seeded supersonic nozzle source
[47], ion sputtering source [48, 49], and liquid metal ion
source [50, 51]. Based on these we developed low energy clus-
ter beam deposition method. A magnetron-sputtering-gas-
aggregation (MSGA) cluster source produce is used to pro-
duce cluster beam to assemble multiferroic films.The growth
and deposition process of clusters is shown in Figure 1 using
gas aggregation. A direct current (DC) pulse power was used
as the sputtering power. As the sputtering gas, one stream of
argon gas with 99.9% purity was introduced through a ring

structure close to the surface of the target. Another stream
of argon was fed as a buffer gas through a gas inlet near
the magnetron discharge head.The cluster condensation and
growth region was cooled with liquid nitrogen. A highly
oriented cluster beam with a small divergent angle less than
one degree was formed by differential pumping controlled
by the skimmers. During the process of the deposition, the
average velocity perpendicular to the substrate of each cluster
is quite low (with less than 50meV/atom corresponding to
kinetic energy), and the velocity parallel to the substrate is
about several meV/atom, which are both much lower than
the molecular binding energy. The clusters are deposited
on the substrate by a soft-landing manner and accumulated
randomly but they do not coalesce with each other.

Based on this technique, various cluster-assembled nano-
structured films such as metal and oxide have been prepared,
which show peculiar properties different from the films
prepared by the common methods [52–55]. Since the size,
mass, and the assembling manner of the clusters can be
precisely tuned by changing the working gas flow, controlling
the length of condensation region, changing the buffer gas,
and so forth, it is possible to control the microstructures
and properties of the cluster-assembled nanostructured films,
whichmakes it an ideal candidate for the fabrication of single
phase or heterostructured films.

3. Magnetic Films Assembled with Clusters

3.1. Giant Magnetostrictive R-Fe Films. The cubic Laves
phase R-Fe (R = rare earth element such as Tb, Dy, Sm)
compounds are well known to be a giant magnetostrictive
material at room temperature, which could be widely used
as actuators, transducers, dampers, and so forth [56, 57].
With the demand of the rapidly developing nano-electro-
mechanical system (NEMS), much work has been done and
variousmethods such as ion plating [27], ion beam sputtering
[28], flash evaporation [29] and magnetron sputtering [58],
and molecular beam epitaxy [59, 60] have been developed
for the preparation of R-Fe films. However, compared with
the bulk materials, the saturation magnetostriction of the
current R-Fe films is much lower while the magnetic driving
field is still higher [58], which limits them to be further
used. Fortunately, based on the LECBD technique, a well-
defined Tb-Fe nanostructured film has been obtained, which
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Figure 2: SEM images of the typical as-deposited Tb-Fe films and the graph of population versus size distribution of the nanoparticles at
different growth region length. (a) 110mm, (b) 950mm (c), and 80mm ([36]).

exhibits excellent magnetostriction, much higher than the
common Tb-Fe films [34]. Since the size, mass, and the
assemblingmanner of the R-Fe clusters can be precisely tuned
by changing the working gas flow, controlling the length of
condensation region, changing the buffer gas, and so forth,
it is possible to control the microstructures and magnetic
properties of the cluster-assembled R-Fe nanostructured
films, which makes it an ideal candidate for the fabrication
of the magnetic NEMS devices.

A DC-magnetron-sputtering-gas-aggregation (MSGA)
cluster source was used to produce the Tb-Fe cluster beam,
which was finally deposited on the Si(100) substrate at room
temperature to form the nanofilm. In order to tune the cluster
size, the length of the condensing growth region 𝐿 was set as
80mm, 95mm, and 110mm, respectively. Figure 2 presents
the SEM images and size distributions of the typical Tb-
Fe films prepared under different length of the condensing
growth region 𝐿. One can clearly observe two facts: (i) all
films are assembled by the spherical nanoparticles, which are
distributed uniformly and monodispersely in the film; (ii)
with the increase of the condensing growth region length,
the size of the nanoparticle increases, being in the ranges
of 31∼36 nm for 𝐿 = 110mm, 28∼33 nm for 𝐿 = 95mm,
and 23∼28 nm for 𝐿 = 80mm, respectively. Meanwhile, we
note that the particle size distribution was almost lognormal.
The formation of such nanoparticle film is attributed to

the unique LECBD preparation process. And the length of
the cluster growth region significantly influences the size of
the Tb-Fe clusters for the films. In fact, the growth of the
clusters as well as their size distribution is mainly determined
by the cluster residence time and its distribution [61, 62].
With increasing the length of the condensing growth region,
the cluster residence time in the condensing growth region
increases, and thus the collision among metal ion, Tb-Fe
vapor, carrier gas, and free clusters becomes more sufficient,
leading to the bigger size of the clusters.

It has been confirmed that all present nanoparticle-
assembled Tb-Fe films exhibit higher magnetostriction com-
paring to the common nonnanostructured films prepared by
other methods [63–65]. And we observe that the magne-
tostrictive behavior and piezomagnetic coefficient evidently
vary with the average size of the nanoparticle. Figure 3 gives
the magnetostriction and piezomagnetic coefficient on the
magnetic field for the films with various particle sizes. With
increasing the particle size, the saturation magnetostriction
𝜆
𝑠
and the saturation magnetic field𝐻

𝑚
change, for example,

𝜆
𝑠
∼ 816 × 10−6 and𝐻

𝑚
∼6.0 kOe for 𝑑 = 25 nm, 𝜆

𝑠
∼ 1029 ×

10−6 and 𝐻
𝑚
∼ 7.0 kOe for 𝑑 = 30 nm, and 𝜆

𝑠
= 746 ×

10−6 and 𝐻
𝑚
= 5.0 kOe for 𝑑 = 35 nm. Obviously, the film

with 𝑑 = 30 nm has the highest saturation magnetostriction
and piezomagnetic coefficient. However, it is not the case
at low magnetic field. The film with 𝑑 = 35 nm possesses
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Figure 3: The dependence of magnetostriction and piezomagnetic
coefficient for the Tb-Fe nanostructured film on various particle
sizes.

highermagnetostriction and piezomagnetic coefficient at low
magnetic field.

It suggests that the dependence of the magnetostriction
and piezomagnetic coefficient on the particle size could be
attributed to the difference of the magnetization character-
istic for these films. Figure 4 presents the field dependent
magnetization at room temperature for the films with the
particle sizes of 25 nm, 30 nm, and 35 nm. It is shown
that the degree of magnetization anisotropy for the film is
significantly affected by the particles size. Both in-plane and
out-of-plane saturation magnetization change, as well as the
coercivity with variation of the particle size. For the filmswith
particles size of 30 nm, the degree of magnetic anisotropy is
the maximum and the difference between in-plane and out-
of-plane saturationmagnetization is maximum.The easy axis
is out-of-plane.Thus particle size dependence of themagnetic
anisotropy for the present films should be correlative to the
exchange coupling effects between the nanoparticles in the
film [66].Thus the filmwith 𝑑 = 30 nmmay show the highest
degree ofmagnetic anisotropy because the exchange coupling
distance is twice of the domain wall width (RFe∼ 15 nm)
for magnetic nanoparticles [67]. Therefore, for the film with
𝑑 = 30 nm, it has higher magnetic anisotropy than the other
films. It needs far higher magnetic field to rotate the spin into
the applied field. Therefore, the magnetostrictive coefficient
of this film is lower than the other films at a low magnetic
field, but, its saturationmagnetostriction is the highest, which
could be ascribed to the higher energy of anisotropy exchange
interaction [68].

3.2. Enhanced Ferromagnetism of BiFeO
3
Films Assembled

with Clusters. BiFeO
3
(BFO) is one of the most outstanding

single-phase lead-free multiferroics due to its high ferroelec-
tric Curie (𝑇FE ∼ 1103 K) [69] and Neel (𝑇𝑁 ∼ 643K) temper-
atures [70]. However, for BFOmaterials, antiferromagnetism
and a superimposed incommensurate cycloid spin structure

with a periodicity of 62 nm along the [1 1 0]
ℎ
axis cancel

the macroscopic magnetization at room temperature, which
restricts its applications [71]. Some investigations show that
weak ferromagnetism is observed in some limited-dimension
materials such as nanowires and nanoparticles due to the
partial destruction of the spiral periodicity [72–74], which
demonstrates a possible way to enhance ferromagnetism in
single-phase multiferroics. Thus, as a size controllable build-
ing block of nanomaterials, clusters become a candidate to
assemble multiferroics. Therefore, using LECBD technique,
we have prepared the well-defined BiFeO

3
nanostructured

films assembled with 0-characteristic-dimension clusters,
and then the films were annealed at 600∘C. As we expected,
the ferromagnetism of the as-prepared BiFeO

3
films is

enhanced [38].
Figure 5 gives the morphologies of cluster-assembled

BiFeO
3
nanostructured films before annealing. It can be

seen that the films are assembled with clusters, which are
nearly spherical and densely packed to form the uniformly
continuous films, whereas each individual cluster is still
clearly distinguishable.The population versus the size reveals
that the average size of the nanoparticles is ∼22 nm for as-
deposited films and ∼25.5 nm for the annealed films and is
attributed to the fact that the size of cluster increases derive
from the improvement of crystallizing during the annealing
process.

Figure 6 present the XRD patterns of the typical as-
deposited and annealed nanostructured films assembled with
clusters. They show that both present films are polycrys-
talline and all of the observed diffraction peaks can be
indexed to a perovskite structure. And the as-deposited BFO
nanostructured films and other common films belonging
to the rhombohedral structure with space group R-3c (161)
prepared by other methods annealed BFO films transform
to the coexistence of tetragonal and orthorhombic symmetry
structure as (104) and (110) diffraction peaks are not obviously
split, which is observed by expanding the view of the XRD
pattern around 2𝜃 = 32.6∘ in the inset of Figure 6. At the
same time, the lattice constant of cluster-assembled BiFeO

3

films is 𝑎 = 5.491 Å, smaller than those of the films prepared
by other methods. It suggests that there exists a crystal
distortion for the cluster-assembled BFO films, giving rise to
a transition from the rhombohedral structure to tetragonal
one [75–77], which means the crystal structure changes from
a high symmetry state to a low symmetry state compared to
bulk BFO materials. Thus the crystal distortion is due to the
size effect of the clusters with the smaller characteristic size,
which partially destroys the long-range cycloid spin structure
with a periodicity of 62 nm in the rhombohedral structure
with space group R-3c (161). It is such crystal distortion of
the as-prepared films that brings about the enhancement in
magnetization.

Figure 7 shows the magnetic hysteresis loops for the
cluster-assembled BFO nanostructured films measured at
5 K and 300K. As can be seen, obvious ferromagnetism
is observed for the cluster-assembled BFO nanostructured
films not only at 5 K but also at room temperature. In
Particular, the saturation magnetization of the BFO films at
room temperature reaches 108 emu/cc, which is comparable
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Figure 4: Magnetic hysteresis loops for the Tb-Fe nanostructured film assembled by the clusters (a) with 35 nm in diameter, (b) with 30 nm
in diameter, and (c) with 25 nm in diameter.

with that of the present films with 125 emu/cc at 5 K. More
importantly, the large magnetization of 81 emu/cc is obtained
at a magnetic field of 3000Oe at room temperature, which is
a larger response than the common films prepared by other
methods [78–80].

Such enhanced room temperature ferromagnetism is
attributed to the fact the average size of BFO clusters is
much less than the long-range cycloid order of 62 nm along
the [1 1 0]

ℎ
axis that the periodicity of the spin cycloid

is broken [81]. Antiferromagnetic materials are considered

as the combination of one sublattice with spins along one
direction and anotherwith spins along the opposite direction.
If no spin canting is considered, the spins of these two sub-
lattices compensate each other so that the net magnetization
inside the material would become zero [82]. However, the
long-range antiferromagnetic order is frequently interrupted
at the cluster surfaces, which forms the uncompensated
surface spins. For the cluster-assembled BFO films with the
average size of 25.5 nm, the uncompensated surface spins
become very significant due to the very large surface to



6 Journal of Nanomaterials

50

0

D
ist

rib
ut

io
n 

(%
)

18 20 22 24 26 28

Diameter (nm)

50

0

30

D
ist

rib
ut

io
n 

(%
)

22 24 26 28

Diameter (nm)

Figure 5: (a) Typical SEM image of as-deposited BFO nanostructured films, (b) the films after annealing, and the inset is the graph of pop-
ulation versus size distribution of the clusters.
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Figure 6: The XRD patterns before annealing and after annealing;
the inset is the expanded view on the location of diffraction peak
around 2𝜃 = 32.6∘.

volume ratio for the clusters.The uncompensated spins at the
surface enhance the contribution to the nanoparticle’s overall
magnetization. Besides, structural distortion and change
of lattice parameter due to the size effect for the cluster-
assembled nanostructured films [83] lead to the release of
the latent magnetization locked within the cycloid. Then
the ferromagnetism of nanostructured films is significantly
enhanced.

4. Multiferroic Film Heterostructure
Assembled with Clusters

It is well known that composite films combined with piezo-
electric and magnetostrictive materials can obtain stronger
magnetoelectric effect than single phase materials [84] by

the magnetic-mechanical-electric coupling product interac-
tion via the stressmediation. Some composite films combined
by perovskite ferroelectric oxides (e.g., Pb(Zr

0.52
Ti
0.48

)O
3

(PZT), BaTiO
3
) with ferromagnetic oxides (e.g., CoFe

2
O
4
,

La
0.67

Sr
0.33

MnO
3
) [18, 21, 85, 86] did not acquire strongmag-

netoelectric effect due to low magnetostriction of the ferro-
magnetic oxides. Since we had prepared giant magnetostric-
tive R-Fe films using low energy cluster beam deposition, it
is possible to prepare the well-defined microstructured thin-
film multiferroic heterostructure consisting of R-Fe alloy
and ferroelectric oxide. And the substrate is ferroelectric
oxide; the degree of the interfacial reaction or diffusion
between Tb-Fe alloy and ferroelectric oxide would be greatly
suppressed due to the low temperature and energy during
LECBD progress. Thus well-defined microstructure of thin-
film heterostructure as well as strong magnetoelectric effect
would be obtained.

4.1. Tb-Fe/PZT Thin-Film Heterostructure. Tb-Fe nanoclus-
ter beam was deposited onto the surface of the PZT film
through the open holes of the mask by LECBD progress.
After deposition, not taking off the mask, a Pt electrode layer
was deposited on the Tb-Fe dots via pulse laser deposition.
Figure 8 presents the surface SEM image of the Tb-Fe layer in
the heterostructure. It shows that the Tb-Fe layer is compactly
assembled by the regular spherical nanoclusters, which are
distributed uniformly and adjacent with each other. The
structure of the thin-filmheterostructure is sketched in Insert
(a) of Figure 8. Insert (b) of Figure 8 shows the cross-sectional
SEM image of the thin-film heterostructure. One observes
that the interface between Tb-Fe and PZT layers is clear and
no transition layer is observed, which is benefit from the
LECBD progress. During this process, the phase formation
of Tb-Fe nanoclusters (or nanoparticles) is achieved in the
condensation chamber with high temperature, while the
deposition of Tb-Fe nanocluster beam onto the substrate is
achieved in another high vacuum chamber with low energy
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Figure 7:Themagnetization dependence on the magnetic field of the typical cluster-assembled BFO nanostructured films (a) at low temper-
ature of 5 K, (b) at 300K. The inset is the expand view of the magnetic hysteresis.

Figure 8: The surface SEM image of the Tb-Fe layer in the thin-
film heterostructure. Insert (a) is a sketch of the heterostructure,
and Insert (b) is the typical cross-sectional SEM image of the het-
erostructure.

and low temperature (e.g., room temperature). Both pro-
cesses are independent of each other. It is easy to understand
no reaction between Tb-Fe and PZT layers.

No destroying between Tb-Fe and PZT layers gives a
feasibility of well ferroelectric and ferromagnetic properties.
Figure 9 gives the polarization versus electric field hysteresis
loops and magnetic hysteresis loops for the Tb-Fe/PZT thin-
film heterostructure. It shows that the well-defined ferro-
electric loops are observed. The saturation polarization and
remanent polarization for Tb-Fe/PZT thin-film heterostruc-
ture have a very slight decrease compared with the pure
PZT film. Such slight decrease in ferroelectric properties of
the heterostructure should be attributed to the increase of
oxygen vacancy concentration in PZT layer, which brings
about difficulty for the mobility of domain walls in a certain
degree and further leads to the decrease in polarization [87].
Insert of Figure 9(a) shows that the leakage current density in

the heterostructure is quite low, for example, only being∼1.5×
10−4 A/cm2 even under the higher electric field of 30MV/m.
In spite of this, we found that the leakage current density in
the heterostructure was still higher than that of the pure PZT
film, which indicates the increase of free carrier density in
PZT layer of the heterostructure [88].

Besides, the heterostructure exhibits the well-defined
magnetic hysteresis loops. It shows that both in-plane and
out-of-plane coercive field are the same as only 𝐻

𝑐
∼

60Oe, much lower than that of the bulk Tb-Fe alloy, while
the in-plane and out-of-plane saturation magnetizations
are, respectively, ∼38 emu/cm3 and ∼47 emu/cm3. We notice
that the magnetization character of the heterostructure is
almost comparable to the pure nanostructured Tb-Fe film
prepared by LECBD process. Since magnetoelectric effect in
a two-phase composite mainly originates from the interfacial
stress transfer between the magnetostrictive and the ferro-
electric phase, the high magnetostriction and ferroelectrics
are beneficial to the magnetoelectric coupling. A strong
magnetoelectric coupling could be obtained in the thin-film
heterostructure.

Figure 10 plots the magnetic bias𝐻bias dependence of the
induced voltage increment |Δ𝑉ME| at a given ac magnetic
field frequency 𝑓 = 1.0 kHz. It shows that thin-film
heterostructure exhibits strong magnetoelectric coupling.
The calculated maximum increment of the magnetoelectric
voltage coefficient is as high as ∼140mV/cm⋅Oe, larger than
that of the reported all-oxide ferroelectric-ferromagnetic
composite film [16–18]. So strong magnetoelectric effect in
Tb-Fe/PZT thin-film heterostructure is evidently beneficial
from the unique LECBD process. Based on this process,
not only could the interface reaction be availably avoided
on the maximum degree, but also both ferroelectric and
magnetostrictive properties for PZT and Tb-Fe could be
maintained well.
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Figure 9: (a) Polarization versus electric field hysteresis (𝑃-𝐸) loops for the thin-film heterostructure. Insert is the variation of leakage current
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tured film prepared by LECBD process.

Insert of Figure 10 shows the 𝐻bias dependence of pie-
zomagnetic coefficient 𝑞 (= 𝛿𝜆/𝛿𝐻bias) for the pure Tb-
Fe nanostructured film prepared by LECBD process. Both
|Δ𝑉ME| in heterostructure and 𝑞 in Tb-Fe film have the
similar change trend with 𝐻bias. This indicates that the
magnetoelectric coupling in the heterostructure should be
dominated by the magnetic-mechanical-electric transform
through the stress-mediated transfer.

4.2. Sm-Fe/PVDF Thin-Film Heterostructure. For Si based
magnetoelectric composited films, the couple efficiency
between ferroelectric and ferromagnetic phases was de-
pressed due to the stress clamping effect of the hard substrate.
Therefore a flexible polyvinylidene fluoride (PVDF) filmmay
be used instead of the hard substrate due to its small Young’s
modulus. Thus the magnetoelectric coupling between the
ferroelectric and ferromagnetic phases will almost be not
influenced. Moreover, piezoelectric voltage constant (𝑔

31
) of

PVDF film is an order higher than that of ordinary PZT film,
which allows it to generate a bigger voltage output under a
small stress.This indicates that PVDF film is suitable to act as
the piezoelectric phase in the magnetoelectric thin-film het-
erostructure.

The flexible PVDF/Sm-Fe heterostructural film was pre-
pared by depositing Sm-Fe nanocluster beam onto the PVDF
film at room temperature using LECBD technique. Though
it is very easy to destroy the PVDF polymer substrate, it can
be avoidable during LECBD progress with quite low energy
and low temperature. Figure 11 shows the cross-section SEM
image of the Sm-Fe/PVDF film. It can clearly be observed
that the interface between the PVDF film and Sm-Fe layer is
clear and no evident transition layer appears, indicating that
the PVDF film does not get destroyed during the process of
LECBD. The well-defined heterostructure makes it possible
to generate the strong magnetoelectric effect.

The Sm-Fe film exhibits strong negative magnetostrictive
effect with a saturation value of ∼750 × 10−6 at magnetic
field of ∼7.0 kOe as shown in Figure 12. Inset of Figure 12
shows that the Sm-Fe/PVDF film exhibits distinct magnetic
anisotropy with an in-plane magnetic easy axis, which
obviously makes the magnetoelectric coupling in the Sm-
Fe/PVDF film be more efficient under an in-plane magnetic
field.
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Figure 11: The cross-section SEM image of the Sm-Fe/PVDF thin-
film heterostructure.
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Figure 12: Magnetostriction 𝜆 dependence of Sm-Fe film on
magnetic field𝐻. Inset is the magnetic hysteresis loops for the Sm-
Fe/PVDF thin-film heterostructure measured at room temperature.

For thin-film heterostructure, a large magnetoelectric
voltage output can be obtained. Figure 13 gives the magneto-
electric voltage output increment |Δ𝑉ME| value as a function
of 𝐻bias for the Sm-Fe/PVDF film. It is seen that the film
exhibits a large voltage output under the external magnetic
bias. The |Δ𝑉ME| value increases with increasing𝐻bias, reach-
ing themaximumvalue of |Δ𝑉ME| ∼ 210 𝜇Vat𝐻bias = 2.3 kOe,
and then drops. Compared with the previous investiga-
tions, the magnetoelectric voltage output in the present Sm-
Fe/PVDF film is remarkably large, almost being two orders
higher than that of typical all-oxide PZT/CoFe

2
O
4
/PZT film

deposited on the hard wafer [89].
Therefore, by using the flexible PVDF polymer film as

the substrate, the substrate clamping effect on the magne-
toelectric coupling of the heterostructural film is completely
eliminated. The heterostructural film exhibits large magne-
toelectric voltage output, which is mainly attributed to the
large piezoelectric voltage constant in the piezoelectric PVDF
layer and high magnetic anisotropy with in-plane magnetic
easy axis as well as the giant negative magnetostriction in the
ferromagnetic Sm-Fe layer.

200
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Figure 13: Induced voltage increment |Δ𝑉ME| as a function of mag-
netic bias𝐻bias.

5. Conclusions

In a conclusion, the single phase multiferroic films and com-
pound heterostructured multiferroic films assembled with
clusterswere prepared by low energy cluster beamdeposition.
It shows that the multiferroic properties of the thin-films can
be controlled or improved by tuning the size of the clusters.
And the structure of the thin-film heterostructure would
not be destroyed due to low temperature and energy during
LECBD progress. The LECBD technique provides an ideal
avenue to prepare multiferroic nanostructure and facilitates
their applications on NEMS devices.
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Bismuth molybdate (Bi
2
MoO
6
) nanoplates were synthesized by the hydrothermal reaction of bismuth nitrate and sodium

molybdate as starting materials at 120–180∘C for 5–20 h. X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy,
Raman spectroscopy, and scanning electron microscopy (SEM) were used to investigate the effect of reaction temperature and
length of reaction time on phase and morphologies of the as-synthesized Bi

2
MoO
6
samples. In this research, orthorhombic well-

crystallized Bi
2
MoO
6
nanoplates with the presence of stretching and bending vibrations of MoO

6
and BiO

6
octahedrons were

detected, and the Bi
2
MoO
6
nanoplates synthesized at 180∘C for 5 h exhibit the highest photocatalytic efficiency over 96% within

100min visible-light irradiation.

1. Introduction

Photocatalysis of semiconductors under sun light energy has
attracted worldwide researchers because they can apply it for
the splitting of water and the degradation of organic pollu-
tants [1, 2]. Visible-light-driven photocatalysis has accounted
for approximately 43% of solar energy, while that of UV
radiation has taken up only 5% [1, 3]. Thus it is very urgent
to develop new photocatalytic materials responding in the
visible light.

Bi
2
MoO
6
with 2.9 eV narrow energy gap is typical Auriv-

illius-phase perovskite with its structure containing per-
ovskite layers (Am−1BmO3m+1) between Bi

2
O
2
layers of bis-

muth oxide family with corner-shared octahedral structure
[1, 2, 4]. It was found that Bi

2
MoO
6
is very interesting

due to its unique physical properties for using as dielectric
material, gas sensors, ionic conductors, luminescent mate-
rial, and photocatalyst for water splitting under visible-light
irradiation [1, 4, 5]. There are a number of researchers

studying photocatalytic activities of Bi
2
MoO
6
under visible-

light irradiation [1, 2, 4–10]. Among them, Bi et al. [6]
reported that Bi

2
MoO
6
sampleswere successfully synthesized

by a solvothermal process in different types of solvent includ-
ing water, isopropanol, and ethylene glycol. The visible-light-
driven photocatalytic activities for decomposition of rho-
damine B (RhB) under visible-light irradiation (𝜆 > 420 nm)
were also investigated. They found that the sample synthe-
sized using glycol as a solvent showed the best performance in
the photodegradation of RhB under visible-light irradiation
due to the large surface area, unique morphology, and small
particle size. Yin et al. [7] reported that cage-like Bi

2
MoO
6

hollow spheres were synthesized by a hard-template method
and found that Bi

2
MoO
6
could degrade phenol under visible-

light irradiation. Jung et al. [8] found that the calcination
temperature has the influence on the catalytic performance of
Bi
2
MoO
6
toward the oxidative dehydrogenation of n-butene

to 1,3-butadiene under visible-light irradiation.
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Figure 1: XRD patterns of Bi
2
MoO
6
synthesized by the hydrothermal method at (a) 120–180∘C for 20 h and (b) 180∘C for 5–20 h.

In this paper, Bi
2
MoO
6
crystallites were successfully

synthesized by the hydrothermal process. Reaction time and
temperature can play the role in the Bi

2
MoO
6
crystallites

via the hydrothermal process. Phase, morphologies, and
photocatalytic activities were characterized by X-ray pow-
der diffraction (XRD), Raman spectrophotometry, Fourier
transform infrared (FTIR) spectrometry, scanning electron
microscopy (SEM), and UV-visible spectrophotometry. The
photocatalytic properties of Bi

2
MoO
6
crystallites have also

been investigated.

2. Experimental Procedures

In a typical procedure, each 0.01mmol Bi(NO
3
)
3
and each

0.005mmol Na
2
MoO
4
was dissolved into 60mL deionized

water. Subsequently, these two above solutions were mixed
together under vigorous stirring, including the pH of the
mixture which was adjusted to six. The mixture was stirred
for another 30min and transferred into Teflon-lined stainless
steel autoclaves of 150mL capacity.The hydrothermal process
was carried out at 120–180∘C for 5–20 h and the autoclaves
were left to cool down to room temperature. Finally the
products were synthesized, centrifuged for collection, washed
with deionized water and ethanol for several times, and dried
in air at 60∘C for 12 h.

X-ray powder diffraction (XRD) patterns were obtained
on a Philips PANalytical X’Pert PRO MPD diffractometer
using Cu-K

𝛼
radiation source (𝜆 = 1.54056 Å) at a scan

rate of 5 deg⋅min−1. Raman spectrum was recorded on a
HORIBA Jobin Yvon T64000 Raman spectrometer at 50mW
and 514.5 nm wavelength Ar green laser, and FTIR spectrum
was recorded on a BRUKER TENSOR 27 Fourier transform
infrared (FTIR) spectrometer with KBr as a diluting agent
and operated in the range of 400–4.000 cm−1. Scanning elec-
tron microscopic (SEM) images were taken by a JSM-6335F
field emission SEM (FESEM, JEOL). UV-visible spectra of

the solutionswere obtainedusing aUV/VIS spectrophotome-
ter (Lambda 25, PerkinElmer).

The photodegradation reaction of rhodamine B (RhB)
was carried out in a photochemical reactor under visible light
at room temperature.Thephotochemical reaction systemwas
composed of 150mg Bi

2
MoO
6
catalyst in 10−5 M of 150mL

RhB solution. Prior to the UV light irradiation, the RhB solu-
tions containing the photocatalyst were kept in the dark room
for 30min to obtain an adsorption/desorption equilibrium.
The photochemical reaction system was irradiated by visible
light from Xe-lamp. The sampling analysis was conducted at
20min interval. The solutions were analyzed by a Lambda 25
spectrometer using a 450W of Xe-lamp with the wavelength
of 554 nm.The decolorization efficiency was calculated by the
following formula:

Decolorization efficiency (%) =
𝐶
0
− 𝐶
𝑡

𝐶
0

× 100, (1)

where 𝐶
0
is the initial absorbency of RhB at adsorption

equilibrium and 𝐶
𝑡
is the absorbency of RhB after the

sampling analysis within the length of time (𝑡).

3. Results and Discussion

Formation of Bi
2
MoO
6
for different temperatures and lengths

of reaction time was investigated by XRD. The XRD patterns
of the samples synthesized by hydrothermal reaction at 120–
180∘C for 20 h are shown in Figure 1(a). XRD patterns of the
samples can readily be indexed as pure orthorhombic well-
crystallized Bi

2
MoO
6
structure with cell parameters of 𝑎 =

5.51 Å, 𝑏 = 16.21 Å, and 𝑐 = 5.49 Å, in good agreement
with those of the JCPDS file number 21-0102 [11]. Figure 1(b)
shows the XRD patterns of the samples synthesized by
hydrothermal method at 180∘C for 5–20 h. All the diffraction
peaks can be readily indexed as a pure orthorhombic well-
crystallized Bi

2
MoO
6
structure of the JCPDS file number 21-

0102 [11]. When the length of reaction time or temperature
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Figure 2: (a) Raman and (b) FTIR spectra of Bi
2
MoO
6
synthesized by the hydrothermal method at 180∘C for 20 h.

was increased, all the diffraction peaks of orthorhombic
Bi
2
MoO
6
phase were accordingly increased. They implied

that the crystalline degree of orthorhombic Bi
2
MoO
6
phase

was increased. The XRD results indicate that nanostructured
Bi
2
MoO
6
could be selectively synthesized by adjusting the

hydrothermal temperature and length of reaction time.
Raman spectrum of Bi

2
MoO
6
sample synthesized by

hydrothermal method at 180∘C for 20 h is shown in
Figure 2(a). The mode below 180 cm−1 could be the transla-
tion of molybdenum and bismuth atoms. That at 144 cm−1
was mainly specified as the lattice mode of Bi3+ atoms in the
direction normal to the layers. The intense Raman modes
near 290 and 280 cm−1 are likely to be the 𝐸

𝑔
bending

vibration. Those at 323, 345, and 398 cm−1 were specified
as the 𝐸

𝑢
symmetric bending. The mode at 712 cm−1 was

specified as the asymmetric stretching vibration (𝐸
𝑢
mode)

of theMoO
6
octahedrons relating to themotion of equatorial

oxygen atoms joining the MoO
6
octahedrons within the

layers. The Raman vibrations at 793 cm−1 (𝐴
1𝑔

mode) and
840 cm−1 (𝐴

2𝑢
mode) were, respectively, specified as the

symmetric and asymmetric stretching vibrations of MoO
6

octahedrons relating to the motion of apical oxygen atoms,
in the direction normal to the (Bi

2
O
2
)2+ layers [12–14].

Figure 2(b) shows the FTIR spectrum of Bi
2
MoO
6
sam-

ple.Thebands at 843 and 797 cm−1 were assigned to the asym-
metric and symmetric stretching modes of MoO

6
relating

to the vibration of apical oxygen atoms. The 734 cm−1 mode
was attributed to the asymmetric stretching mode of MoO

6

relating to the vibration of the equatorial oxygen atoms.Those
at 603 and 570 cm−1 corresponded to the bending vibration of
MoO
6
. Furthermore, a small band at 454 cm−1 was attributed

to the stretching and bending vibrations of BiO
6
octahedrons

[12, 15].
SEM images of Bi

2
MoO
6

synthesized by different
hydrothermal temperatures and lengths of reaction time
are shown in Figure 3. The hydrothermal temperature and

reaction time have significant influence on the size and
morphology of the products. Figure 3(a) clearly illustrates
that Bi

2
MoO
6
hydrothermally synthesized at 120∘C for 20 h

is composed of relatively uniform nanoplates with edge
length of 200 nm without detection of other morphologies.
The products synthesized at 140 and 160∘C for 20 h also
show similar morphologies. Figure 3(b) is the SEM image of
Bi
2
MoO
6
synthesized by hydrothermal method at 180∘C for

5 h.The grains are very small in size. Clearly, the formation of
nanoplates was almost uniform size distribution. Figure 3(c)
shows the SEM image of Bi

2
MoO
6
synthesized at 180∘C for

15 h, suggesting that the morphology of Bi
2
MoO
6
remains as

nanoplates with edge length of 0.5𝜇m. Figure 3(d) shows that
the product hydrothermally synthesized at 180∘C for 20 h is
composed of well-defined lamellar structure with dimension
in the range of 1 × 1.2 𝜇m. In summary, size of the products
was increased when the reaction time and temperature were
increased due to Ostwald ripening mechanism.

In this research, RhBwas chosen as a representative dye to
evaluate the photocatalytic performance of the as-synthesized
Bi
2
MoO
6
. The UV-visible spectra of RhB aqueous solutions

containing Bi
2
MoO
6
as a function of visible-light irradiation

time are illustrated in Figure 4. The changes can be seen
from the UV-visible absorbance. The strong absorption peak
of RhB solution at 554 nm steadily decreased and showed
the blue-shift to 498 nm of rhodamine during increasing in
the length of irradiation time [2, 14]. It is assumed that the
RhB was photodegraded to deethylated intermediates under
the visible-light irradiation [2, 14, 16]. Further, Bi

2
MoO
6

excellently exhibited photocatalytic activity to degrade RhB
under visible-light irradiation.

The photodegradation efficiency of Bi
2
MoO
6
photocat-

alyst under visible-light irradiation is shown in Figure 5(a).
Under visible-light irradiation, the catalyst shows obvi-
ous photocatalytic activities for degradation of RhB. The
Bi
2
MoO
6
sample synthesized at 180∘C for 5 h exhibits the

highest activity. The RhB photodegradation efficiency of
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Figure 3: SEM images of Bi
2
MoO
6
synthesized by the hydrothermal method at (a) 120∘C for 20 h, (b) 180∘C for 5 h, (c) 180∘C for 15 h, and

(d) 180∘C for 20 h.
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Figure 4: UV-visible absorption of RhB in the solutions containing Bi
2
MoO
6
nanoplates synthesized at 180∘C for 5 h.

Bi
2
MoO
6
sample at 180∘C for 5 h is over 96% within 100min

of visible-light irradiation. But, for the Bi
2
MoO
6
sample

synthesized at 120∘C and 180∘C for 20 h, their activities were
over 65% and 74%, respectively. The degradation of RhB is
in accordance with the pseudo-first-order kinetics by linear
transforming of ln(𝐶

0
/𝐶
𝑡
) = 𝑘𝑡, where 𝐶

0
is the initial

concentration of RhB, 𝐶
𝑡
is the concentration of RhB within

the length of time 𝑡, and 𝑘 is the kinetics constant [1, 16].
The kinetics plots and the corresponding kinetics constants

were given in Figure 5(b).The kinetics constant for Bi
2
MoO
6

synthesized at 180∘C for 5 h is the highest at 0.0365min−1.

4. Conclusions

The effect of reaction temperature and time of photocat-
alytic nanoplates on phase, morphology, and photocatalytic
properties was studied. The XRD patterns were specified as
pure orthorhombic well-crystallized Bi

2
MoO
6
phase. SEM
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Figure 5: Decolorization efficiencies of RhB in the solutions containing Bi
2
MoO
6
nanoplates under Xe light irradiation.

analysis showed that the products were nanoplates. The
photocatalytic properties of the samples were determined
by decomposing the RhB organic dye. In this research,
photocatalytic activity of Bi

2
MoO
6
nanoplates synthesized at

180∘C for 5 h shows 96% degradation of rhodamine B under
the Xe light irradiation.
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In most biological analyses, a sensitive detection technique is primarily dependent on the fluorescence labeling agent. New
generation of fluorophores called rare earth doped apatite nanoparticle (REAnp) has the ability to emit near infrared radiations
which are of low absorptivity by tissue chromophores and especially suitable for biological system imaging. Moreover, bioapatite
is demonstrated to be an excellent candidate for biomedical applications because of its biocompatibility, biodegradability, and
bioactivity. During recent years a lot of efforts have been made for achievement of REAnp for medical diagnostics and targeted
therapeutics applications. In this review, we discuss the significance of REAnps in biological systems, different root of synthesis,
and biological applications. Also we discuss the future studies for the effective biological applications of REAnps.

1. Introduction

The apatite group is a group of similar isomorphous hexag-
onal minerals and can be commonly found in nature as
both geological materials and biominerals in calcified tissues.
Apatite generally has the formula M

10
(TO
4
)
6
X
2
, with a

hexagonal symmetry (space group P6
3
/m), whereM is a large

divalent cation (Ca2+, Sr2+, Pb2+, etc.), TO
4
is a trivalent

anionic group (PO
4

3−, SiO
4

3−, VO
4

3−, etc.), and X is usually
a monovalent anion (F−, OH−, etc.) [1]. As a mineral, apatite
is mainly used as a phosphorus source for the manufacture
of fertilizers, for fluoridating water, and a protective coat on
metals to prevent rust and used to remove radioactive as well
as metallic contaminants from waste water and polluted soil
[2, 3]. The last decade has in particular witnessed the birth
or evaluation of numerous biomaterials based on apatite.
With the progress of nanotechnology, the decrease of particle
size of apatite host can result in important modification of
their properties which are significantly different from those
of microsized hosts because of quantum confinement effect

and surface effect of nanometer materials. Apatite nanopar-
ticles (Anps) demonstrate favorable biodegradability and
biocompatibility, affinity to biopolymers, and high osteogenic
and low toxicity [4]. Therefore this bioapatite has been
extensively used in biomedical field for hard tissue repair and
replacement, drug/gene delivery, and tumor treatments [5–
9]. Nanodimension allows the prolonged circulation in the
blood stream escaping the capture frommacrophages and the
accumulation at the tumor site by “passive targeting” through
the enhanced permeability and retention effect as nanocarrier
[10]. Moreover it shows high stability in normal cellular pH
environment but degradable at acidic environment specially
in tumor region which allows drug release [6, 7]. Another
very important characteristic of nanosized bioapatite is its
structural capacity to accept many ionic substitutions such
as lanthanide ions as luminescent centers for offering an
environment to sensitize the fluorescence of the dopant ions
[11, 12].

The labeling or staining, especially the fluorescent label-
ing, has been demonstrated as an indispensable tool in the
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study of complex biological interaction. Traditional fluores-
cence cell labeling procedures in cell biology were mainly
based on organic dyes, fluorescent proteins, and lanthanide
chelates, whichwere prone to problems such as short lifetime,
broad spectrum profiles, poor photochemical stability and
photobleaching thresholds, potential toxicity to the cells, and
simultaneous detection of multiple signals [13]. Therefore
last few decades a lot of investigations have been conducted
to find novel biological luminescent labeling methods for
medical diagnostics and targeted therapeutics applications.
In this context, use of quantum dots for cell labeling achieves
much more attentions [14]. However, the photoblinking and
high cytotoxicity limited their application for cell labelling
and they require surface modification for improving bio-
compatibility [15]. Rare earth doped apatite nanoparticles
(REAnps) show several advantageous properties such as long
fluorescence lifetime, high quantum yield, sharp emission
peaks, color tuning depending on the ions doped, and
good resistance to photobleaching from environmental and
other factors [16]. Therefore REAnps are hopeful to become
excellent cell labels.

In view of the growing interest in the lanthanide ions
doped Anps for biomedical application, this review article
will discuss apatite environment for holdingRE ions, different
procedures of preparation of Anp with rare earth ions, and
biological application of luminescent Anps. Currently iden-
tified challenges for use REAnps in biological environment
and perspectives of these nanoparticles are also discussed at
the end of this review.

2. The Characteristics of the Lanthanide
Doped Apatite Nanoparticles

The physical, chemical, and biological properties of apatite
are controlled by its crystal structure and composition.One of
the main characteristics of apatite is capable to be substituted
by other metal ions for calcium ions, which can endue the
newproperties for apatite [17].The elements in the lanthanide
series have gained huge attention due to their unique optical
characteristics, especially as a fluorophore in a variety of bio-
logical applications [18, 19]. Their unique optical properties
arise from electronic transitions within the 4f shell or from
4f to 5d shell [20]. These fluorophores can absorb light of a
specific wavelength and reemit a quantum of light with an
energy corresponding to the energy difference between the
excited state and the ground state [21]. The extreme stability
of lanthanides is attributed to the electronic transitions
occurring in the ions, as compared to the involvement of
chemical bonds in organic fluorophores and fluorescent
proteins. As a host material, apatite provides a crystal lattice,
which can fit the dopant ions so that the ions are held
tightly in the crystal. Recent progress in nanoscience has
enabled scientist to develop new fluorescent rare earth doped
inorganic nanomaterials as cell labels with the detectable and
stable fluorescent signal for understanding the complex and
dynamic biological interaction at the molecular level [22].

The presence of multiple metastable states in lanthanide
ions makes them good candidates for upconversion. Due to

their unique characteristic of absorbing Near Infrared (NIR)
light and emitting in the visible region paved way for their
exploration in biological applications [23]. Upconversion is
very well suited for biological application because NIR light
does not excite any tissue components and hence there is
almost zero background autofluorescence, which is especially
advantageous in microscopic techniques. The use of NIR
light for exciting the nanoparticles also offers high tissue
penetration depth compared to Ultra Violet and visible light,
enabling high resolution in vivo imaging. The phototoxi-
city from NIR is negligible [24]. REAnps show excellent
photostability, chemical stability, and the thermal stability.
Good photostability ensures long term tracking of these
nanoparticles, which is not possible in conventional organic
fluorescent labels with very quick photobleach. They also
do not exhibit the phenomenon of “on-off” photoblinking,
which is prevalent in quantum dots and causes the loss of
information about the process under study when it is in an
“off” state [25]. These particles can also be turned to emit
various colors depending on the type of lanthanide dopant
ions. The commonly used lanthanide ions for doping are
Ce3+, Pr3+, Nd3+, Sm3+, Eu3+, Tb3+, Dy3+, Er3+, Tm3+, and
Yb3+ [26]. Additionally, the codoping of rare earth elements
such as Eu3+ and Gd3+ can enhance the NIR emission and
the luminescence intensity can be adjusted by changing the
doping element ratio.TheNIR emission is of low absorptivity
by tissue chromophores and especially suitable for biological
system [27].

Other than these luminescent properties, rare earth
elements also lead to some changes about physical-chemical
properties of apatite nanoparticles. For example, the doping
of rare earth elements such as Eu3+ normally caused the size
decrease in cross-section direction of needle-like hydroxya-
patite crystals and inhibited the crystallinite of apatite [1].
These changes also influence the solubility as well as the
biological properties of apatite to some extent.However, these
are not the main content in this paper. So we do not discuss
them here in detail.

3. Synthesis of REAnps

The biological properties of various Anps used in in vitro
and in vivo applications are strongly depended on their
structural characteristics [28]. Therefore, it is important to
select suitable method to synthesize Anps for application
at cellular level. There are two main approaches for the
synthesis of nanoparticles called top-down and bottom-up.
Top-down approach refers to break down of bulkmaterials to
get a nanosized particles. Nanosized materials build up from
the basic chemical reaction called as bottom-up approach
[29]. Most of published researches normally use bottom-up
approach to synthesize Anps for the biomedical application
due to their potential ability to load various agents, that is,
therapeutic, bioimaging, and so forth [30, 31]. According to
the literature, there are several methods reported to prepare
RE doped apatite particles for biomedical application such as
solid state synthesis method, chemical precipitation method,
and sol gel method.
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3.1. Solid State Reaction. As a simple procedure, solid state
reaction can be employed in the mass production of apatite
particles. Generally the first procedure is to mix and mill
the raw materials in solid state and then calcine the mixture
at a very high temperature of more than 1000∘C. This high
calcination temperature leads to the formation of RE doped
apatitewithwell crystallized structure [32, 33].However, solid
state method is not suited for preparing REAnps because
apatite particles generated from solid statemethod are usually
large in size and irregular in shape. The relatively large
particles are not easily internalized by living cells and cannot
be used in biological application [29].

3.2. Coprecipitation Method. Nowadays, the precise prepara-
tion of nanoscale particles with controllable sizes and well
defined morphologies remains a significantly challenging
issue [34]. As a typical solution based approach, chemical
precipitation method is identified as an effective and con-
venient way to prepare various apatite biomaterials with
tunable architectures andmorphologies, attributed to itsmild
reaction conditions, ease of operation, and large scale produc-
tion capabilities [35]. Moreover, reaction can be performed
at a number of synthesis ways involving diverse chemicals,
apparatus, and using auxiliary additives. Various researches
had discussed the effects of synthesis parameters such as
temperature, time, reaction concentration, calcination pro-
cedures, and use of different reagents on the morphological
properties of these nanoparticles.

The luminescent Eu3+ ion doped calciumhydroxyl apatite
was prepared using a precipitation reaction followed by
high calcined temperature (950∘C) [36]. Although samples
showed good luminescence, due to use of high temper-
ature, the particle size of the crystals was large and not
at nanoscale level, which was unfavorable for biological
application. Subsequently, researchers focused on the effect of
temperature on the particle size and luminescence property.
Mondejar at el. obtained lanthanide doped nanoparticles
by precipitation method. They used two different reaction
temperatures of 37∘C and 80∘C and a calcined tempera-
ture of 1100∘C. As a result of heat treatment, the thermal
diffusion of the fluorescent ions to the crystallographic
site of Ca2+ occurred and consequently a strong emission
was achieved. According to the fluorescence emission, the
sample calcined at 1100∘C would be the most suitable one
to be used as fluorescent labels due to its strong lumines-
cence; however, the particle size of this sample is larger
than 1 𝜇m, which is not suitable for cellular uptake. In
contrast, the particle size of the samples obtained at 37∘C
lies between 20 and 50 nm, but their fluorescence is weak.
Therefore the nanocrystalline samples obtained at 80∘Cwith-
out additional heat treatment represent a good compromise
between fluorescence and biologically necessary particle size
[37].

Consequently, coprecipitationmethod without high tem-
perature calcination attracted more attentions for preparing
REAnps. Doat at el. synthesized europium doped Anps
at 37∘C by coprecipitation in water-ethanol medium. This
apatite showed hydrogen phosphate ions rich, calcium

deficient, and poorly crystallized nanosized crystals which
were similar to the mineral component of calcified tissues
of living organisms and thus a biomimetic material [38].
Some researchers synthesized luminescent europium doped
hydroxyapatite nanocrystals by coprecipitation method fol-
lowed by a heating at temperature around 100∘C [1, 11,
39]. They obtained biomimic apatitic particles with the best
economical way.

In addition, the properties such as morphology and
luminescence of REAnps can be controlled by coprecipitation
method. Ciobanu et al. prepared europium doped hydrox-
yapatite nanocrystals using simple coprecipitation method at
low temperature with different atomic ratios of Eu3+ andCa2+
ions. According to their results Eu3+ has been successfully
doped into hydroxy-Anps and doping Eu3+ ions little influ-
ence the ellipsoidal morphology [39]. However, other studies
showed that as the Eu3+ concentration was increased to
20% the emission spectrum became broaden, suggesting that
the doping inhibits the apatite crystal growth and/or causes
lattice perturbations (microstrain) [1]. At low concentration
of Eu3+, the sample showed less intense Eu3+ related red
emissions at 590 nm and 616 nm, whereas, with increased
doping, the emission intensity was increased significantly
with better spectral resolution. They emphasized that more
efficient intensity was found at 700 nm in 2% and 3% of Eu3+
concentration [26]. Ternane et al. reported that Ce3+ lumi-
nescence in well characterized calcium borohydroxyapatite
for different boron content and due to introduction of borate
groups causes an increase in structural disorder and a shift of
the emission bands to longer wavelengths resulting in sharp
luminescence intensity [40].

3.3. Sol Gel Method. Sol gel offers advantages of molecular
level mixing of reactants, improving the chemical homogene-
ity of the resulting powder, small crystal size ranging from
50 nm to 1 𝜇m (depending on synthesis parameters), and
excellent bioresorbability [41]. However only a few studies
directly focused on the sol gel synthesis method because it
is required to calcine the dried gel to remove the harmful
component and form apatite crystals at high temperature
[18, 42].

3.4. In-Situ and Ex-Situ Doping of RE. According to reported
documents there aremany strategies that have been employed
to load rare earth element ions to nanosized apatite lattice.
Generally, these strategies can be broadly summarized into
two groups: doping RE ions during the synthesis of apatite
nanoparticles called as in-situ doping and doping RE ions
after synthesis of apatite nanoparticles called as ex-situ
doping [43]. In-situ doping of RE ions in apatite is well
documented in the literature and most of research works
report synthesis method of lanthanide doped Anps is mainly
using chemical precipitation method [32, 33, 37, 38, 44].

A careful survey of literature shows that only a few
researchers have used ex-situ doping for synthesis RE labeled
Anps [45–47].They especially used ex-situ doping for apatite
particles to make radiolabeled particles. However, the ex-situ
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loading technique has generally a lower loading efficiency as
compared to the in-situ techniques.

4. Biological Applications

Optical materials have much attention due to their impor-
tance in the fields of biology, chemistry, medical science,
material science, and biotechnology. The performances of
REAnps mainly depend on their morphologies, structure,
and chemical compositions [48]. RE doped nanoparticles
have been investigated in a wide range of biological applica-
tions such as imaging, immunocytochemistry, DNA detec-
tion. Fluorescence microscopy involves the visualization of
cells or cellular components with subcellular resolution by
labeling them with fluorescent probes [49].

Imaging of live cells and their various cellular compo-
nents and tracking specific biomolecules are essential parts
of cell and molecular biology. The REAnps show stable
luminescence and possess NIR radiation.They provide a high
signal to noise ratio, strong penetration ability, and less photo
damage to the cell and tissue which has great advantages in
cell and tissue imaging [50].

Han et al. demonstrated Eu3+ doped HAP nanoparticles
for labeling of Bel-7402 human liver cancer cells. After
internalization by cells they could observe strong green
fluorescence and red fluorescence with excitation of blue
light and green light, respectively, in the visible region. They
also found that after 6.5 h incubation time the fluorescence
intensity showed a trend to decline slowly due to activity
of lysosome inside the cell, indicating that the intracellular
degradation of apatite nanoparticles might be tracked by
the change of fluorescence [43]. Therefore, they showed
that Eu-HAP nanoparticles have the potential as valuable
biocompatible fluorescent labeling material in biological
studies.

Doat et al. showed europium doped apatitic tricalcium
phosphate in human epithelial cells detected by confocal
microscopy with the aid of its stable luminescence.Therefore
these nanoparticles show interesting luminescent probe for
observing the traffic and grafted biomolecules in cells [18].
Niu et al. and colleagues monitored strontium fluorapatite
doped with Tb3+ or Eu3+ samples gives characteristics emis-
sions even after the loading of organic drug molecules and
they suggested its feasible possibility to be monitored or
tracked during the drug release and disease therapy process
[51]. RE doped Anps can be used as a tracking device for the
particle and give an observable indication of agent delivery,
while the nanoparticle can serve to protect the agent in vivo
until it has reached the destination.

Anps have been explored in research as feasible deliv-
ery platforms for therapeutic applications. Hydroxyapatite
(HAP) is of particular interest due to its appealing attributes
such as interconnecting porosity of bulk material, good bio-
compatibility, resistance to mechanical force, and sustained
release capacity. Thus, HAP nanoparticles are actively being
investigated for drug delivery [27, 52], gene and siRNA
delivery [53], and immunoadjuvant therapy. And also HAP
nanoparticles can deliver therapeutic drugs, antigens, and

proteins without degradation and can release them in proper
place at a slow rate [54]. And also it can be functionalizedwith
special characteristics for qualitative or quantitative detection
of tumor cells [55]. Chen et al. and group developed Eu3+
and Gd3+ dual doped calcium phosphate in the presence of
amphiphilic block copolymer and demonstrated imaging and
drug release capacity. They showed their hybrid material can
be used as the drug nanocarriers and have a high drug loading
capacity and ultralong sustained drug release using ibuprofen
as a model drug, and the drug release from the drug delivery
system can sustain for a very long period of time more
than 80 days [27]. REAnps have been applied as nonviral
carriers for drug delivery and gene therapy. After loading
with genes or drugs, REAnps provide a protective environ-
ment that shields them from degradation while providing
a convenient pathway for cell membrane penetration and
controlled release of the genes and drugs. The experimental
results proved that Anp possessed a higher penetration rate
into cell membrane and their transfection efficiency could
be 25-fold higher than that of the micron-sized particles
[4].

5. Conclusion and Perspectives

To optimize and achieve better performances, controlling the
structure and size of nanostructured apatite materials has
become a hot field. This account summarizes some recent
progress on the synthesis, properties, and application of
lanthanide doped Anps. Up to now, many synthesis methods
have been reported and in-situ precipitation method is
identified as effective method. Frequently to obtain well
diffused RE ion in apatite structure, precipitation method
followed by high temperature around 1000∘C is required.
But this much of high temperature causes production of
large particle size of apatite particles and it may not interline
with biological applications. Because research on lanthanide
doped apatite particles is still in its infancy, many of the effi-
cient synthesis procedures are yet to be discovered. Currently
some of investigators try to use macromolecular such as PEI
(polyethyleneimine), DNA, PEG (polyethylene glycol), and
PAA (polyacrylic acid) to eliminate use of high temperature
step and obtain well diffused RE ions in apatite structure.
But further experiments are required to select the most
appropriate stabilizer for this.

Also there is growing interest in the trace method of
luminescent Anps within biological system. Luminescent
property of the lanthanide ions can be used to trace Anps
within the biological system. There are more experiments
conducted to check cytotoxicity of Anp at the cellular level
and fortunately they still could obtain positive results. But
further investigation should find out biodistribution and
final destination of these particles. Additionally, due to their
excellent favorable osteoconductive and bioactive properties,
Anps are preferred as the inorganic component of composite
biomaterials [56, 57], which are valuable for bone grafting
and drug delivery. So, REAnp in the composite biomaterials
might be used as contrast agent to monitor the bone regen-
eration in vivo. On the other hand there are a number of
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challenges ahead in the practical applications of REAnps such
as the luminescent efficiency, biological compatibility, and
stability within biological systems.
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The porous alumina (Al
2
O
3
) layer obtained at the interface between polydimethylsiloxane/hydrogen peroxide medium and

aluminum substrate under charged and neutral species injection produced in negative corona discharges in air at atmospheric
pressure is analyzed by different methods in this paper. The scanning electron microscopy investigations showed the uniform
distribution of the pores formed in the alumina layer and their columnar structures. Both energy dispersive X-ray spectroscopy
(EDS) and X-ray photoelectron spectroscopy (XPS) measurements indicate that during the anodization process of the aluminum
in the polydimethylsiloxane/hydrogen peroxide medium in corona discharge the incorporation of silicon in the structure of the
alumina layer is possible.

1. Introduction

The porous alumina (Al
2
O
3
) layers are aluminum oxide films

consisting of cylindrical pores arranged parallel to each other.
By conventional methods, these layers are prepared by an

anodization process, namely, the electrochemical oxidation
of aluminum films in acid reactive medium under direct
current conditions. Although the chemical and physical
aspects of this process are not completely understood, it is
generally accepted that the porous form of the alumina layer
is produced in two steps: (a) growth of an aluminum oxide at
the alumina/Al interface due to the countermigration ofAl3+,
OH−, and O2− ions and (b) dissolution of aluminum oxide at
alumina film/solution interface [1].

Recent research studies in the field of anodization meth-
ods of aluminum were directed toward alternative methods
for the generation of alumina layers, namely, corona dis-
charge treatments [2]. Running of these kinds of discharges
in air at atmospheric pressure has the unique advantage of
simultaneous production of charged (negative or positive

ions) and neutral (e.g., O
3
) species of oxygen known for their

reactive character in the interaction with materials.
Over the time, alumina layers have been intensely studied

due to their widespread application in corrosion protection
for aerospace, automotive, architectural, or packaging [2].
Their nontoxic and biocompatible properties make them
also attractive for biotechnological applications [3]. Alumina
nanoparticles can be trapped and studied in electromagnetic
fields [4, 5] and are of great interest for their antimicrobial
activity and their possible clinical applications [6].

As substrates, porous anodic Al oxide layers can improve
the adherence of different types of thin layers [7–9]. On
the other hand, a PDMS layer deposited on an anodized
porous Al oxide layer [10] could act as an effective barrier
preventing the contact of water based corrosive media with
the underlying metallic surfaces [11, 12].

In our previous papers, we showed that, during the
polymerization of a polydimethylsiloxane (PDMS) liquid film
lying on the surface of an aluminum substrate in corona
discharge, an Al oxide layer is generated at polymer/substrate
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Figure 2: Waveform of the discharge current in the Trichel pulse
regime.

interface [10]. The OH and Si-OH groups present at poly-
mer/substrate interface determine the formation of Si-O-
Al bonds announcing the possibility of counter migration
of Si and Al atoms. The aluminum oxide layer has porous
structure, the pores having a nonuniform distribution on the
alumina layer [13]. The dependence of the pores structure
on the corona discharge current values [14, 15] and the
formation of the Si-O-Al bonds evidenced the existence of an
anodization process at polymer/Al substrate interface.

Responsible for oxidation of the Al surface in negative
corona discharge are the negative ions of oxygen (O

2

−, O
3

−,
O
4

−, CO
2

−, and CO
3

−), the water, and consequently the OH
radicals present either in liquid or in solid film further formed
on the substrate due to the PDMS polymerization process
[10]. Even these species are able to generate an anodization
process of the Al in a similar way with the classical one; the
nonuniformdistribution of the pores structure in the alumina
layer suggests that the experimental conditions need further
improvements.

In this paper, we report for the first time a uniform
distribution of the pores in the alumina layer generated

in corona discharge operating conditions by mixing the
hydroxyl terminated PDMS liquid precursor with hydrogen
peroxide (H

2
O
2
). In this way, the water molecules and the

density of OH radicals at Al substrate interface are enhanced,
knowing that hydrogen peroxide can be involved in the
following reactions:

H
2
O
2
→ H
2
O + 1/2O

2
[16],

OH +H
2
O
2
→ H
2
O +HO

2
[17],

HO
2
+H
2
O
2
→ O
2
+H
2
O +OH [17],

2O
3
+H
2
O → OH⋅ +O

2
+HO

2
[17].

The morphology, the elemental composition, and the
processes which determine the porous alumina layer for-
mation in negative corona discharge in the presence of a
PDMS/H

2
O
2
chemical medium are investigated by scanning

electronmicroscopy (SEM), electron dispersion spectroscopy
(EDS), and X-ray photoelectron spectroscopy (XPS).

2. Materials and Methods

2.1. Description of the Experimental Conditions Used for the
Generation of the Porous Alumina Layers. The experimental
setup used for the operating of the negative corona discharge
in a Trichel pulse regime is presented in Figure 1. It consists
in a point to plane corona discharge electrode configuration,
the distance between electrodes being 10mm.The cathode is
a 20mm tungsten wire placed perpendicular to the centre
of the anode (plane electrode) in a glass cage in air at
atmospheric pressure. As anode, we used an Al disk electrode
with a diameter of 10mm. A high voltage of 11 kV was applied
between electrodes, through a resistor of 5MΩ, the mean
value of the discharge current being 40 𝜇A.

The negative ions of oxygen O
2

−, O
3

−, O
4

−, CO
2

−, and
CO
3

− produced in the Trichel regime of the negative corona
discharge in the vicinity of the cathode [18] travel to the
anode in regular packages. The transport of these particles
through the interelectrodic gap have a pulsating nature due to
the periodical character of positive/negative ions production
respectively destruction processes occurring at the cathode.
Thus, the corona discharge current, Figure 2, is formed by
regular pulses with a period of about 1.5 𝜇s.
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(a) (b)

Figure 3: SEM images of (a) porous anodic Al oxide layer and (b) transversal section of the alumina layer.

Due to the uniformity of the current density distribution
on the anode surface and to the O

2

−, O
3

−, O
4

−, CO
2

−, and
CO
3

− negative ions production, the Trichel pulse regime
of the corona discharge is proper to be used for thin film
generation [10]. It was shown [19] that, in a Trichel pulse
regime, the distribution of the current density on the plane
electrode is uniform on a circular surface with a radius given
by the relation 𝑟 = √3𝑑, where 𝑑 is the interelectrode gap. In
our experimental conditions 𝑟 = 17.2mm.

Previously [10], we showed that a drop of 0.1𝜇L hydroxyl
terminated polydimethylsiloxane (PDMS) liquid precursor
stretched on an Al substrate in negative corona discharge
is transformed into a solid polymer layer after 2 hours. As
a result of the polymerization process, water molecules are
generated in the PDMS layer.They can be decomposed under
the influence of corona electric fields and associated charges
injection generating OH radicals in the polymer. The Si-OH
groups present also in the PDMS layer have proved their util-
ity in the generation of Si-O-Al bonds at polymer/Al substrate
interface. In the same time, at polymer/Al substrate interface
an anodization process occurs. The negative ions of oxygen
produced in corona discharge, the water molecules and the
OH groups resulting as byproducts of the polymerization
process [10] are mainly responsible for the alumina layer
formation.

In experimental conditions described above, we placed a
10 𝜇L of liquid precursor on an optical polished Al substrate
(anode). This liquid precursor contains a proportion of 33%
PDMSwith hydroxyl end groups and 67%hydrogen peroxide
(H
2
O
2
). The addition of H

2
O
2
to the PDMS liquid precursor

does not change the electrical regime of the corona discharge
and its optical characteristics. Under negative corona charge
injection, the stretch of the PDMS liquid assures the uniform
covering of the substrate with the H

2
O
2
. The further decom-

position of H
2
O
2
in negative corona discharge produced in

air gives an enhanced infusion of water molecules and OH
radicals at the surface of the Al substrate.

The solid layer formed after 5 hours of irradiation in
negative corona discharge of the PDMS/H

2
O
2
has been

chemically removed. Thus, the anodization processes of the
Al substrate were revealed through the morphology and
elemental composition analysis of porous anodic Al oxide
layer.

2.2. SEM Measurements. The morphology of the alumina
layers has been investigated using a FEI Inspect S scanning
electron microscope in both high- and low-vacuum modes.

2.3. EDSMeasurements. Elemental composition analysis was
performed by energy dispersive X-ray spectroscopy using an
EDAX Inc. SiLi detector attached inside the scanning electron
microscope. The measurements were performed at a voltage
of 10 kV.

2.4. XPS Measurements. The X-ray photoelectron spec-
troscopy (XPS) measurements were performed using a VG
ESCA 3 MK II XPS installation (𝐸𝑘𝛼 = 1486.7 eV). The
vacuum analysis chamber pressure was 𝑝 = 3 × 108 torr.
The XPS recorded spectrum involved an energy window𝑤 =
20 eV with the resolution 𝑅 = 50 eV with 256 recording
channels. The XPS spectra were processed using Spectral
Data Processor v 2.3 (SDP) software. The measured binding
energy (BE) scale was referenced to a C 1s peak at the BE value
of 284.8 eV [20]. The accuracy for BE assignments is ±0.2 eV.

3. Results and Discussions

3.1. SEM Investigations. In our previous papers [10, 14, 15] we
showed that the pores formed into the alumina layer during
the polymerization process of the PDMS liquid precursor
on Al substrate in negative corona discharge do not present
uniform and regular structures.

In the present paper, by matching the current intensity
(40 𝜇A) with the liquid precursor’s composition (33% PDMS
with hydroxyl end groups and 67% H

2
O
2
) and with the

operating time of the negative corona discharge (5 hours),
we succeed to generate a uniform distribution of the pores
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Figure 4: EDS spectrum of porous anodic Al oxide layer.
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in the anodic Al oxide layer, Figure 3(a). The columnar
structure of these pores is revealed in Figure 3(b).Thus, under
the experimental conditions presented above, the uniform
injection of the negative oxygen ions into a liquid/layer rich in
water molecules and OH groups is proper for the generation
in a controllable manner of an advanced anodization process
(columnar structure formation [20]) of the Al substrate.

3.2. EDS Investigations. The establishment of the elements
contained in the porous alumina layer is important in order
to determine themechanisms responsible for the anodization
of the Al substrate.

In Figure 4, the EDS spectrum of the porous anodic
Al oxide layer displayed in Figure 3 is presented. It can be
observed that, besides the peaks of Al and O, a peak char-

acteristic to Si atoms appears in this spectrum. As in the
SEM image from Figure 3(a), there are no residual pieces of
polymer on the surface of porous Al oxide layer; it means that
during the anodization process of the substrate the Si atoms
are incorporated into the anodic Al oxide layer

3.3. XPS Investigations. The chemical processes induced by
the PDMS/H

2
O
2
into the Al substrate were investigated by

X-ray photoelectron spectroscopy (XPS) measurements.
The XPS spectrum of the porous anodic Al oxide layer is

displayed in Figure 5.
In order to better reveal the processes that take place

during the anodization of Al substrate in corona discharge
in the presence of PDMS/H

2
O
2
, we applied a peak fitting

analysis for the experimental bands specific to the Al 2p, Si
2p, andO 1s XPS peaks. For each peak, we used as fitted curve
a Gaussian type profile curve.

The experimental XPS bands characteristic to Al 2p, Si
2p, and O 1s together with the fitted curves are presented in
Figure 6. The intensity of the deconvoluted XPS band from
73.6 eV belonging to Al

2
O
3
[21] is almost the same with

that one located at 74.9 eV and assigned to aluminosilicates
(Al
2
SiO
5
), Figure 6(a) [22].

The deconvolution of the Si 2p XPS peak reveals the
nature of the Si incorporated into the anodic Al oxide porous
layer. The presence of the 99.8 eV (Si), 101.3 eV (SiO) [23],
102.8 eV (Al

2
SiO
5
) [24], and 104.2 eV (SiO

2
) [25] XPS bands

in the Si 2p spectrum fromFigure 6(b) indicates how Si atoms
are linked in the porous anodic Al oxide layer.

Two fitted peaks located at 530.7 eV and 532.1 eV were
observed in the high resolution XPS spectrum of O 1s shown
in Figure 6(c). This certified the formation of Al-O-Si bonds
[26], respectively, of the Al

2
O
3
[27].

The XPS and EDS measurements presented above are
in good agreement with one another showing that Si atoms
(coming from PDMS/H

2
O
2
medium) can be incorporated

into the porous alumina layer. This result can be understood
if we consider that in a classical electrochemical anodization
process there are two stages in the pores formation due to
the competing oxidation and dissolution processes: (a) the
growth of aluminum oxide due to the counter migration of
Al3+, OH−, andO2− ions and (b) the dissolution of aluminum
oxide at the interface between the alumina film and solution
[1, 20].

4. Conclusions

In this paper, we report for the first time the formation of a
porous anodic Al oxide layer in negative corona discharge in
the presence of the PDMS/H

2
O
2
lying on the surface of the

Al substrate.This process is favored by the enhanced infusion
of H
2
O and OH radicals, respectively, by the negative ions of

oxygen and neutral species (O
3
) produced in negative corona

discharge in air at atmospheric pressure. The OH radicals are
produced at PDMS/H

2
O
2
/substrate interface as a result of the

H
2
O
2
and H

2
O decomposition.
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Figure 6: High resolution XPS spectra for (a) Al 2p, (b) Si 2p, and (c) O 1s peaks.The experimental curve is plotted in black and the theoretical
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The pores present a uniform distributed structure on the
surface and in the bulk of the alumina layer as the SEM
analysis shows.

The XPS and EDSmeasurements indicate that during the
pores formation mechanism the Si atoms coming from the
PDMS are incorporated into the porous anodic Al oxide layer
in an Al

2
SiO
5
structure.
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The goal of this study was to synthetize and characterize a porous material based on tetraethyl orthosilicate (TEOS) coated
hydroxyapatite (HApTh) after removal experiments of Pb2+ ions from aqueous solutions. In order to study the morphology
and composition, the samples obtained after removal experiments of Pb2+ ions from aqueous solution with the initial Pb2+ ion
concentrations of the aqueous solutions were 0.1 g⋅L−1 (HApTh-50) and 0.9 g⋅L−1 (HApTh-450) have been investigated by scanning
electronmicroscopy (SEM) equippedwith an energy dispersive X-ray spectrometer (EDS), Fourier transform infrared spectroscopy
(FTIR), and transmission electronmicroscopy (TEM). Removal experiments of Pb2+ ionswere carried out in aqueous solutionswith
controlled concentration of Pb2+. After the removal experiment of Pb2+ ions from solutions, porous hydroxyapatite nanoparticles
were transformed into HApTh-50 and HApTh-450 due to the adsorption of Pb2+ ions followed by a cation exchange reaction. The
obtained results show that the porous HApTh nanopowders could be used for Pb2+ ions removal from aqueous solutions.

1. Introduction

One of the major problems encountered in the public health
area worldwide is the poisoning with various heavy metals.
Researchers around the world have turned their attention to
finding new effective and cost-efficient methods for depol-
lution, considering the fact that heavy metals are nonbio-
degradable, having the tendency to accumulate in living bod-
ies, leading to disorders of different functions and to serious
diseases [1, 2]. Lead (Pb) is a very toxic heavy metal, found in
the earth’s crust with an average concentration of 16mg/kg in
soils [3, 4]. On the other hand, lead has been extensively used
in various industries, being a constituent in building materi-
als, pipes, lead-acid batteries, bullets, and paints. In a report
released by the Agency for Toxic Substances and Disease
Registry (ATSDR), in 2007, the harmful effect of lead on the
human nervous and reproductive systems was emphasized.
Contamination of wastewaters represents a major concern

because this is one way of lead bioaccumulation in the food
chain [3]. Recent studies have revealed that children aremore
susceptible to lead poisoning, their bodies being able to
absorb around 50% of inhaled or ingested lead and the
effects beingmore pronounced and long-lasting, compared to
adults [5]. Moreover, the effects of chronic lead exposure to
various functions of the human body have already been
reported [3, 6]. In this context,many researchers have focused
their attention to developing differentmethods for dangerous
heavymetals removal fromwastewaters. Among themethods
already used, chemical precipitation, membrane filtration,
ion-exchange, and adsorption could be mentioned [7–9]. Of
all these methods, the most preferred one is the adsorption of
heavy metals ions from aqueous solution using cost-efficient
materials [7–9]. Previous studies have revealed that apatites
are able to successfully remove lead from aqueous solu-
tions [4, 10]. The best known member of the apatite
family is hydroxyapatite (HAp). Synthetic hydroxyapatite,
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Ca
10
(PO
4
)
6
(OH)
2
, has been used in the last decades in many

biomedical applications as coating for orthopedic or dental
implants or as filling material for various injuries or defects,
being similar to the natural mineral component of the human
bones and teeth [11]. Furthermore, two of the most appealing
properties for environmental applications thatHAp possesses
are its ability to adsorb complex organic materials and the
capacity of heavy metals ion-exchanging [11–14]. Previous
studies have shown that Pb2+ ions exchange rapidly with
Ca, this process inducing morphological changes in the
surface region [15–17]. In order to increase the adsorption
ability of hydroxyapatite, an increase in its porosity must be
obtained. Therefore, doping hydroxyapatite with silicon ions
may be the key to increase the porosity, thus creating a better
material for lead removal from aqueous solutions. Recent
studies have shown that the addition of tetraethoxysilane
(TEOS) can induce the formation of large textural pores [18].
Consequently, in order to increase the lead adsorption capac-
ity of hydroxyapatite, it must be doped with a silicon based
compound, such as TEOS.

The goal of this study was to synthetize and characterize
new porousmaterial based on tetraethyl orthosilicate (TEOS)
and hydroxyapatite (HApTh) after removal experiment
of Pb2+ ions from aqueous solution. The obtained powders
after removal experiment of Pb2+ ions from aqueous solution
when the initial Pb2+ ion concentrations of the aqueous
solutions were 0.1 g⋅L−1 (HApTh-50) and 0.9 g⋅L−1 (HApTh-
450) have been investigated by scanning electronmicroscopy
(SEM), transmission electron microscopy (TEM), and Four-
ier transform infrared spectroscopy (FTIR). Another objec-
tive was to investigate the removal of Pb2+ ions from aqueous
solutions with different pH values using HApTh nanopow-
ders.

2. Experimental Section

2.1. Materials. All the reagents including ammonium dihy-
drogen phosphate [(NH

4
)
2
HPO
4
] (AlphaAesar), calciumnit-

rate tetrahydrate [Ca(NO
3
)
2
⋅4H
2
O] (Alpha Aesar), ethanol,

and tetraethyl orthosilicate (TEOS) with 99.999% purity were
purchased from Sigma-Aldrich and lead nitrate [Pb(NO

3
)
2
]

with 99.5% purity was purchased from Merck and used
without further purification.

2.2. Synthesis of Hydroxyapatite/TEOS Nanocomposites.
Hydroxyapatite/TEOS nanocomposites (HApTh) were
prepared using tetraethyl orthosilicate and hydroxyapatite.
The hydroxyapatite (Ca

10
(PO
4
)
6
(OH)
2
) nanoparticles were

prepared by setting the atomic ratio of Ca/P at 1.67 in accord
with [19, 20]. The hydroxyapatite (HAp) was immobilized
into a tetraethyl orthosilicate foam using the technique
reported in the literature [20]. HApTh was obtained when
tetraethyl orthosilicate solution (1 g HAp/10mL) was
dropped on the HAp powder. The mixtures were then stirred
vigorously for 30min until homogeneity was achieved. After
forming stable structures,HApThcomposites were allowed to
dry at 80∘C for 24 h in a vacuum oven for the excess solvent
to evaporate. Finally, HApTh composite samples were then
ground in order to obtain powders.

2.3. Samples Characterization. In order to investigate the
composition and morphology of the samples an equipment
FESEMHITACHI 4700 coupled with an energy dispersive X-
ray attachment (EDAX/2001 device) was used. TEM studies
were carried out using a FEI Tecnai 12 (FEI Company,
Hillsboro,OR,USA) equippedwith a low-dose digital camera
from Gatan Inc. (Pleasanton, CA, USA). Small quantities of
HApTh powder were dispersed in deionised water and
deposited on a copper grid coatedwith carbonfilm.This tech-
nique allows a good definition of crystal morphology.

The FTIR spectra were acquired using a Spectrum BX
spectrometer. Pellets of 10mm diameter for FTIR measure-
ments were prepared (1% of the powder was mixed and
ground with 99% KBr) by pressing the powder mixture at a
load of 5 tons for 2min. The spectra were registered in the
range from 400 to 4000 cm−1 with a resolution of 4 and 128
times scanning.

TheRaman spectra were registeredwith a Renishaw InVia
dispersive Raman spectrometer (2012), equipped with a Leica
DM microscope and one laser source at 514 nm (gas-type),
Spectra Physics Ar ion laser (20mW). The samples were
analyzed using the 514 nm laser with a power at 0.2mW and
1800 L/mmgratings.The spectral range covered for all spectra
is 100–2000 cm−1 with a resolution below 2 cm−1. Prior to
each reference measurement, the instrument was calibrated
on the internal Si-reference standard (520.6 ± 0.1 cm−1).

The removal performance of Pb2+ ions by the HApTh
powders was investigated by batch experiments, monitoring
the change of Pb2+ ion concentration in the aqueous solu-
tions. For these experiments, 5 g of HApTh nanocomposites
were added to 500mL aqueous solution with various initial
Pb2+ ion concentrations and pH values in accord with Jang
et al. [21]. The initial Pb2+ ion concentrations of the aqueous
solutions were controlled and the values were set in the range
0.1–1.5 g⋅L−1 by dissolving lead nitrate [Pb(NO

3
)
2
] in deion-

ized water. The pH values of aqueous solutions with con-
trolled initial Pb2+ ion concentrations were adjusted from 3
to 6 by adding small amounts of 0.1MHCl standard solution.
For all experiments the solution was stirred constantly for
24 h by a mechanical stirrer at room temperature.

3. Results and Discussions

Scanning electron microscopy (SEM) was used to character-
ize the morphology and elemental composition of synthe-
sized powders after lead removal experiments. SEM images
presented in Figure 1 showed that lead incorporation into
HApTh samples affects the particle shape.The crystal clusters
with needle or rod-like shapes were observed in SEMmicro-
graphs for the HApTh-50 and HApTh-450 samples.The clus-
ters with needle or rod-like shapes were distinguished when
the Pb2+ ion concentration from the aqueous solutions was
0.9 g⋅L−1 (HApTh-450 samples).

The EDX analysis indicates that calcium, phosphorus,
silicon, and oxygen are the major constituents of the samples.
The presence of Pb is also observed.

Figure 2 shows the TEM image of HApTh powders after
the sorption experiment. These nanoparticles exhibit
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Figure 1: SEM micrographs with EDX spectra for the (a) HApTh-50 and (b) HApTh-450 samples.
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Figure 2: TEMmicrograph of HAp after Pb2+ removal experiments for: (a) HApTh-50 and (b) HApTh-450 samples.

a needle-like morphology usually observed on HAp powders
obtained by coprecipitation method [22]. Moreover, in TEM
images it is easy to observe the formation of a new phase
(pyromorphite) with a plate-like morphology (especially in
the case of HApTh-450 samples). This behavior suggests that
the incorporation of lead in the HApTh matrix stimulates
local calcium enrichment.

These images also confirm the hypothesis that the main
mechanism of lead immobilization is first of all based on the
dissolution of HApTh followed by the precipitation of phases
with higher lead content [23].

The Fourier transform infrared spectroscopy provides
valuable information about the short-range ordering of
materials. In Figure 3 are presented the FTIR spectra of the
obtained powders after Pb2+ removal experiments.The inter-
action between lead (II) and HApTh structure led to some
modifications of infrared vibrations of the functional groups.
This behavior can be explained by the reaction mechanism
which involves the HApTh dissolution in acid environment
and HApTh Pb crystallisation [24].

In all the spectra the presence at around 640 cm−1 of OH
vibration peak could be noticed. The broad peaks in the
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Figure 3: FT-IR spectra of HApTh-50 and HApTh-450 samples.

regions 1600–1700 cm−1 and 3200–3400 cm−1 are attributed
to the hydroxyl groups [25–27].

The specific bands of (PO
4

3−) phosphate groups char-
acteristic to hydroxyapatite structure were observed at
568 cm−1, 637 cm−1, 605 cm−1, 964 cm−1, and 1000–
1100 cm−1 [28, 29]. The 964 cm−1 band can be associated to
the ]
1
nondegenerated symmetric stretching mode of P–O.

The vibrational bands at 605 cm−1 and 568 cm−1 are attri-
buted to the triply degenerated ]

4
vibration of O–P–O bond,

and the band at 472 cm−1 may be attributed to the ]
2
bending

of O–P–O bond. Moreover, the weak band observed around
1500 cm−1 could be assigned to the A-type carbonate ion
substitutions, whereas the bands at 1422–1456 cm−1 (]

3
) can

be attributed to B-type CO
3

2− substitutions [30–32].
Moreover, it is well known that the vibrations bands

(stretching and bending) assigned to the Si–O–Si bonds
appear in the 1100–900 cm−1 and 550–400 cm−1 spectral
regions. In the FTIR spectra (Figure 3) it is obvious that the
stretching and bending bands of SiO

4
groups are overlapping

with the band of the PO
4
group [30, 31, 33–37].

According to Ping et al. [38] the vibration band at
806 cm−1 (HApTh-450 sample) could be attributed to Si–O
stretching of dimer silicate chains, indicating the start of
silicate polymerization.

The Raman spectra of the HApTh-50 and HApTh-450
powders are reported in Figure 4. The Raman vibrations
bands at 959 and 924 cm−1 are attributed to the ]

1
PO
4
vibra-

tion modes. In HApTh-50 samples, only the 959 cm−1 band
appears, whereas the HApTh-450 samples exhibit two bands,
one strong at 959 cm−1 and the other band at 924 cm−1. This
behavior is caused by the Ag-E2g splitting in the hexagonal
𝐶

6h symmetry [38, 39].
For the all samples, the vibrational spectra exhibit a strong

molecular character associated with the internalmodes of the
tetrahedral PO

4

3−. The ]
2
bands (426 cm−1 and 450 cm−1)
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Figure 4: Raman spectra for the HApTh-50 and HApTh-450
samples.

are attributed to the O–P–O bending modes; ]
3
vibration

bands (1073 cm−1 and 1045 cm−1) correspond to asymmetric
P–O stretching and the ]

4
bands (579 cm−1, 589 cm−1 and

607 cm−1) are attributed mainly to O–P–O bending.
In order to evaluate the impact of the lead concentration

in the aqueous solution, absorption experiments were per-
formed. HApTh solutions with concentration varying from
0.1 to 1.5 g⋅L−1 at pH 5 were used. The measurements were
performed on 500mL solution (pH 5) with an initial Pb2+ ion
concentration of 63mg⋅L−1. In Figure 5 the adsorption effi-
ciency of Pb2+ ions as a function of the Pb2+ concentration in
the solution is presented. It was observed that the removal
efficiency is dependent on the initial Pb2+ concentration. For
a lead concentration of 0.2 g⋅L−1, the removal efficiency
reached 98.6%, showing that the adsorbentmaterial (HApTh)
has a strong affinity to Pb2+ ions. For Pb2+ concentration
ranging from 0.4 g⋅L−1 to 1.5 g⋅L−1, the removal efficiency was
around 100%. This behavior could be explained by the fact
that the Pb2+ ions were completely removed from the solu-
tion.

Figure 5 shows the measured lead concentration in the
solution after the reaction with HApTh has taken place. For
the studies on the effect of the solution pH, a solution con-
taining 0.9 g⋅L−1 of lead was selected (Figure 6). A solution
containing 563mg⋅L−1 of Pb2+ ions was obtained from 0.9 g
of Pb(NO

3
)
2
in 1 L of distilled water.

A removal efficiency of 100% was achieved for pH 6.
On the other hand, the removal efficiency of Pb2+ ions was
98.5% at pH 3. The removal efficiency of Pb2+ ions was 99%
for pH 4. When the pH value was set to 5 the removal
efficiency of Pb2+ ions was 99.5%. The present studies have
shown that the removal of Pb2+ ions from aqueous solution
by hydroxyapatite/TEOS nanocomposites was greater than
98.6% at all pH values of the aqueous solution used for the
removal of Pb2+ ions.
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Figure 6: Effect of the solution pH on the removal of Pb2+ ions by
HApTh.

According to these results, it can be highlighted the fact
that the HApTh can really remove Pb2+ ions from aqueous
solutions.

One of the most important parameters which must be
considered in the absorption experiments is the pH of the
solutions due to the fact that the pH of groundwater and
surface waters varies between 5 and 7 [40]. The results of
our studies have shown that the solid reaction products of
aqueous Pb2+ with theHApTharemainly pH-dependent, this
being in good agreement with other results reported in
literature [40].

For the assimilation of different metals from aqueous
solutions by hydroxyapatite [17, 41–43] different processes
have been proposed, such as metal complexation on the HAp
surface, apatite dissolution followed by a new metal phase
precipitation, and cation exchange. In previous studies [44],
it has been shown that the formation of a stable lead apatite

such as Ca
(10−𝑥)

Pb
𝑥
(PO
4
)

6
(OH)
2
by ion exchange mecha-

nism where Pb2+ present in the solution replaces Ca2+ ions
from the hydroxyapatite lattice is possible. Furthermore, the
Pb
(10−𝑥)

Ca
𝑥
(PO
4
)

6
(OH)
2
crystals with higher content of cal-

cium are unstable [45]. Therefore, the HAp should be subject
of a permanent process of dissolution and precipitation in
order to obtain more stable materials with a higher lead
percentage.

4. Conclusions

The main goal of this study was to synthesize a new porous
nanocomposite material based on tetraethyl orthosilicate
(TEOS) coated hydroxyapatite. In this study we investigated
the ability of these new materials to remove Pb2+ ions
from aqueous solutions with different concentration and pH
values. After HApTh reacted with the solution containing
Pb2+ ions, the lead ions were completely removed from the
solution and the dissolution of Ca

10
(PO
4
)
6
(OH)
2
occurred.

The HApTh powders exhibited the higher removal efficiency
of Pb2+ ions at pH 6.TheTEM studies confirm the hypothesis
that the main mechanism of lead immobilization is first of all
based on the dissolution of HAp followed by the precipitation
of phases with higher lead content.This study showed that the
HApTh nanopowders are promising materials for lead ions
removal from aqueous solutions with different pH values,
being able to be used in the future for depollution of
wastewaters.
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Optically active cinchona alkaloid was anchored onto mesoporous SBA-16 silica and the as-prepared complex was used as a
heterogeneous chiral ligand of osmium tetraoxide for the asymmetric dihydroxylation of olefins. The prepared catalytic system
provided 90–93% yield of vicinal diol with 92–99% enantioselectivity. The ordered mesoporous SBA-16 silica was found to be a
valuable support for the cinchona alkaloid liganded osmium catalyst system which is frequently used in chemical industries and
research laboratories for olefin functionalization.

1. Introduction

The discovery of highly ordered mesoporous materials has
opened up new fields of research in advanced chemistry,
modern electronics, and nanotechnology [1–3]. Ordered
mesoporous SBA-16 is a nanostructured porous material
with a 3D cubic arrangement of mesopores that corresponds
to the Im3m space group [4–9]. The surface properties of
such materials could be significantly modified by adding
organic groups and various functionalities onto them [10].
Our interest in the field led us to prepare SBA-16 silica-
supported biscinchona alkaloid for osmium-catalyzed asym-
metric dihydroxylation (AD) of olefins. Osmium-catalyzed
asymmetric dihydroxylation of olefins is an attractivemethod
for the synthesis of optically active diols [11–14]. Cinchona
alkaloid-based osmium complexes are harmless and known
to be the most effective chiral catalysts for AD reactions in
terms of both reactivity and enantioselectivity [15–18].

However, the high cost and toxicity of osmium are a
serious concern and many efforts have been devoted to over-
come the issue including the development of heterogeneous
catalyst ligand to trap the osmium [19, 20]. Immobilization

of homogeneous catalysts onto various supports has emerged
as a major route to prepare heterogeneous catalysts [21,
22]. Such a heterogeneous catalyst system offers practical
advantages in catalyst separation and potential recycling
over its homogeneous counterpart [23, 24]. Silica gel such
as mesoporous silica MCM-41 and SBA-15 has been suc-
cessfully used as inorganic supports for the immobilization
of homogeneous catalysts [25–27]. However, despite having
highly ordered mesopores, SBA-16 silica has been scarcely
explored in this area. Herein, we described the synthesis of
SBA-16 supported cinchona alkaloid ligand and tested it for
the osmium catalyzed AD reaction of olefins to diols, a key
reaction in organic synthesis.

2. Experimental Details

2.1. Preparation of the SBA-16 Silica. SBA-16 silica was
synthesized at room temperature under acidic condition
using Pluronic F127 (EO

106
PO
70
EO
106

, 𝑀
𝑤
= 12.6K) as

a structure-directing agent (SDA) [28]. The acidic solution
was made by adding 1.5 g of deionized (DI) water to 120 g of
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Scheme 1: Preparation of SBA-16-supported biscinchona alkaloid 1.

2MHCl solution at room temperature. Subsequently, 8.5 g of
tetraethoxysilane (TEOS) was added onto the solution and
stirring continued for 20 h. The reaction mixture was kept
at 100∘C for 48 h. During this time the solid SBA-16 was
produced under static conditions in a Teflon-lined vessel.
The solid product was recovered and washed with DI water.
Calcination was carried out slowly by increasing temperature
from room temperature to 500∘C in 8 h and heating at 500∘C
for another 6 h.

2.2. Preparation of the 1,4-Bis(9-O-quininyl)phthalazine 3.
NaH (2.24mmol) at 0∘C was slowly added to a stirred
solution of 1,4-dichlorophthalazine (0.5mmol) and quinine 4
(1.15mmol) in THF (8mL). The solution was stirred at 60∘C
for 2 h and then it was quenched at 0∘C by careful addition of
water.Themixture was extracted in ethyl acetate (EtOAc) and
the solvent was removed under reduced pressure.The residue
was purified by short column chromatography to separate 1,4-
bis(9-O-quininyl)phthalazine 3 and 82% yield was obtained.

2.3. Preparation of the Triethoxysilanized 1,4-Bis(9-O-quin-
inyl)phthalazine 2. 1,4-Bis(9-O-quininyl)phthalazine 3
(0.5mmol) was added to a solution of (3-mercapto-propyl)
triethoxysilane (1.25mmol) and 𝛼,𝛼-azoisobutyronitrile
(AIBN) (0.10mmol) in degassed chloroform (10mL) under
N
2
atmosphere. The reaction mixture was refluxed for 30 h

and concentrated under reduced pressure. The residue was
purified by flash short column on silica gel to give compound
2 with 80% yield.

2.4. Immobilization of Biscinchona Alkaloid 2 onto SBA-
16 Silica 1. SBA-16 silica (1.0 g) was suspended in toluene
and refluxed with compound 2 (145mg, 0.124mmol). After
12 h, the powder was collected by filtration and washed
with methanol and methylene chloride. After drying under
vacuum at 70∘C, SBA-16-supported alkaloid 1 (1.077 g)
was obtained. Elemental analysis and weight gain showed
that 0.073mmol of 1,4-bis(9-O-quininyl)phthalazine was
anchored on 1.0 g of SBA-16-supported chiral Ligand 1.

2.5. Characterization of SBA-16-Supported Chiral Ligand 1.
Powder X-ray diffractometry (Philips PW 1729) was used
for the determination of crystalline structure using CuKa
radiation over 0.5∘ ≤ 2𝜃 ≤ 3. The XRD sample of SBA-16
was analyzed at 30∘C. The diffractograms showed 3 peaks at
2𝜃 ≈ 0.74

∘, 1.1∘, and 1.4∘ that corresponded to (110), (200),
and (211) planes, respectively, in the cubic Im3m structure.
The transmission electronmicroscopy (TEM)was performed
with a FEI Tecnai G2 microscope operated at 200 kV. The
TEM sample was prepared by placing a few drops of SBA-16
powder dispersed in acetone on a carbon grid and allowing
it to dry for 5min before TEM analysis. Large particles were
crushed by submerging them in liquid nitrogen followed by
mechanical grinding in a mortar prior to acetone dispersion.
Thenitrogen adsorption-desorptionmeasurementswere per-
formed at −196∘C on a Micromeritics ASAP 2020 surface
area and porosity analyzer. Approximately 0.5 g of SBA-16was
degassed at 300∘C for 9 h before taking themeasurement.The
surface area determination was performed by the Brunauer-
Emmett-Teller (BET) method [29] over the relative pressure
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(𝑃/𝑃
0
) range of 0.05–0.2. The pore-size distribution was

determined using the Broekhoff-de Boer (BdB) method [30]
applied to the adsorption branch. Finally, the total pore
volume was calculated from the amount of adsorbed N

2
at

𝑃/𝑃
0
= 0.99, and the microporous volume was determined

using the 𝑡-plot method.

2.6. Asymmetric Dihydroxylation of Olefin Using SBA-16-
Supported Chiral Ligand 1. A mixture of SBA-16-supported
biscinchona alkaloid 1 (1mol%), potassium ferricyanide
(1.5mmol), potassium carbonate (1.5mmol), and OsO

4

(1mol%, 0.5M in water) in tert-butyl alcohol-water (6mL,
1 : 1, v/v) was stirred at room temperature for 30min. Olefin
(0.5mmol) was added at once and stirred for 7∼15 h. The
reaction mixture was diluted with water and CH

2
Cl
2
and the

immobilized Ligand 1 was separated by filtration. The crude
product was purified by flash column chromatography, and
the enantiomeric excess of the diol was determined by chiral
gas chromatography (GC) analysis (Agilent HP Chiral-20B
30MX0.25MMX0.25UM GC Column).

3. Results and Discussion

To synthesize a SBA-16-supported biscinchona alkaloid 1, we
started with quinine and 1,4-dichlorophthalazine following a
route shown in Scheme 1.

Treatment of optically active quinine 4 with 1,4-dichlo-
rophthalazine in the presence of excess NaH synthesized
4-bis(9-O-quininyl)phthalazine 3 with high yield (82%).
Radical reaction of dimeric quinine 3 with (3-mercap-
topropyl)triethoxysilane in the presence of AIBN radical
initiator provided compound 2 having a pendant triethoxysi-
lane functional group. The desired immobilized biscinchona
alkaloid SBA-16 1 (loading ratio: 0.073mmol/g) was readily
obtained by condensation of 2with surface silanols of SBA-16
support in refluxing toluene. The degree of functionalization
was determined by elemental analysis and weight gain. As
shown in Table 1, the surface area and pore diameter were
decreased following the modification. The high resolution
transmission electron microscopy (HRTEM) image of SBA-
16-supported Ligand 1 is shown in Figure 1. The 3D cubic
structure and the pore arrays were conserved after the immo-
bilization of 1,4-bis(9-O-quininyl)phthalazine onto SBA-16
silica and it was also confirmed by XRD (Figure 2).

The AD reaction of stilbene was performed in the
presence of immobilized cinchona alkaloid 1 (1mol%) and
OsO
4
(1mol%) at room temperature. Potassium carbonate

and potassium ferricyanide were used as a secondary oxidant
in tert-butyl alcohol-water mixture (1 : 1). The results are
summarized in Table 2. Surprisingly, catalytic AD reactions
of stilbene provided excellent enantioselectivities and high
yields (entries 1 and 2). Osmium catalyst loading of 0.5mol%
was sufficient to obtain outstanding enantioseletivity as well
as high reactivity. Moreover, the SBA-16-supported alkaloid-
OsO
4
complex could be reused for the AD reaction of

stilbene without a significant loss of reactivity and enantios-
electivity (entry 3). The catalyst was also highly effective to

Figure 1: HRTEM image of SBA-16-supported Ligand 1.
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Figure 2: XRD pattern of SBA-16-supported Ligand 1.

ADofmethylcinnamate, 1-phenyl-1-cyclohexene, and styrene
(entries 4–6).

The SBA-16-supported Ligand 1 reported here showed
somewhat higher reactivity and better asymmetric induction
over amorphous silica-supported biscinchona alkaloid [25].
The improved outcome of the reaction seems to be attributed
to the ordered array of chiral catalytic site on the nanopore
surface of SBA-16 support. The ordered array leads to elegant
site isolationwhichmay result in enhanced enantioselectivity.

Romero et al. [31] reported the asymmetric dihydroxy-
lation reaction of olefin using ionic liquid, which involves
high cost and toxicity. The yield and enantioselectivity of the
styrene were also very poor (87% yield, 62% ee) [32]. On the
other hand, Junttila and Hormi [33] used methanesulfon-
amide as an accelerator of the asymmetric dihydroxylation
reaction using potassium osmate (vi) and obtained 97% ee
with low yield (70%) of the diol product. It is noteworthy here
that the alkaloid ligand complexes synthesized in this report
produced excellent results in terms of both yield (93%) and
enantioselectivity (92–99%).
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Table 1: Structural characteristics of SBA-16-supported Ligand 1.

Sample Surface area Pore diameter Pore volume Functional group
SBA-16 820m2/g 5.13 nm 0.73 cm3/g —
1 490m2/g 3.68 nm 0.45 cm3/g 0.073mmol/g

Table 2: Heterogeneous AD of olefins using SBA-16-supported Ligand 1a.

R R
OH

OH

∗
∗Ligand 1

OsO4, K3Fe(CN)6
K2CO3, t-BuOH-H2O

Entry Olefin Time (h) Yield (%) (%) Eeb Config.b

1 7 93 >99 S, S

2c 7 91 98 S, S

3d 8 90 97 S, S

4
CO2Me

9 91 96 2R, 3S

5 10 92 94 2S, 3S

6 15 92 92 S

aThe reactions were carried out at RT; molar ratio of olefin/OsO4/supported ligand = 1/0.01/0.01. bEe and absolute configuration were determined by chiral
GC analysis. cMolar ratio of olefin/OsO4/supported ligand = 1/0.005/0.005. dReaction was carried out with regenerated 1 without further addition of OsO4.

4. Conclusion

We successfully synthesized air and moisture stable SBA-
16-supported biscinchona alkaloid chiral ligand. Osmium
tetraoxide readily formed a chiral complex with the SBA-
16-supported biscinchona alkaloid at room temperature.
The synthesized SBA-16 supported Os-complex efficiently
promoted the asymmetric dihydroxylation of olefin to corre-
sponding diols with 92–99% enantioselectivity and 93% yield,
demonstrating SBA-16 silica as an excellent support material
for the heterogeneous chiral ligand.
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Ce dopedBiFeO
3
thin filmswith a perovskite structurewere prepared using solution-gelationmethod. It shows that the ferroelectric

properties have been enhanced after dopingCe.The enhanced ferroelectric properties are attributed to the structural transformation
and the reduced leakage current after doping rare metal of Ce. It has been found that the phase structures of the films transfer from
rhombohedral symmetry structure to the coexistence of the tetragonal and orthorhombic symmetry structure. And Fe2+ ions have
been reduced, which leads to the decreased leakage for Ce doped BiFeO

3
thin films.The present work can provide an available way

to improve the ferroelectric and leakage properties for multiferroic BiFeO
3
based thin films.

1. Introduction

Multiferroic materials exhibit ferroelectric, ferromagnetic,
and ferroelasticity properties simultaneously in a certain tem-
perature range.The single phase BiFeO

3
(BFO)materials with

perovskite structure have aroused wide concerns due to its
high curie temperature (TN) of 1103 K and Neil temperature
(TC) of 643K [1], which make it a most promising candidate
in ferroelectric memory storage and magnetoelectric devices
[2–5]. However, for BiFeO

3
materials with a rhombohedrally

distorted perovskite structure belonging to the space group
R3c, it is difficult to gain a large saturation and remnant
polarization due to the higher leakage current arising from
defects such as impurity phases and oxygen vacancies [6, 7].
Several investigations have been carried out to prove that it is
an effective approach for rare earth iron doping at Bi site to
overcome the technical barrier and improve the ferroelectric
and leakage properties of BiFeO

3
materials [8–10]. Evidently,

donor and acceptor dopants have contrary effects on mod-
ulating the charged defects. Thus, it becomes necessary to
further understand how they affect the respective polarity
and polarization stability of BiFeO

3
thin films. However,

most of these studies were focused on ceramics and bulk
materials [11, 12], which are not fit for the rapidly developing
micro- and nanoelectromechanical system (MEMS&NEMS).

Therefore, in this work, Ce doped BiFeO
3
thin films were

prepared using solution-gelation method as this technique
can well control the stoichiometric ratio. Ce will replace Bi
of A sites in perovskite structure of ABO

3
. The choice of the

dopant ion was based on the fact that Ce3+ has a more stable
electronic configuration than Bi3+, which minimizes the
leakage current and further improves ferroelectric properties
in BiFeO

3
thin films.Theorigins of the improved ferroelectric

and leakage properties are discussed in detail in this paper.
The present work can provide an available way to improve the
ferroelectric properties for single phase multiferroic BiFeO

3

based thin films.

2. Experiment

The pure and Ce doped BiFeO
3
thin films were prepared

using the solution-gelation method. All the reactions were
carried out at room temperature under ambient conditions.
High-purity bismuth nitrate [Bi(NO

3
)
3
⋅5H
2
O], ferric nitrate

[Fe(NO
3
)
3
⋅9H
2
O], and cerium nitrate [Ce(NO

3
)
3
⋅6H
2
O]

were obtained from commercial sources (Alfa Aesar); they
were dissolved in solvent ethylene glycol monomethyl ether
in proper proportions of 0.99 : 1 : 0.1 and stirred until the
solutions turn into transparent for about three to four hours.
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(a) (b)

Figure 1: The typical SEM images of the thin films, (a) pure BiFeO
3
thin films, (b) Ce doped BiFeO

3
thin films.
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Figure 2: (a) XRD patterns of pure and Ce doped BiFeO
3
thin films, (b) magnified XRD patterns.

[Bi(NO
3
)
3
⋅5H
2
O] should be added by excessive 10% for

volatilizing Bi in process of dissolving and annealing. The
process of preparing pure BiFeO

3
solution is similar to the

above one, but [Bi(NO
3
)
3
⋅5H
2
O] and [Fe(NO

3
)
3
⋅9H
2
O] had

the proportion of 1.1 : 1. Further, the prepared solutions were
aged for several days. Then, the thin films were coated
by spin coater. Here are conditions of rotation speed; low
velocity is 400 r/min and high velocity is 3500 r/min. Next
thin films were baked on the heating stage for five minutes
at 280∘C and annealed with rapid thermal processor system
for five minutes at 550∘C. This process was repeated twelve
times and final annealing was for twenty minutes to obtain
the BiFeO

3
thin films with the thickness of 300 nm. The

orientation, crystal structure, and phase purity of the thin
films were analyzed by X-ray diffraction (XRD, Panalytical-
Empyrean) with Cu-K𝛼 radiation (𝜆 = 0.15406 nm). The
surface morphologies of the thin films were investigated
by a scanning electron microscope (SEM, Hitachi S-4800).
Raman spectroscopymeasurements were performed at room
temperature using a confocal Raman spectroscope (NT-MDT
NTEGRA Spectra) with a 633 nm excitation laser with an
initial power of 10mW. For the fabrication of BiFeO

3
based

multiferroic thin film capacitors, Au top electrodes with

a diameter of 0.2mmwere deposited on the surface of the thin
films using an ion sputtering method. The ferroelectric and
leakage properties of the thin films capacitors were measured
using amultiferroic tester system (MultiFerroic100V, Radient
Technology,USA) at room temperature.The binding energies
of atoms and orbits for the samples were characterized by X-
ray photoelectron spectroscopy (XPS, KRATOS-AMICUS).
The cleaning treatments of thin films were carried out
using Ar ion bombardment. And all binding energies were
calibrated with respect to C 1s spectral line at 284.8 eV.

3. Results and Discussion

The typical SEM images of the pure andCe doped BiFeO
3
thin

films were shown in Figure 1. One can clearly observe that
both thin films are assembled with uniformly distributed
grains. Some small voids can be observed from the surface of
the pure BiFeO

3
thin films in Figure 1(a), while for Ce doped

BiFeO
3
thin films, it exhibits more dense morphology and

less small holes than the pure BiFeO
3
thin films as shown in

Figure 1(b). That is, the microstructure of thin films becomes
more compact, which leads to the reduced voids for thin
films. Thus result is attributed to the fact that Ce is more
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Figure 3: Raman scattering spectra of (a) Ce doped BiFeO
3
and (b) pure BiFeO

3
thin films.
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Figure 4: (a) Ferroelectric hysteresis of the pure and Ce doped BiFeO
3
thin films, (b) leakage current curves of the pure and Ce doped BiFeO

3

thin films.
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Figure 5: XPS survey spectra of pure and Ce doped BiFeO
3
thin films.
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Figure 6: XPS patterns of the typical pure BiFeO
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thin films. (a) High-resolution Fe 2p spectra, (b) fitting spectra of
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peaks, (c) high-resolution Bi 4f spectra, and (d) figh-resolution C 1s spectra.

stable than Bi element, which reduces oxygen vacancy and
increases the combining of elements. This compact surface
morphology is available to improve the properties such as
ferroelectricity and the leakage current of thin films.

Figure 2 presents the XRD patterns of the pure and Ce
doped BiFeO

3
thin films. It can be seen that the thin films are

polycrystalline perovskite structure without any prominent
impurity peaks (e.g., Bi

2
Fe
4
O
9
, Bi
25
FeO
40
, etc.) observed.

The absence of the diffraction peaks of Ce and its oxides
implies that Ce is incorporated with the BiFeO

3
by the

means of substitution for Bi. Figure 1(b) further gives an
expanded view on the location of diffraction peaks in the

range of 30–33 and 47–57 degree (2𝜃). It shows clearly that
the pure BiFeO

3
thin film has a perovskite rhombohedral

structure belonging to the space group R3c as the (104)
and (110) diffraction peaks are almost completely separated,
while the two diffraction peaks were greatly overlapped
to form one peak with the Ce substitution doping at Bi
site, which indicates that the rhombohedral distortion is
reduced toward the coexistence of tetragonal and orthorhom-
bic symmetry structure after doping Ce. This structural
transformation is consistent with the other reports on rare
earth doped BiFeO

3
ceramics [13, 14]. Besides, it can be

seen that the position of all the diffraction peaks does not
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Table 1: Raman scattering modes of the pure and Ce doped BiFeO3
thin films.

Raman modes BiFeO3 thin films Ce doped BiFeO3 thin films
A1-1 (cm

−1) 141.10 139.06
A1-2 (cm

−1) 167.88 167.35
A1-3 (cm

−1) 198.66 197.66
E-2 (cm−1) 268.60 254.68
E-5 (cm−1) 355.53 346.64
A1-4 (cm

−1) 428.25 —
E-7 (cm−1) 471.04 487.72
E-8 (cm−1) 523.04 541.48
E-9 (cm−1) 612.05 595.63

obviously shift. That is attributed to the almost equal ionic
radius of Ce3+ (1.02 Å) compared with that of Bi3+ (1.03 Å).

Figure 3 shows the Raman scattering spectra of the pure
and Ce doped BiFeO

3
thin films. Table 1 reveals the Raman

scattering modes of pure BiFeO
3
and Ce doped BiFeO

3
thin

films includingA
1
-1, A
1
-2, A
1
-3, A
1
-4, E-2, E-5, 5E-7, E-8, and

E-9 modes, respectively.The observed scattering modes were
in close agreement with the irreducible representation: Γ =
4A
1
+ 9E [15, 16]. Combining Table 1 and Figure 3, we found

that A
1
-1 A
1
-2, E-2, andA

1
-3modes have got red shift and the

scattering peak at 428.25 cm−1 has disappeared after doping
Ce. The reason for this phenomenon can be stated as the
following two aspects: one is that the change of the interaction
between atoms due to the heavier atom of Bi replaced by
the lighter atom of Ce causes the change of the phonon fre-
quencies after doping Ce; another reason is structural phase
transformation from rhombohedral symmetry structure to
the coexistence of tetragonal and orthorhombic symmetry
structure after doping Ce, which leads to the change in Bi–O
covalent bonds as the bond controls the E-1, A

1
-1, A
1
-2, A
1
-3,

and E-2 modes.
Figure 4(a) illustrates ferroelectric hysteresis and leakage

current of the pure and Ce doped BiFeO
3
thin films, respec-

tively. As shown in Figure 4(a), the ferroelectric properties
change after doping Ce. For the pure BiFeO

3
thin films,

the ferroelectric properties are poor and unsaturated fer-
roelectric hysteresis is observed, while the polarization has
been enhanced for the film of Ce doped BiFeO

3
thin films,

especially under large electric field. After doping Ce, the
remanent and saturation polarization have been increased
from 6.22𝜇c/cm2 to 25.10𝜇c/cm2 and from 27.07𝜇c/cm2
to 49.22𝜇c/cm2, respectively. It is caused by the structural
transformation from the R3c space group of rhombohedral
structure of the pure BiFeO

3
thin films to the Pna2

1
space

group of orthorhombic structure of Ce doped BiFeO
3
thin

films. Moreover, the improvement of ferroelectricity is also
closely related to the leakage current behavior as discussed
below.

Figure 4(b) further shows the leakage current versus
electric field (𝐸) characteristics plots recorded with a voltage
step width of 0.1 V of the thin films capacitors. It shows
that the leakage currents of Ce doped BiFeO

3
thin films are

decreased by one to two orders of magnitude in comparison

with the pure BiFeO
3
thin films. For the pure BiFeO

3
thin

films, a substantial number of oxygen vacancies and Fe2+
ion are created to compensate the positive charge deficiency
caused by the vaporization of Bi [17]. They serve as donor-
like trapping centers for electrons, which can be activated
to be free for current conduction at the applied electric
field, further leading to the higher leakage current in the
pure BiFeO

3
thin films [18], while the leakage current of

BiFeO
3
thin films was decreased after doping Ce, which is

attributed to two factors. On one hand, the reduction of
leakage current results from the structural transformation as
discussed above.The leakage current of the pure BiFeO

3
thin

films is larger than that of Ce doped BiFeO
3
thin films, which

indicates the rhombohedral structure is closely related to the
higher leakage current density. The coexistence structure of
tetragonal and orthorhombic symmetry structure in BiFeO

3

thin films is an important season to decrease the leakage
current. On the other hand, the creation of oxygen vacancies
and the presence of Fe2+ ion were suppressed as it is effective
forCe substitution doping to control the volatility of Bi atoms.
Thus XPS investigations further confirm those points.

In order to intensify the oxidation of Fe, oxygen vacan-
cies, and the elements for the pure and Ce doped BiFeO

3
thin

films, XPS survey spectra are presented in Figure 5. It reveals
the presence of Bi, Fe, O, and Ce without any other trace
impurities except for a small amount of carbon for Ce doped
BiFeO

3
thin films. This confirms the chemical compositions

of the pure and Ce doped BiFeO
3
thin films.

In order to further intensify the oxidation of Fe,
Figure 6(a) presents the representative Fe 2p XPS spectra of
the pure and Ce doped BiFeO

3
thin films. Two main XPS

peaks for Fe 2p
1/2

and Fe 2p
3/2

were observed in both the pure
and theCedopedBiFeO

3
thin films.Moreover, a satellite peak

was also identified, which was considered to be characteristic
of the oxidation state of Fe. Due to different d orbital electron
configuration, during the relaxation of metal cations, Fe2+
and Fe3+ cations always show the satellite peaks with the gap
of 6 eV and 8 eV above the Fe 2p

3/2
peaks, respectively [19].

We further analyze the peak of the Fe2p3/2 by Lorentzian-
Gaussian fitting, as shown in Figure 6(b). It suggests that
Fe3+ and Fe2+ cations are coexistence in both the thin films
and the binding energy changes after doping Ce. The Fe2p3/2
peak position for the pure BiFeO

3
thin films is confirmed

at 710.30 eV for Fe2+ cations and 712.49 eV for Fe3+ ions,
respectively, while the Fe2p3/2 peak position for Ce doped
BiFeO

3
films is confirmed at 709.79 eV for Fe2+ ions and

711.28 eV for Fe3+ cations, respectively. It is easy to conclude
that the binding energy between Fe and O decreases after
doping rare earth metal of Ce. The change in Bi–O covalent
bonds is attributed to the structural phase transformation
from rhombohedral symmetry structure to the coexistence
of tetragonal and orthorhombic symmetry structure, which
is accordant with the results of the Raman shift spectra
discussed above. At the same time, the binding energy
between Bi and O does not change after doping Ce, as shown
in Figure 6(c).The peak position is confirmed at 164.02 eV for
Bi 4f
5/2

and 158.68 eV for Bi 4f
7/2

. Figure 6(d) further presents
the XPS peak of C for the pure and Ce doped BiFeO

3
thin
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films, which suggests that the peak shifts above would come
from the change of binding energy rather than the measure
errors.

As we know, electron hops between Fe3+ cations and
Fe2+ ions are accordant with charged compensated oxygen
vacancies. More Fe2+ ions imply more oxygen vacancies,
which would cause large leakage current and further decrease
ferroelectric properties. Fortunately, the ratio of Fe2+ to Fe3+
cations changes from about 1 : 1 to 1 : 2 by calculating the area
of peak. It obviously means that the concentration of the Fe2+
is decreased after doping Ce. Therefore, the Ce doping was
helpful to reduce the Fe2+ ions concentration in BiFeO

3
based

thin films, which decrease their leakage currents and further
improve ferroelectric properties.

4. Conclusions

In summary, the pure and Ce doped BiFeO
3
thin films

were prepared by solution-gelation process and their phase
structures, ferroelectric properties, and leakage were system-
atically investigated. The enhanced ferroelectric properties
have been obtained after doping Ce. Thus enhancement is
attributed to the structural transformation from rhombo-
hedral symmetry structure to coexistence of orthorhombic
symmetry structure revealed by XRD measurements. At the
same time, the leakage current decreases obviously, which
originates from the change of the binding energy between
Fe–O increases and the decrease of the concentration of the
Fe2+ after doping Ce. The present work provides an available
way on enhancing ferroelectric properties and possible mul-
tifunctional applications for BiFeO

3
based thin films.
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