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Materials and structures at the nanoscale often have unique
mechanical, electronic, or optical properties.With emergence
of various novel nanoscale materials and structures over
the past decades, traditional testing and characterization
techniques may not be suitable any more especially when
structures are formed with sizes comparable to any of many
possible length scales. In this special issue, original research
articles were selected which cover the mechanical, electrical,
thermal, optical, and biological properties of a broad range of
nanomaterials. We hope the special issue will stimulate find-
ing of new phenomena and properties and developing novel
techniques for testing and characterization of nanomaterials.

Bei Peng
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Yaling Liu
Yong Zhu
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Grafting aptamers on nanostructured substrates has shown ultrasensitivity in isolation of circulating tumor cells (CTCs). Here,
we report that over 80 cm2 of homogenous nanostructured surface on glass substrates can be prepared in 5min after one-step
dry etching. The surface area was doubled; the average diameter of nanostructures is approximately 374 nm, which is more
close to the nanostructures of natural extracellular matrix. Antiepithelial cell adhesion molecule aptamers grafted nanostructured
glass substrates captured over 76% of PC3 cells compared to 30% of planar substrates. Bispecific aptamers cofunctionalized
nanostructured substrates, however, fail to capture cancer cells probably due to the formation of heterodimers. This limitation
reveals that multispecific aptamers, when applied to cell isolation, must be analyzed to exclude any potential formation of
heterodimers due to complementary sequence matching.

1. Introduction

Circulating tumor cells (CTCs) as emerging tumor biomark-
ers can provide valuable information for clinical diagno-
sis, prognosis, and treatment [1–5]. Over the last decade,
numerous methods for detection and isolation of CTCs
have been developed [6]. Recently, nanostructured substrates
have emerged as very promising tools. They provide more
surface area for ligands immobilization and lower the rolling
velocity of cells in microchannels [7, 8]. Cancer cells also
can dynamically arrange focal adhesion points [9]. However,
there are twomajor challenges. First, due to the limitations of
existing nanofabrication techniques, large-scale fabrication
of homogeneous nanostructured substrates is nontrivial [10,
11].These nanostructured substrates in small pieces (few cm2)
only process a limited amount of blood at a time (≤1mL)
[1]. Clinically relevant CTCs detection approaches should be
able to process at least 7.5mL of blood [12].Thus, preparation
of homogeneous nanostructures in large area is compulsory.
Heterogeneity of CTCs poses the other challenge. Currently

biological isolation approaches heavily rely on antiepithelial
cell adhesion molecule (EpCAM). However, CTCs may have
little or no expression of EpCAM on the cell membrane [13],
causing biased isolation of CTCs [14].

To prepare homogeneous nanostructures in larger area,
we develop a new recipe using C

3
F
8
and C

4
F
8
as etchant gas

and successfully obtain approximately 80 cm2 projected area
of homogeneous nanostructures after one-step dry etching
in 5min. Such area theoretically can process 8mL whole
blood samples for detection of CTCs [15]. On the other
hand, to alleviate the challenge raised by heterogeneity of
CTCs, we immobilize bispecific aptamers on nanostructured
glass surface for cancer cells isolation. Aptamers are single-
stranded oligomers that can specifically recognize and bind to
target protein [16]. They are chemically stable at a wide range
of pH, temperature, and ionic conditions [17]. Moreover,
aptamers can be prepared in large quantity without batch-to-
batch variation [18]. Bispecific aptamers have been used for
targeted drug delivery [19]. However, it is unknown whether
bispecific aptamers are able to increase isolation efficiency of
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Table 1: Sequences of respective aptamers and control DNA.

Name Sequence (5 → 3)
AEA [18] AAA AAA AAA AAA CAC TAC AGA GGT TGC GTC TGT CCC ACG TTG TCA TGG GGG GTT GGC CTG
APA [16] AAA AAA AAA AAA GCG TTT TCG CTT TTG CGT TTT GGG TCA TCT GCT TAC GAT AGC AAT GCT
Control DNA AAA AAA AAA AAA CTG TCT TCG CGC CTA GCG CGA CCA TGT TAC AGA GCA GTG ATT TAG AGG

cancer cells yet. To test the isolation efficiency, anti-EpCAM
aptamers (AEA) or antiprostate specific membrane antigen
(PSMA) aptamers (APA) are used.

Our results show that nanostructures with diameters
ranging from 127 to 413 nm are successfully prepared, and
nanostructured substrates can significantly increase cell cap-
ture efficacy. However, bispecific aptamers of AEA/APAmix-
ture fail to capture PC3 cells due to the potential formation of
heterodimers.

2. Materials and Methods

All chemicals were obtained from Sigma-Aldrich unless oth-
erwise noted.

2.1. Glass Slides Etching and Characterization. Theglass slides
(Borofloat 33, Schott) were cleaned in piranha solution for
10min at 90∘C., followed by rinsing with DI water and drying
in nitrogen flow. To create nanostructured surfaces, plain
glass surface was subjected to RIE (ULVAC, NLD570 oxide
etcher) for 3 to 15min. The RIE condition was selected as
C
3
F
8
(30 sccm), C

4
F
8
(10 sccm), Ar (50 sccm), O

2
(10 sccm),

antenna power (2000W), bias power (50–200W), and cham-
ber pressure (5mTorr). After the RIE process, the glass
surface was cleaned using piranha solution and DI water.
Surface topography was evaluated quantitatively using a JPK
atomic force microscope (AFM). Images of 10 × 10 𝜇m area
were captured in tapping model.

2.2. Cell Culture. PC3 cells (EpCAM+/PSMA−) were cultured
inDMEMsupplementedwith 10%FBS, penicillin:streptomy-
cin 100U/mL and plated in T-25 tissue culture flasks (Corn-
ing, US). Flasks were placed into an incubator maintaining
5% CO

2
at 37∘C and 10% humidity.

2.3. Aptamers Binding to Cancer Cells. Therespective sequen-
ces of AEA and APA (Sangon, Shanghai) were shown in
Table 1. To confirm the binding of aptamer to cancer cells, Cy3
fluorescent groups labelledAEA,APA, and controlDNAwere
incubated with PC3 cells. The aptamers were denatured by
heating samples to 70∘C for 5minutes and then slowly cooling
to RT. Cells in duplicate were seeded into 6-well cell culture
plate and cultured for 48 hours. The aptamers and control
DNA were incubated with cells at 37∘C for 30 minutes under
5% CO

2
. After incubation, the cells were washed with 1x PBS

three times, fixed with 4% paraformaldehyde for 30min, and
then stored in 1x PBS for optical and fluorescence imaging.
The fluorescence images were taken followed by analysis of
fluorescence intensity with ImageJ.

2.4. Immobilize Aptamers onto Nanostructured Glass Surface.
All glass samples were immersed in 5% 3-aminopropyltrie-
thoxysilane (APTES) in ethanol for 2 h at RT. The silanized
substrates were then sequentially rinsed with DI water and
cured at 120∘C for 1 h. The substrates were then immersed
in a dimethylformamide (DMF) solution containing 10%
pyridine and 1mM phenyldiisothiocyanate (PDITC) for 2
hours. Each substrate was then washed sequentially with
DMF and 1,2-dichloroethane and dried under a stream of
nitrogen.The amine groupmodified aptamers were prepared
at 30 𝜇M in DI water (ratio of AEA/APA: 1 : 3, 1 : 1, and 3 : 1).
A volume of 25 𝜇L of aptamer solution was placed on each
substrate and allowed to incubate in a humidity chamber at
37∘C overnight. Each substrate was then sequentially washed
with methanol and DI water. The functionalized surface
was then deactivated by capping unreacted PDITC moieties
by immersion in 50mM 6-amino-1-hexanol in DMF for 5
hours. Each substrate was then sequentially rinsedwithDMF,
methanol, and DI water.

2.5. Cell Capture Assay and Image Analysis. Four devices
functionalizedwithAEA, APA, AEA/APA, and control DNA,
respectively, were prepared for each type of cell. 1 × 105
cells/mL 500𝜇L of cell suspension was seeded onto 1 × 1 cm
device surface and incubated at 37∘C for 30min, and then
1x PBS was used to wash off the nonspecifically bound cells.
Captured cells were fixedwith 4%paraformaldehyde for 1 h at
RT and then treated with permeabilizing block buffer (1x PBS
with 0.5% sodium azide supplemented with 0.05% Triton X-
100 and 10% BSA). Cells were then washed with perm wash
1x PBS supplemented with 0.5% sodium azide followed by
0.1 𝜇g/mL DAPI staining. The whole glass slide was analyzed
using Cytell (GE, US) high-content imaging system using 10x
objectives.Thenumber of captured cells was counted through
DAPI stained nuclei of cells. Cell capture efficiency was then
defined as the ratio of the number of captured cells to the total
number of cells.

2.6. Electrophoresis Analysis of Heterodimers. 8 𝜇L of AEA
and 8 𝜇L of APA at 50 pM in 1x PBS were well mixed and
denatured at 95∘C for 5min and then slowly cooled to RT.
8 𝜇L of AEA or APA at 50 pM in 1x PBS was treated by the
same procedure. Samples were analyzed by 4% agarose gel
electrophoresis at 80V at 4∘C.

3. Results and Discussion

3.1. Characterization of Nanostructures. AFM images of sam-
ples and quantified results are shown in Figure 1 and Table 2.
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Figure 1: AFM images (10 × 10𝜇m2) of the surface roughness of etched glass. (a) shows glass surface before etching; (b) shows glass etched
at 50W for 5min; (c) shows glass etched at 100W for 5min; (d) shows glass etched at 200W for 5min.

Table 2: Characterization of glass substrates under different etching
conditions.

Etching condition Surface
area (𝜇m2)

Mean
diameter
(nm)

𝑅
𝑞
(nm)

Unetched 102 2 6.5
50W 5min 191 126.8 77.9
100W 5min 212 374.3 203
200W 5min 363.5 412.9 382.4

The increase of bias power can significantly increase the
surface roughness. High bias power (200W) is not ideal
for preparation of homogeneous nanostructures and thus is
excluded. Insular and abruptmicrostructures are found prob-
ably due to fast etching rate (Figure 1(d)). We choose 100W
bias power and treatment for 5min in following experiments.
Previous research validated that cancer cell capture yield
increased with nanoroughness [9]. Roughness of 203 nm
obtained at 100W is better. Moreover, the mean diameter
of nanostructures obtained at 100W for 5min is 374.3 nm
(Figure 1(c)). The size is more close to the nanostructures of
natural extracellular matrix which fall in the range of 260 to
410 nm [1].

3.2. Aptamers Binding to Cancer Cells. To confirm AEA and
APA can specifically recognize and bind to PC3 cells, Cy3
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Figure 2: Average fluorescence intensity of AEA or APA binding to
the LNCaP cells. Aptamers were allowed to interact and bind to cells
at 37∘C for 30min in 5% CO

2
. After binding, the cells were washed

with 1x PBS three times.

labelled AEA, APA, and control DNAwere directly incubated
with cells.The fluorescence intensity of respective aptamers is
shown in Figure 2. The fluorescence signals reveal that AEA
can bind to PC3 cells that weakly express EpCAM. Previous
study has confirmed that APA can specifically recognize
and internalize into PSMA+ cells with minimal uptake into
PSMA− PC3 cells [20]. We did not detect fluorescent signals
from dye labelled APA because of null expression of PSMA
on PC3 cell membrane. Nonspecific adsorption or binding of
control DNA probes did not occur.
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Figure 3: (a) shows average capture efficiency of PC3 cells on theAEA, APA, or AEA/APA functionalized planar and nanostructured surfaces;
(b) shows differentiated capture efficiency of PC3 cells on the mixture of AEA and APA in ratio, respectively. 1 × 105 cells were seeded onto
surfaces and incubated at 37∘C for 30min in 5% CO

2
. After binding, the cells were washed with 1x PBS three times.

3.3. Cancer Cells Capture. We firstly compared the difference
of capture yield of PC3 cells between planar and nanos-
tructured substrates (Figure 3(a)). 30.4% (SD: 3.6%) and
76.2% (SD: 8.5%) of PC3 cells were captured on planar and
nanostructured glass substrates with AEA, respectively. The
low capture efficiency of AEA functionalized planar surface
might be raised by the inherent low-affinity interactions of
aptamers [21]. The dissociation constant (𝐾

𝑑
) value of anti-

EpCAM aptamer is approximately 20 nM, and it is fluctuant
depending on the types of target cells [22]. Moreover, low
amount of EpCAM (51,667 EpCAM molecules per cell) may
be unable to gain sufficient binding forces during washing
procedure [23]. In contrast, AEA grafted nanostructured
substrates increase capture yield through higher odds of
binding and higher total binding forces between AEA and
EpCAM. In control groups, 1.4% (SD: 0.3%) and 0.5% (SD:
0.2%) of cells were captured on control DNA grafted planar
and nanostructured substrates, respectively. Because PC3
cells do not express PSMA on cell membrane, approxi-
mately 1.2% (SD: 0.4%) and 0.7% (SD: 0.2%) of cells were
nonspecifically captured onto APA functionalized planar
and nanostructured substrates, respectively. Together, AEA
grafted nanostructured substrates show better cell capture
yield compared to that of planar substrates.

Once we incubated PC3 cells on AEA/APA cofunctional-
ized planar and nanostructured substrates, cell capture yield
decreased significantly. Only 8.2% (SD: 4.9%) and 6.7% (SD:
5.1%) PC3 cells were captured on planar and nanostructured
substrates, respectively. It might be caused by heterodimer
between AEA and APA. Further, we used mixed AEA/APA
in different ratios (1 : 3, 1 : 1, and 3 : 1) to reveal the potential
formation of heterodimers. PC3 cells capture yields were
0.5%, 6.7%, and 42.1%, respectively. If AEA and APA did not
form any heterodimers, AEA/APA (3 : 1) theoretically could
capture approximately 60%of PC3 cells.However, in practical
experiments, only 42% of cells were captured by AEA/APA
in 3 : 1 ratio.The results indicated that a number of AEA were

Figure 4: The potential heterodimer structure between AEA and
APA. Electrophoresis of AEA, APA, and annealed AEA/APA at 15
and 30min timepoints, respectively; samples were analyzed by 4%
agarose gel electrophoresis at 80V at 4∘C.

unable to form suitable tertiary structures and to participate
into antigens reorganization and capture. Alternatively, AEA
does form right hairpin structures, but the recognition parts
may be blocked by APA. However, in our design, both
AEA and APA have 12 nt polyA spacer that can effectively
prevent steric effect.Thus, the later speculation is invalid.The
heterodimer analysis of AEA/APA and hairpin analysis of
AEA or APA (IDT OligoAnalyzer 3.1) show the lowest Delta
G value is−8.09,−4.08, and−4.87 kcal/mole, respectively.The
values indicate all reactions are exergonic and spontaneous,
and the heterodimer reaction between AEA and APA is more
favourable. Figure 4 shows electrophoresis results of 16 𝜇L of
AEA/APA, 8 𝜇L of APA, and 8 𝜇L of AEA, respectively, at 15
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and 30min timepoint, respectively. If heterodimers do not
exist, themixture should show the exact same bands with that
of AEA. Although an approximately 120-nt band appeared
in both AEA and the mixture of AEA and APA, it is much
weaker in the mixture. We speculate that, in the mixture,
AEA and APA may form heterodimers after annealing.
The continuous electrophoretic forces in 30min gradually
destroy these heterodimers [20, 21], and once AEA and APA
are compulsorily separated the mixture begins to show the
similar distribution of bands. We admit that we do not have
direct evidences to confirm the heterodimers; nevertheless
the electrophoresis results demonstrate that AEA and APA
have mutual interactions that can impede their dissociation.

4. Conclusion

Homogeneous nanostructures in approximately 370 nm
diameter can reliably and quickly be prepared on borosilicate
glass slides using our recipe, and the aptamer functionalized
nanostructured substrates can significantly improve cancer
cell capture yield. However, bispecific aptamers cografted
surface failed to capture cancer cells probably due to the
formation of heterodimers. The potential shortcoming may
impair the application ofmultispecific aptamers for detection
and isolation of molecules unless the heterodimers between
selected aptamers can be strictly excluded.
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Transparent Zn
1−𝑥

Mg
𝑥
O (𝑥 = 0.01, 0.03, and 0.05) nanocrystalline films were prepared by sol-gel method followed by thermal

annealing treatment of 700∘C. Mg doping effect on the microstructural and optical properties of the Zn
1−𝑥

Mg
𝑥
O films is

investigated. From SEM images of all films, mean sizes of uniform spherical grains increase progressively. Pure wurtzite structure is
obtained from the results of XRD. Grain sizes increase from 34.7 nm for 𝑥 = 0.01 and 37.9 nm for 𝑥 = 0.03 to 42.1 nm for 𝑥 = 0.05
deduced from the XRD patterns. The photoluminescence spectra of the films show a strong ultraviolet emission and a weak visible
light emission peak.The enhancement of ultraviolet emission and reduction of visible emission are observed due to the increase of
Mg doping concentration and the corresponding decrease of oxygen vacancy defects. Besides, the characteristics of the dark/photo
currents with 𝑛-Zn

1−𝑥
Mg
𝑥
O/𝑛-Si heterojunction are studied for photodetector application.

1. Introduction

The ZnO-based semiconductors have recently drawn much
interest for the possible application in optoelectronics devices
[1–3] due to the large direct band gap. These properties are
important for application to commercial electronic prod-
ucts, such as photoconductors for electrophotography [4],
varistors for electrical circuits [5], sensors for gas detection
[6], and active layer for thin film transistors [7]. Highly
conductive and optical transparent ZnO films in the visible
range suitable for transparent electrodes in solar cell and
liquid crystal display applications have been also reported
[8, 9].

The ZnO-based thin films have been fabricated through
various methods [10–12]. However, sol-gel spin coating
method offers more merits due to ease-control of chemical
composition and simpler method for large area coating at
a low cost, compared with other high vacuum fabrication
processes. For the application of ZnO-based semiconductors
on electronic devices, one of the most promising methods is
doping with elements from groups I and III and transitional

metals [13–15]. While the shift in PL and XRD versus
Mg composition has been studied previously [16, 17], it
becomes interesting to further explore the doping effect
on the microstructural and optical properties of the ZnO-
based films. In the present work, we survey the Mg-doping
effect on the microstructural and optical properties of ZnO
nanocrystalline films. In addition, the 𝐼-𝑉 characteristics of
photodetecting devices with 𝑛-Zn

1−𝑥
Mg
𝑥
O/𝑛-Si heterojunc-

tion are studied.

2. Materials and Methods

Zn
1−𝑥

Mg
𝑥
O (𝑥 = 0.01, 0.03, and 0.05) films were fab-

ricated by sol-gel method. The source solutions were
prepared by Zn(C

2
H
3
O
2
)
2
⋅2H
2
O (zinc acetate dehydrate),

Mg(CH
3
COO)

2
⋅4H
2
O (magnesium acetate), C

3
H
8
O
2
(2-

methoxyethanol), andC
2
H
7
NO(ethanolamine). Zinc acetate

dehydrate and magnesium acetate were firstly dissolved in 2-
methoxyethanol in stoichiometric proportions. The concen-
tration of metal ions was kept at 0.5M. Then, ethanolamine

Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2015, Article ID 627650, 5 pages
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Figure 1: X-ray diffraction patterns of Zn
1−𝑥

Mg
𝑥
O films with 𝑥 =

0.01, 𝑥 = 0.03, and 𝑥 = 0.05.

was added into the solutions to form stable precursor solu-
tions. After stirring at 150∘C for 1 h on a hotplate, transparent
solutions were obtained. The Zn

1−𝑥
Mg
𝑥
O thin films were

prepared by spin coating technique. Then, the samples were
annealed by rapid thermal annealing treatment in air at
the temperature of 700∘C for 2min with a heating rate of
600∘C/min.

The crystal structure and grain orientation of ZnO films
were determined by the X-ray diffraction (XRD) patterns
using a RigakuD/max 2200X-ray diffractometer with Cu-K𝛼
radiation. The XRD data were recorded at room temperature
under the 2𝜃 range from 20∘ to 60∘ with a step width of
0.01∘ and a scan speed of 0.5∘/min. Morphological char-
acterization was observed using a field emission scanning
electron microscopy (FE-SEM, JEOL JSM-6700F) at 3.0 kV.
The transmittance spectra were obtained by JASCO V-670
spectrophotometer. Room temperature photoluminescence
(PL) spectroscopy was applied for optical emission measure-
ment from 330 to 645 nm and defect analysis using theHe-Cd
laserwithwavelength 325 nm. Finally, theDCcurrent-voltage
(𝐼-𝑉) characteristics of (Zn

1−𝑥
Mg
𝑥
O film)/(𝑛-Si substrate)

structures were separately measured by an HP 4145 semicon-
ductor parameter analyzer with the applied voltage from−5V
to 5V under darkness and photo illumination using a solar
simulator with power density 1000W/cm2 as the irradiation
source.

3. Results and Discussion

Figure 1 illustrates the XRD patterns of Zn
1−𝑥

Mg
𝑥
O nano-

crystalline films. Based on the XRD patterns, all Mg-doped
samples are found to have the same single polycrystalline
phase with the wurtzite hexagonal structure of P63/mc. All
samples exhibit the (002) preferred orientation, indicating
𝑐-axis orientation. The progressive narrowing of the XRD
peaks with the increase of Mg concentration is related to the
increase of the grain size of the nanocrystalline films. The

average grain size of the samples, obtained by the classical
Scherrer formula, increases gradually from 34.7 nm for 𝑥 =
0.01 and 37.9 nm for 𝑥 = 0.03 to 42.1 nm for 𝑥 = 0.05.

Figure 2 shows the surface morphology of FE-SEM
images which reveals porously granular structure for all
Zn
1−𝑥

Mg
𝑥
O films. It is clear that the grain size increases

progressively with the increase of the Mg concentration,
which is consistent with the results indicated in Figure 1.
Furthermore, the film thickness decreases from 132 nm for
𝑥 = 0.01 and 124 nm for 𝑥 = 0.03 to 105 nm for
𝑥 = 0.05. It is for the reason that the film is gradually
densified due to the increase of Mg doping concentra-
tion.

Figure 3 shows the PL spectra for all Zn
1−𝑥

Mg
𝑥
O films.

Two distinct emissions including an obvious ultraviolet
(UV) emission and a weak green-yellow visible emission
are observed. The UV emission originates from the exciton
recombination corresponding through an exciton-exciton
collision process [18]. The green-yellow emission is induced
from the recombination of a photogenerated hole with an
electron that belongs to a singly ionized defect, such as oxy-
gen vacancy [19]. Gradual blue shift of the UV luminescence
from 369.8 nm for 𝑥 = 0.01 and 366.2 nm for 𝑥 = 0.03 to
362.6 nm for 𝑥 = 0.05 occurs with the increase of Mg doping
concentration. Using the luminescence data, the band gaps,
3.35 eV for 𝑥 = 0.01, 3.38 eV nm for 𝑥 = 0.03, and 3.41 eV
nm for 𝑥 = 0.05, are calculated. As the Mg concentration
increased, the results indicate a linear increase in the band
gap due to the higher band gap of MgO (7.8 eV) than that
of ZnO (3.3 eV). The intensity of the ultraviolet emission is
strongly dependent on the crystalline quality of ZnO films
[20]. Besides, the decrease of visible emission with increasing
Mg concentration indicates the decrease of intrinsic defects
[21]. The enhancement of ultraviolet emission intensity (𝐼UV)
and reduction of green-yellow visible emission (𝐼VIS) are
observed due to the increase ofMg doping concentration and
the corresponding decrease of oxygen vacancy defects. The
ratio of the emission intensities of visible to UV emission
(denoted as 𝐼VIS/𝐼UV) shows a decrease from 0.0876 and
0.0595 to 0.0488 of Zn

1−𝑥
Mg
𝑥
O films for 𝑥 = 0.01, 𝑥 = 0.03,

and 𝑥 = 0.05, respectively.The decrease of 𝐼VIS/𝐼UV ratio with
increasing Mg concentration of Zn

1−𝑥
Mg
𝑥
O films shows a

decrease of defects and an enhancement of crystallinity of the
ZnO films, which is consistent with the result observed from
XRD patterns.

Figure 4 shows the 𝐼-𝑉 characteristics of Zn
1−𝑥

Mg
𝑥
O

films deposited on 𝑛-type Si substrates for photodetector
application, which wasmeasured separately under dark (dark
current, 𝐼dark) and photo illumination (photo current, 𝐼photo).
The previous report elsewhere [22] stated that zinc oxides
usually exhibit 𝑛-type semiconductor nature due to in situ
defects. The PL results reveal the decrease of defects with
Mg doping increase. Wemay continuously deduce the results
of the decrease of carrier concentration, the increase of
resistivity, and the decrease of both 𝐼dark and 𝐼photo currents.
The measured (𝐼dark, 𝐼photo) at 5 V are (4.12 𝜇A, 5.52𝜇A),
(4.02 𝜇A, 5.12 𝜇A), and (3.80 𝜇A, 4.84 𝜇A) for 𝑥 = 0.01, 𝑥 =
0.03, and 𝑥 = 0.05, respectively. The variation of UV photo-
induced current defined as (𝐼photo−𝐼dark)/𝐼dark decreases from



Journal of Nanomaterials 3

(a)
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(c)

Figure 2: SEM images for Zn
1−𝑥

Mg
𝑥
O films of (a) 𝑥 = 0.01, (b) 𝑥 = 0.03, and (c) 𝑥 = 0.05. Left and right columns show the cross-section

and top view, respectively. The scale bars denote 100 nm.

34% and 28% to 27%. The results reveal the possibility of
ZnO-based semiconductors for photodetector application.

4. Conclusions

The Mg-doped ZnO nanocrystalline films were separately
deposited by sol-gel spin coating method for comparison
of microstructural and optical properties. XRD patterns

show that all compositions are found to exhibit the same
wurtzite hexagonal structure with group space P63/mc. FE-
SEM images show the grain size increases and the thickness
decreases of Zn

1−𝑥
Mg
𝑥
O films with the increase of Mg

doping concentration. The results of photoluminescence
spectra show a linear increase of band gap and a decrease of
defects. 𝐼-𝑉 curves with the dark and photo illumination of
the Zn

1−𝑥
Mg
𝑥
O film/𝑛-Si structures reveal the possibility of

ZnO-based semiconductors for photodetector application.
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Here we report the synthesis of barium sulphate (BaSO
4
) nanoparticles from Ba(OH)

2
/BaCl

2
solutions by a combined method of

precipitation and quenching in absence of polymer stabilizers. Transmission electron microscopy (HRTEM), Fourier transforms
infrared spectroscopy (FTIR), and X-ray diffraction (XRD) were employed to characterize the particles. The Scherrer formula was
applied to estimate the particle size using the width of the diffraction peaks. The obtained results indicate that the synthesized
material is mainly composed of nanocrystalline barite, with nearly spherical morphology, and diameters ranging from 4 to 92 nm.
The lattice images of nanoparticles were clearly observed by HRTEM, indicating a high degree of crystallinity and phase purity. In
addition, agglomerates with diameters between 20 and 300 nm were observed in both lattice images and dynamic light scattering
measurements. The latter allowed obtaining the particle size distribution, the evolution of the aggregate size in time of BaSO

4

in aqueous solutions, and the sedimentation rate of these solutions from turbidimetry measurements. A short discussion on the
possible medical applications is presented.

1. Introduction

The baryte group consists of baryte, celestine, anglesite, and
anhydrite. Baryte is a sulfate of bariumwith chemical formula
BaSO

4
. It is generally white or colorless, chemically inert,

insoluble in water, with high density, and the main source of
barium. Although baryte contains a “heavy” metal (barium),
it is not considered to be a toxic chemical reagent by most
governments because of its extreme insolubility [1]. Com-
monly, baryte is used for the production of barium hydroxide
for sugar refining and as a white pigment for textiles, paper,
and paint [2]. It is also suitable for other purposes due to its
high specific gravity (4.5), opaqueness to X-rays, inertness,

and whiteness [3]. Recently, more attention has been paid on
the massive production of BaSO

4
nanoparticles for its mul-

tiple applications in the oil industry, electronics, TV screen,
glass, car filters, paint industry, and ceramics [4] as well as in
medical applications. In particular, barium sulfate suspension
in water is used as the universal contrast medium for the
examination of the upper gastrointestinal tract [5]. Currently,
the development of nanoparticle-based X-ray contrast agents
is providing an increasing contribution to the field of diag-
nostic andmolecular imaging. For example, the nanoparticles
surface can bemodified to enhance their specificity by attach-
ing targeting moieties, increase their circulation half-life
by adding appropriate coatings (e.g., polymers, silica), and
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improve their functionality by adding other components,
including fluorescent markers and therapeutic agents [6].
However, although significant progress has been made in
preparing stable nanoparticles, their industrial production
can present serious difficulties that limit their potential
applications. For example, BaSO

4
nanoparticles tend to form

aggregates due to the high ratio surface area-volume. Expen-
sive costs and complex methodologies also attempt against
massive industrial production [3].

Among the methods to obtain nanoscaled materials,
chemical synthesis has numerous advantages such as simple
technique, low costs, less instrumentation, doping, and high
yield [4]. These methods could be classified as (a) direct pre-
cipitation [7], (b) microemulsion [8], (c) membrane separa-
tion [9], and (d) organicmodification [10]. In general, particle
sizes between 16 and 50 nm can be obtained. Nonetheless,
precipitation seems to be the most suitable method due to
its simple procedure and ease of mass production, and less
apparatus is required [11]. In spite of this, the difficulties in
controlling the size, polydispersity, and strong tendency to
aggregate could hinder their potential applications [11]. In
this sense, it is important to find more efficient methodolo-
gies of synthesis. Accordingly, in this paper we report the
synthesis and characterization of barium nanoparticles by
a chemical precipitation route, in the absence of polymer
stabilizers.

2. Materials and Methods

2.1. Chemicals and Instruments. The starting reagents barium
hydroxide, barium chloride, and sulfuric acid were used as
received. Double distilled water was used in all experiments.
The prepared barium sulfate was characterized by transmis-
sion electronmicroscopy using a JEOL JEM-2100microscope
with LaB

6
filament (accelerating voltage of 200 kV). The

samples were prepared by suspending the powders in an
ethanol-based liquid and pipetting the suspension onto a
carbon/collodion coating. Fourier transform infrared (FT-
IR) spectraweremeasuredwith a Perkin Elmer 100 spectrom-
eter (in the range of 2000–500 cm−1) by incorporating the
samples in KBr (1 : 99mg) disks to confirm the characteristic
vibrational bands. X-ray diffraction (XRD) patterns of BaSO

4

were recorded on a panalytical diffractometer, model X’Pert
Pro, and CuK-𝛼 radiation in the 2𝜃 range between 5 and 80∘,
operating at 40 kV and 20mA. Phases were identified using
the MATCH! 2 program (version 2.2.3, Build 361) Crystal
Impact, coupled to the Release 2011 PDF-2 database [12].
PDF card number 024-1035 (or ICSD card number 33730)
was used to carry out the Rietveld refinement to all the
peaks [13], whichwere in accordancewith the reported values
in the literature. The structure of BaSO

4
was refined with

the Rietveld (1969) program GSAS [14] using the graphical
interface EXPGUI [15]. The peak shapes were modeled using
the pseudo-Voigt peak shape function 3, which included the
axial divergence correction at low angle [16]. Background
was initially determined manually and then modeled using
the Chebyshev polynomial function. The isotropic atomic
displacement parameters were refined as one overall 𝑈iso
for the nonoxygen atoms starting from a value of 0.05 Å2.

Table 1: Selected peaks employed to calculate the particles size with
Scherrer’s equation. These are the nine first peaks that appearance
powder pattern of BaSO4 synthesized.

ℎ𝑘𝑙 2𝜃/∘ 𝑑/Å Int./U.A. Rel. Int./% FWHM/2𝜃∘

200 19.9969 4.43666 211.47 13.68 0.0895
011 20.4650 4.33622 513.75 33.24 0.0892
111 22.8076 3.89586 795.40 51.46 0.0882
210 23.5789 3.77013 155.81 10.08 0.0879
002 24.8785 3.57606 448.89 29.04 0.0875
210 25.8694 3.44128 1521.90 98.46 0.0872
120 26.8582 3.31679 1090.44 70.55 0.0870
211 28.7665 3.10096 1545.73 100.00 0.0868
112 31.6281 2.83364 535.66 34.65 0.0868

Nevertheless, one constraint was applied to𝑈iso for modeling
the isotropic atomic displacement parameters of oxygen atom
following riding-model. The mean grain size (𝐷) of the
prepared BaSO

4
nanoparticles was estimated from X-ray

line broadening of the listed reflections in Table 1, using the
Scherrer equation [17] (𝐷 = 𝐾𝜆/(𝛽 cos 𝜃) where 𝜆 is the
wavelength of the X-ray radiation, 𝐾 is a constant taken as
0.89, 𝜃 is the diffraction angle, and 𝛽 (rad) is the full width at
half-maximum (FWHM)).

Both initial particle size distribution and particles size
variationwere characterized by dynamic light scatteringmea-
surements (DLS) on a Brookhaven BI 9000AT goniometer.
Measurements were carried out at a fixed angle of 90∘ using
a 633 nm laser. The sedimentation rate was obtained from
Turbiscan LAB software in scanning mode. The light source
is an electro luminescent diode in near infrared (880 nm).
Two synchronous optical sensors receive the transmitted light
through the sample (180∘) and the backscattered light by the
sample (45∘). The sample was dispersed in a deionized water
solution at a phase fraction of 0.1%w/v. The suspension was
sonicated during 15min before measurement.

2.2. Preparation of the Samples. Thedirect precipitation (DP)
procedure followed consists in adding a Ba(OH)

2
⋅8H
2
O

solution to BaCl
2
⋅2H
2
O in presence of water. The molar ratio

of Ba(OH)
2
to BaCl

2
was 3 : 1. The resulting solution was

stirred at room temperature while a sulfuric acid solution
(50% (v/v)) was added (step 1, precipitation).The precipitated
solid material was washed and filtered four times with hot
distilled water (step 2). The sample was frozen at −26∘C for
24 hours. Subsequently, the supernatant liquid was carefully
decanted and then a volume of distilled water was added
again. This procedure was repeated 5 times. The final step
involved a freeze-dry cycle and was oven-dried at 105∘C for
12 hours (step 3, purification) [18]. All the experiments were
performed three times in order to observe reproducibility.

3. Results and Discussion

Figure 1 shows the XRD pattern and final Rietveld plot of the
synthesized sample. It is shown that the solid is composed of
baryte.TheBaSO

4
crystalized in orthorhombic crystals, space
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Figure 1: XRD pattern of synthesized sample (a) and final Rietveld plot for BaSO
4
(b). The continuous green line represents the calculated

pattern and the red discontinuous line is the observed pattern.

(b)(a)

Figure 2: TEM image of BaSO
4
nanoparticles (a); HRTEM image showing lattice fringes of BaSO

4
nanoparticles (b).

group Pnma, with cell parameters 𝑎 = 8.875 Å, 𝑏 = 5.453 Å,
and 𝑐 = 7.154 Å. The final Rietveld refinement with the
reported model gave figures of merit: 𝑅

𝑝
= 0.1135, 𝑅wp =

0.1433,𝑅exp = 0.014,𝑅𝐹
2
= 0.0945 (249 reflections), and𝜒2 =

1.41. Finally, the Scherrer equation was used to estimate the
particle size by averaging the value of FWHMfor the first nine
lines of the powder pattern of BaSO

4
(see Table 1). Thus, the

average particle size estimated for the BaSO
4
synthesized in

this work was 91.72 nm.
TEM and HRTEM images (Figures 2–6) show that the

sample was composed of both isolated and aggregated par-
ticles.Themorphology of BaSO

4
particles is nearly spherical.

The nanoparticles size determined from micrographies is
between 2.6 and 20 nm, with an average size of 14.5 nm.
Besides, large (>20 nm) fully crystallized structures are
observed. Typical sizes of aggregates were found to be about
11–300 nm (Figure 3).

In Figure 4HRTEM analysis shows that the lattice fringes
with an in interlayer distance of 0.327 nm is close to the
0.331 nm lattice spacing of the {210} crystal planes of barite

phase. This was confirmed by fast Fourier transformation
(FFT) patterns, which is also in accordance with XRD results.
For this study, noise reduction was performed on the square-
labeled area of Figure 4(a). Masking was applied on the
intense spots of the FFT power spectrum.The resulting image
after performing inverse FFT on themasked power spectrum
is showed in Figure 4(d).

In Figure 5(a) (nanoparticles 1, 2) HRTEManalysis shows
that the lattice fringes with an interlayer distance of 0.338 nm
correspond to lattice spacing of the (210) crystal planes of
BaSO

4
, which is in accordance with XRD results. Figures 6(b)

and 6(c) show a FFT of Figure 5(a), and the diffraction points
can be indexed to the (210) plane. Masking was also applied
on Figures 5(b) and 5(c), specifically on the intense spots of
the FFT power spectrum. The resulting image (Figures 5(d)
and 5(e)) was obtained after performing inverse FFT on the
masked power spectrum (Figures 5(f) and 5(g)).

In the HRTEM image (Figure 6), the planar spacing
obtained is 0.355 nm, corresponding to spacing for (200)
planes of orthorhombic structure BaSO

4
. All the planar
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(a) (b)

Figure 3: TEM image of BaSO
4
nanoparticles (a); typical aggregates (b).

(210)

d210 = 0.327nm

(a)

(b)

(c)

(d)

Figure 4: HRTEM image of BaSO
4
nanoparticle (a); FFT power spectrum (b); masked power spectrum FFT (c); image after performing

inverse FFT on the masked power spectrum (d).

spacing determined from HRTEM images are in accordance
with the database of Joint Committee on Powder Diffraction
Standards (JCPDS) card 024-1035.

Figure 7 shows the FT-IR spectra of the synthesized
BaSO

4
nanoparticles. It was previously mentioned that

the sulfate group has four fundamental vibrational modes
attributed to one nondegenerate mode (]

1
), one doubly

degenerate mode (]
2
), and two triply degenerate modes (]

3

and ]
4
). In general, the IR spectrum of baryte exhibits several

significant bands [19]. Two intense bands correspond to
asymmetric stretching and bending (]

3
and ]

4
), and two

weak ones correspond to symmetric stretching and bending
(]
1
and ]

2
) [19]. In the FT-IR spectra the bands centered at

1073–1185 cm−1 and the shoulder at 982 cm−1 were assigned to
symmetric stretching vibration of SO

4

2− group. At 1636 cm−1

the stretching vibration ]
3
of SO

4

2− group was identified.
The peaks obtained at 609 and 637 cm−1 were attributed
to the out-of-plane bending vibration of the SO

4

2− [10,
19]. The absorption peaks appeared at 3420 cm−1 are due
to antisymmetric stretching vibrations of H

2
O molecules

localized on vacant sites of Ba. The peaks around 2000 cm−1
are overtones and a combination of stretching and bending
vibrations bands of the sulphur-oxygen [20].

3.1. Particle Size Distribution, Aggregates Size Evolution, and
Sedimentation Rate. Figure 8 shows the particle size distri-
bution from dynamic light scattering (DLS) measures of
an aqueous suspension of BaSO

4
nanoparticles. As can be

observed, the main peak appears around 800 nm with an
average size of 2.23±0.72 𝜇m. Even though themicrographies
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Figure 5: HRTEM image of BaSO
4
nanoparticles (a); FFT image (b) (particle 1), (c) (particle 2); masked power spectrum FFT (c) (particle

1), (d) (particle 2); image after performing inverse FFT on the masked power spectrum (c) and (d).

indicate a particle size less than 100 nm, the distribution
shows particles sizes above 5 microns, an indicative that
DLS yields an average radius of aggregates formed by several
particles.The strong tendency to form aggregates was corrob-
orated and the results are shown in Figure 9, where the time
evolution of both radius and percentage of polydispersity
is plotted. The average size evolves linearly with time from
1200𝜇m to 4200𝜇m in 1 h. However, the percentage of
polydispersity fluctuates around 30%.

Due to the large size of aggregates, it is expected to
observe sedimentation and the results from turbidimetry
can be observed in Figure 10. The photon mean free path
(𝑙) represents the mean distance travelled by photons before
undergoing a diffusion phenomenon.Thus, themeasurement
is performed by theTurbiscan by sending a light beam though
the cell and detecting the photons crossing the dispersion,
without being diffused. Therefore as more photons cross
the cell, more important is the 𝑙 value and the sample is
more translucent, an indicative that less particles are in the
beam path. The initial slope of Figure 10, corresponding to
the sedimentation rate, was 412 𝜇m/min, with a correlation
coefficient of 0.99. The total average sedimentation rate in a
60min measurement was 171 𝜇m/min.

The combined effect of forming aggregates and sedimen-
tation could limit possible medical applications of BaSO

4

nanoparticles. Nevertheless, this studywas processedwithout
any additives (including stabilizers, antioxidants, and lubri-
cants). In this sense, in general, barium sulfate suspension
oral for gastric and colonic radiological work, containing
a physiologically inert stabilizer, consists of a solution of a
water-soluble cellulose ether and carboxymethylcellulose and
also contains a suitable penetrant of cationic origin as lauryl
sulfoacetate [21]. Besides, in order to improve the possibilities
of application, further studies in particle-particle interactions
and the main mechanisms responsible for coarsening are
necessary to implement new methodologies to obtain more
kinetically stable systems. In this sense, our procedure could

be optimized in order to low the polydispersity index around
a particle size below 10 nm. It is also noticeable that the
starting reagents have low impact toxicity, compared to others
which, in some cases, make use of benzene [22]. This latter is
an additional advantage of our procedure in order to use the
synthesized nanoparticles in medical applications.

3.2. Formation Mechanism of BaSO
4
Nanoparticles. The syn-

thesis of barium sulfate was carried out using a mix of
Ba(OH)

2
/BaCl

2
, where the barium chloride solution was

added to increase the concentration of Ba2+ ions (in excess).
Subsequently, with the addition of SO

4

2− (H
2
SO
4
), BaSO

4

crystals were gradually formed.
The increase in pH could result in an increase in the

negative charge of BaSO
4
. According to Zhang et al., this

could be attributed to the adsorption of OH− ions on the
positive charge centers of BaSO

4
particles [23]. The reaction

of barium (Ba2+) and sulphate (SO
4

2−) ions into barium
sulphate (BaSO

4
) is [20, 24, 25]

Ba2+ (aq) + SO
4

2−
(aq) → BaSO

4
(s) ↓ (1)

In general, a precipitation process is described by pro-
cesses that include the creation of a supersaturation level
followed by the generation of nuclei (nucleation) and the
subsequent growth [8]. A number of secondary processes
like aging, ripening, agglomeration, and breakage might
occur depending on the nature of the process itself and the
chemical compound [8].Moreover, in a highly supersaturated
solution the instability of the system will result in a fast
local concentration fluctuation [26]. Basically, there are three
variables that govern the rate of nucleation: the temperature
𝑇, the degree of supersaturation 𝑆, and the surface energy 𝜎.
In this sense, if the supersaturation ratio is increased and the
surface energy is decreased, the result is a higher nucleation
rate, which finally leads to the formation of particles of
smaller size [27, 28].
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Figure 6: HRTEM image of BaSO
4
nanoparticle (a); HRTEM image

of BaSO
4
nanoparticle (b); a magnification of the section marked

with a white square in (a); FFT image (c); masked power spectrum
FFT (d); image after performing inverse FFT on the masked power
spectrum (e). A crystallographic representation of BaSO

4
crystal (f).

The synthesis process involves as second step a quench-
ing. Quenching is simply cooling rapidly to a lower temper-
ature, −26∘C. The final step in the precipitation process was
an artificial aging at −26∘C (aging above room temperature).
Temperature has a significant influence on solubility and
crystal growth of barium sulphate [29]. It is then expected that
the growth of particle size is stopped by quenching with cold
water.
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The results presented here prove that barium sulfate
nanoparticles can be prepared in the absence of poly-
mers stabilizers polymeric employing a simple methodology.
Moreover, the nanomaterial synthesized has applications as a
potential contrast agent for X-ray examination.

4. Conclusions

Barium sulphate nanoparticles were synthesized using a
precipitation method in absence of polymer stabilizers or
solvents.TheXRD study shows that the synthesized nanopar-
ticles crystallize in orthorhombic system with space group
Pnma. This method allowed obtaining high purity, spheri-
cal, and morphologically homogeneous nanoparticles. X-ray
diffraction, transmission electron microscope (TEM), and
high resolution transmission electron microscope (HRTEM)
measurements confirmed an average particle size in the
range from 4 to 92 nm and agglomerates with diameters
between 20 and 300 nm. FTIR study shows the presence of
the sulphate group in the synthesized nanoparticles. Dynamic
light scattering and turbidimetry measurement indicates a
strong tendency of nanoparticles to form aggregates and
precipitate in aqueous solution. Finally, this methodology
can be employed to synthesize BaSO

4
nanoparticles for

possible applications as a potential contrast agent for X-ray
examination.
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This paper presents a slope-adapted sample-tilting method for the profile measurement of microstructures with steep surfaces.
Distinct from the traditional scanning method that has the restriction of a maximum detectable angle, this method corrects the
sample-stylus relative angle during the measurement of the steep surface to eliminate the profile deviation and the scanning blind
region. The performance of the proposed method was verified by simulations that measured the surface profiles of a trapezoidal
microstructure and a spherical microstructure, finding maximum errors of 0.15 𝜇m and 1.71 𝜇m, respectively, compared to 3.63 𝜇m
and 7.85 𝜇musing the traditional scanningmethod.Theproposedmethod enables accurate profilemeasurement and quality control
of microstructures with steep surfaces.

1. Introduction

Precision microstructures with steep surfaces are widely
used in precision industries and have recently become a
trend in new generation manufacturing technology [1–4].
Such microstructures, as shown in Figure 1(a), including
microlenses employed by Shack-Hartmann wavefront sen-
sors, microprisms of a light guide plate in solar energy
systems, and microgrooves in aerospace micropropulsion
engines, typically have critical dimensions from several to
several hundredmicrons and amaximum local slope of up to
90 degrees [5–9]. Accurate profile measurement is important
because the geometric quality of the microstructure surfaces
dominates theworking performance ofmicrostructure-based
devices.Themain difficulty in profiling microstructures with
steep surfaces lies in the maximum detectable angle of the
profiling system. In a stylus-based profiling system with a
maximum detectable angle of 45 or 60 degrees [4, 10], the
probing point tapers from the stylus tip to its flanks, resulting
in the profile deviations shown in Figure 1(b). Using an
optical profiling system, such as an autofocus profilometer or
interferometer, with a maximum detectable angle of 15 or 30
degrees, it is difficult to achieve a useful reflection signal from
the steep surface [4, 11].

Over the years, work has been conducted to resolve
this issue. Ju et al. developed a novel scanning tunneling
microscope to measure the surface profile of a microstruc-
ture with a 90-degree steep sidewall [12, 13]. Marinello et
al. combined the methods of controlled tilting and image
processing to increase the maximum detectable slope of an
optical profiler [14]. Cho et al. built a three-dimensional
atomic force microscope (AFM) to measure the surface
roughness of undercut and sidewall structures [15]. Pan et al.
proposed a stitching double-tilt image method to measure
sub-50 nm line widths employing an AFM system [16]. The
above approaches manually tilt the sample and measure the
sample repeatedly under different tilt angles, and the entire
surface profile is reconstructed by a data fusion algorithm.
However, the measurement process is time consuming, and
the measurement errors introduced by the manual sample-
tilting and the data fusion algorithm are too strong to be
eliminated by compensation. Henselmans et al. designed a
noncontact measurement machine to scan the surface profile
of freeform optics [17], and Weckenmann et al. proposed a
sensor tiltingmethod to enhance themeasurement capability
of microstructures [18, 19]. These two methods appropriately
tilt the probing sensor when scanning a steep surface. How-
ever, as the lateral resolution of the employed probes is limited
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Figure 1: Stylus profiling microstructures. (a) Representative microstructures with steep surfaces. (b) Schematic of measurement deviation.

to the order of hundred microns, the application is unable
to measure microstructures profiles with critical dimensions
from several to several hundred microns. Although many
measurement systems and methods have been established
for the profile measurement of microstructures with steep
surfaces [11, 20–24], a rapid, simple, and cost-effective mea-
surement method is desired.

This paper presents a slope-adapted sample-tilting meth-
od for the profile measurement of microstructures with
steep surfaces. First, a novel stylus-based profiling system
that implements the proposed method is reported. Relevant
theoretical work that underlies the realization of the system
is described, including the principle of the proposed method
and strategies to control the planar scanner and to tilt the
sample. Simulations of the profiling of the steep surfaces
of two microstructures were then carried out to verify the
feasibility of the proposed method.

2. Measurement System and Slope-Adapted
Sample-Tilting Method

Figure 2 shows the schematic of the stylus-based profiling
system designed to implement the proposed method. The
system consists of a displacement sensor with a microstylus
as a 𝑍-direction scanner, an 𝑋 motorized driven stage for
planar scanning, and a rotating spindle to adjust the sample-
stylus relative angle. The system has a solid base plate and a
bridge, bothmade of granite.The entire system is located on a
vibration isolation table, so that the measurement would not
be affected by external vibrations. The displacement sensor,
which measures the axial motion of the microstylus in the
𝑍-direction, is installed on the granite bridge by manual
𝑋𝑌𝑍 stages. The 𝑋 motorized driven stage with a sample
is mounted on the center of the spindle rotary table. The
surfaces of the 𝑋 motorized driven stage and the turntable
are set parallel and perpendicular to the vibration-isolation
table surface, respectively.

As shown in Figure 3, the slope-adapted sample-tilting
method adjusts the sample-stylus relative angle during sur-
face profile measurement. This method enables the contact

Vibration isolation table

Granite bridge

Turn table

Base of a spindle

driven stage

Microstructure

Microstylus

Displacement
sensor

X
Y

Z

𝛽

Manual XYZ stages

X motorized

Figure 2: Schematic of the measurement system to implement the
proposed method.

point to stay at the stylus tip and makes the profile measure-
ment fulfill the requirement of themaximumdetectable angle
of the system, thereby eliminating the profile deviation.

Before measurement, the offset error of the sensor axis
and the zero point error of the sensor output should be cali-
brated by testing a master cylinder [23]. After the calibration,
the sensor output is the distance from the radius center of
the stylus tip to the rotation axis of the spindle. As shown in
Figure 4(a), the profile represented by the scanning results,
𝑃


𝑖
, is an envelope of the sample surface with a distance 𝑟,

which is the tip radius of the stylus. The scanning results, 𝑃
𝑖
,

are expressed as
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where𝑃
𝑖−𝑋

is obtained from the𝑋motorized driven stage and
𝑃


𝑖−𝑍
is the output of the displacement sensor.
The profile measurement starts from a flat part of the

sample surface, and the scanning interval along the 𝑋-
direction is assumed to be Δ𝑥. After a few points were
measured, the local slope, 𝜌

𝑖
, is detected for the current

measuring point 𝑃
𝑖
. Then, 𝜌

𝑖
is compared with the maximum

detectable angle denoted by 𝜃. Generally, 𝜃 is determined
by the included angle of the stylus flank. In some cases, it
is desired that 𝜃 be smaller than this value, such as two-
thirds of 𝜃, to avoid the phenomenon of stylus jumping. If
𝜌
𝑖
is in the one degree tolerance range of 𝜃, it is reasonable

to conclude that the contact point, 𝐶
𝑖
, moved to the stylus

flank. In this case, point 𝐶
𝑖
, which was calculated by a stylus

radius correction algorithm, would deviate from the real
sample surface, as shown in Figure 4(b). As 𝐶



𝑖
is used in

the measurement to represent the sample surface, profile
distortion would be generated.

In this case, the𝑋motorized driven stage with the sample
would be tilted by the spindle at a preset step angle 𝛽. 𝛽 is set
to be positive along the anticlockwise direction and negative
along the clockwise direction. The previous scanning results,
therefore, follow the rotation, and their updated coordinates
can be recalculated by
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Figure 4: Controlmethods of the sample-tilting and the𝑋motorized stage. (a) Schematic of stylus scanning. (b) Principle of profile deviation.
(c) Schematic of sample-tilting. (d) Schematic of profile reconstruction.

After the rotation, the current measuring point, 𝑃
𝑖
, is not

located at the ideal position where the 𝑥-coordinate is zero,
which was shown in Figure 4(c). Because the exact spatial
coordinates of 𝑃

𝑖
are unknown, 𝑃

𝑖
cannot be easily corrected

to the ideal position by the 𝑋 stage moving a given distance.
The last three points [𝑃

𝑖−2
𝑃


𝑖−1
𝑃


𝑖
] of the scanning results

after the coordinate transformation are used to estimate the
current spatial coordinates of 𝑃

𝑖
. The slope of the curve,

which is obtained by the first-order linear fitting of the points
[𝑃


𝑖−2
𝑃


𝑖−1
𝑃


𝑖
], is denoted by 𝜌



𝑖
. The current coordinates
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The total rotation angle of the spindle until this point
is denoted by ]

𝑖
, which is the cumulative sum of 𝛽. The

displacement of the 𝑋 motorized driven stage is denoted by
Δ𝑥


𝑖
and derived from

Δ𝑥


𝑖
=

𝑃
𝑖−𝑋

cos ]
𝑖

. (4)

After the position of𝑃
𝑖
along the𝑋-direction is corrected,

𝑃
𝑖
can be measured and the local slope 𝜌

𝑖
is detected again.

The sample-tilting process is repeated until the local slope 𝜌
𝑖

is smaller than 𝜃. If 𝜌
𝑖
meets the requirement relative to 𝜃, the

surface scanning turns to𝑃
𝑖+1

, and themoving distance of the
𝑋motorized stage is expressed as

Δ𝑥
𝑖+1

=
Δ𝑥

cos ]
𝑖

. (5)

It should be noted that the cumulative rotation angle of
the sample-tilting is limited by the maximum rotation angle
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of the spindle, denoted by 𝜑, which is manually set according
to the motion error of the spindle.

After the surface scanning is finished, the orientation of
the scanning results can be transformed to its initial state by
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(6)

where ]
𝑁
is the total rotation angle after the last point 𝑃

𝑁
is

measured and𝑁 is the number of sampling points.
As shown in Figure 4(d), the scanning result is an enve-

lope of the sample surface. A stylus tip radius correction
algorithm based on a first-order linear fitting method was
used to eliminate the error introduced by the flank of the
stylus tip. Assume that𝜌

𝑖
, which is obtained by the first-order

linear fittingmethod, is the slope of each point𝑃
𝑖
.The contact

point 𝐶
𝑖
, the measurement results to represent the sample

surface, can be obtained from
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In (7), the range of 𝜌
𝑖
is from −𝜋/2 to +𝜋/2, and if 𝜌

𝑖
is

equal to or greater than zero, the coefficient 𝑘 is 1; otherwise,
it is −1.
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Figure 5: Schematic of detecting the contact point.

3. Simulation Method of the Surface
Profile Measurement

To verify the feasibility of the proposed method, MATLAB
was used to carry out the surface profile measurement of
microstructures with steep surfaces. The surfaces of the
employed stylus and the microstructure under test are dis-
persed to be point clouds with equal intervals in the 𝑋-
direction. The motion of the stylus is simulated by mod-
ifying its 𝑧-coordinates. Therefore, the variation of the 𝑧-
coordinates is the output of the displacement sensor. Simi-
larly, the motion of the 𝑋 motorized driven stage is carried
out by changing the 𝑥-coordinates of the microstructure.The
sample-tilting and data processing are carried by the method
described in the previous section. In a traditional profiling
method, themotions of the stylus and the𝑋motorized driven
stage are used to construct the surface profile of the sample.
Theproposedmethod employs a spindle to adjust the sample-
stylus relative angle. Therefore, the remaining issue is how to
simulate the physical contact between the stylus tip and the
sample surface.

Figure 5 illuminates the method to detect the contact
point between the stylus flank and the sample surface. When
measuring a steep surface, the stylus moves depending on the
variation of the surface profile of the sample under test. The
contact position is not located at the current detecting point
𝑃
𝑖
but at a point nearby. In the simulation, the stylus tip is first

moved a distance, which is denoted by𝑤
𝑖
, to 𝑃
𝑖
. The collision

area is then detected by comparing the 𝑧-coordinates of the
stylus and the sample.The point where the difference in the 𝑧-
coordinates has amaximum value is the correct contact point
𝐶
𝑖
, and the maximum difference is denoted by 𝑑

𝑖
. Next, the

stylus draws back by a distance 𝑑
𝑖
, and the correct contact

point 𝐶
𝑖
can be determined. The stylus position denoted by

𝑧
𝑖
is stored as the output of the displacement sensor and is

expressed as

𝑧
𝑖
= 𝑤
𝑖
− 𝑑
𝑖
. (8)

4. Measurement Simulation and Analysis

Two types of microstructures with steep surfaces were
employed to verify the feasibility of the slope-adapted
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sample-tilting method. The samples were measured twice,
using the proposed method and the traditional scanning
method, in which the relative direction of the sensing axis
of the probing system to the measurement sample surface
is unchangeable and the maximum detectable angle is lim-
ited by the included angle of the employed stylus [13], to
demonstrate the improved measurement capability on steep
surfaces.

A trapezoidalmicrostructurewith amaximum local slope
of up to 60 degrees was measured first. The height of the
microstructure is 8.66 𝜇m, and its whole width is 70 𝜇m. A
diamond-tipped stylus, which is employed in the hardware
realization, was introduced into the simulation.The tip radius
of the stylus is two micrometers with an included angle of
90 degrees, which means that the maximum detectable angle
is 45 degrees. The interval of the surface discretization was
set to 0.01 𝜇m, and the scanning interval was set to 0.1𝜇m.
The maximum sample-stylus relative angle was set to 30
degrees, which is 2/3 of the maximum detectable angle, 45
degrees. No maximum rotation angle of the spindle was set,
to research the motion feature of the rotating spindle. In
addition, the step-angle of the sample-tilting was set to be one
degree.

Figure 6 shows the measurement results of the trape-
zoidal microstructure. Profiles before and after the stylus tip
radius correction are plotted. As shown in the figure, the
measurement result of the proposed method is much more
accurate than that of the traditional method because it is
much closer to the real surface of the sample. In contrast,
the result of the traditional method shows obvious profile
deviation and a blind region on the sample side flanks, where
the local slope is up to 60 degrees. The measurement of
the proposed method on part “B” exhibits data confusion,
which, upon comparing the data on parts “A” and “B,” was
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Figure 8: Sample-tilting process of profiling a trapezoidal
microstructure.

determined to result from the stylus tip radius correction
algorithm.

The measurement errors shown in Figure 7 were calcu-
lated by comparing the 𝑦-coordinates with the real profile of
the sample. As shown in the figure, the measurement error
of the traditional method was up to 3.63𝜇m, while that of
the proposed method was reduced to 0.15 𝜇m. It should be
noted that the peak value of 0.33 𝜇m in the error curve of
the proposed method resulted from the data treatment of
the stylus radius correction. Figure 8 shows the sample-tilting
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Figure 10: Errors in profiling a spherical microstructure.
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Figure 11: Sample-tilting process of profiling a spherical microstructure.

process. The sample was tilted by a total of 26 degrees
in a clockwise direction when measuring the left part of
the sample, over the 𝑥-coordinates range of 5 𝜇m to 9 𝜇m.
When measuring the right part, the sample was tilted by a
total of 52 degrees in an anticlockwise direction. It should
be mentioned that when measuring a position at an 𝑥-
coordinate of 57.25𝜇m, the sample is rotated by 26 degrees
at once.

A spherical microstructure with a radius of 30 𝜇m was
employed as the secondary sample. In the measurement, the
included angle of the stylus was set to 60 degrees, and the
maximum sample-stylus relative angle was set to 45 degrees,
which is 3/4 of the maximum detectable angle, 60 degrees.
The step-angle of the sample-tilting was set to two degrees.

The other parameters were the same as those used in profiling
the trapezoid microstructure.

Figure 9 displays themeasurement results of the spherical
microstructure. As shown in the figure, the profiles over-
lapped with each other over most parts of the sample surface,
except for the regions around the two concave corners.
This result indicates that the proposed method is able to
measure a steep surface even with a local slope of up to 90
degrees. Figure 10 compares the measurement errors of the
two methods, which were linked to the left and right 𝑦-axes,
respectively. The maximum error of the traditional method
is 7.85 𝜇m and that of the proposed method is reduced
to 1.71 𝜇m. Figure 11 shows the sample-tilting process. The
sample was tilted by a total of 42 degrees in the clockwise
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direction when measuring the left part and by a total of 61
degrees in the anticlockwise direction for the right part.

5. Conclusion

A slope-adapted sample-tilting method has been proposed
for the profile measurement of microstructures with
steep surfaces. Theoretical work required to realize
a system to implement the proposed method has
been completed. Profile measurements of trapezoidal
and spherical microstructures have been simulated to
verify the performance of the developed method. The
measurement results reveal that the steep surface of a
microstructure can be precisely measured by the developed
method.

The future work of this research will focus on analyzing
the influence of the spindle motion error and realizing the
stylus-based profiling system.
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Fibrous tissue engineering scaffolds, such as those produced by electrospinning, cannot achieve their clinical potential until deep
cell-scaffold interactions are understood. Even the most advanced imaging techniques are limited to capturing data at depths of
100 𝜇m due to light scatter associated with the fibers that compose these scaffolds. Conventional cross-sectional analysis provides
information on relatively small volumes of space and frontal sections are difficult to generate. Current understanding of cellular
penetration into fibrous scaffolds is limited predominantly to the scaffold surface. Although some information is available from
cross-sections, sections vary in quality, can distort spatial scaffold properties, and offer virtually no spatial cues as to what scaffold
properties instigate specific cellular responses. Without the definitive ability to understand how cells interact with the architecture
of an entire scaffold it is difficult to justify scaffold modifications or in-depth cell penetration analyses until appropriate techniques
are developed. To address this limitation we have developed a cryosectioning protocol that makes it possible to obtain serial frontal
sections from electrospun scaffolds. Microscopic images assembled into montage images from serial sections were then used to
create three-dimensional (3D) models of cellular infiltration throughout the entire scaffold.

1. Introduction

Electrospinning is a technique that can be used to pro-
duce three-dimensional (3D) tissue engineering scaffolds
composed of nano- to micron-sized fibers fabricated from
natural proteins [1, 2], synthetic polymers [3–6], and blends of
natural proteins and synthetic polymers [7–9].The versatility
of this technique allows for considerable control over the
composition, mechanical (e.g., tensile strength, elasticity,
etc.), and structural (e.g., fiber size, fiber alignment, scaffold
shape, scaffold porosity, etc.) properties of the resulting
constructs [4, 10–12]. Electrospinning produces a unique
class of nanomaterials that can be utilized in a wide variety
of biological applications; for example, electrospun scaffolds
have been used to investigate how cells interact with 3D
environments of varying compositions [13, 14], and, in a
more esoteric application, electrospinning has been proposed
as a method for fabricating organs and tissues targeted
for replacement therapy [15–17]. Understanding, promoting,

and regulating the extent of cellular penetration and pop-
ulation of electrospun scaffolds is fundamental to each of
these potential applications and considerable effort has been
directed at achieving this objective [4, 8, 18].

The refractive nature of the fibers that comprise an elec-
trospun scaffold limits the utility of conventional light and
confocal microscopy in the analysis of electrospun scaffolds
[19, 20]. Even with two-photon microscopy, the structural
properties of these constructs limit imaging to a maximum
depth of approximately 100 𝜇m, and even then the resulting
𝑧-stack data represents a small fraction of the entire surface
area of the scaffold [20, 21]. Several laboratories, including
our own, have used cross-sectional analysis of samples taken
from frozen sections in order to judge the extent of cellular
penetration into electrospun scaffolds [12, 22, 23]. However,
given the complex surfaces and wide distribution of cells in
electrospun materials it is difficult to characterize the depth
and extent of cell penetration throughout an entire scaffold
using these methods. Data collection in this type of analysis
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is usually limited to a few selected sections taken from
the scaffold and, without a comprehensive morphometric
approach, this type of analysis often results in a subjective and
biased analysis of the samples.

Tissue engineering scaffolds targeted for use in recon-
structive therapy are typically designed to mimic the gross
dimensional characteristics of the native target tissue [4, 10,
24, 25]. For example, the wall of a native, small diameter
artery may reach nearly 500 𝜇m in thickness in an adult,
ostensibly requiring a scaffold of approximately the same
thickness to act as a graft [26, 27]. In this example, due to the
inherent limitations imposed by the structure of the scaffold,
the spatial cell-matrix information for the majority of the
scaffold would be unobtainable. Developing methods to bet-
ter understand how cells interact throughout the entirety of a
tissue engineering scaffold represents an important element
of the design process. Without this type of information it is
difficult to make rational decisions concerning what changes
in structure, nutrient support, and/or seeding conditions
might be necessary to modulate cell distribution and func-
tion. Scaffold structural considerations are too often based
on limited data (e.g., cross-sectional samples) at best and,
at worst, academic guesswork. In this study we describe a
method in which we are able to take serial frontal sections
through the entire thickness of frozen electrospun scaffolds.
This represents a method that provides nearly unambiguous
information concerning the depth and spatial distribution of
cells within a given scaffold design. By reconstructing data
collected from the individual serial sections into a three-
dimensional model it is also possible to explore how regional
variations in scaffold structure impact cell-matrix interac-
tions.

2. Materials and Methods

2.1. Electrospinning. All reagents were obtained from Sigma
unless otherwise noted. Polycaprolactone (PCL: 65,000M.W.)
was suspended and electrospun from trifluoroethanol (TFE)
at concentrations of 150mg/mL (producing small diameter
fibers) or 250mg/mL (producing large diameter fibers). Elec-
trospinning syringes were capped with a blunt-tipped 18-
gauge needle and placed into a syringe driver (Fisher Sci-
entific) set to deliver the electrospinning fluid into an 18–
21 kV static electric field at a rate of 8mL/hr across a 20 cm
gap [4]. A solid cylindrical metal mandrel (length = 11.75 cm,
diameter = 6.33mm) or a perforated cylindrical metal man-
drel was used as ground targets (functional length = 11.75 cm,
mandrel diameter = 6.33mm, and pore diameter = 0.75mm
spaced laterally 2mm and vertically 1.5mm) [4, 12]. The
target mandrels were designed to rotate and translate laterally
(4 cm/s over a 12 cm distance) in order to facilitate an even
distribution of fibers.

2.2. Cell Culture. Human dermal fibroblasts (hDF, Cascade
Biologics C-013-5C) were cultured in DMEM-F12 (Gibco)
supplemented with 10% fetal bovine serum (FBS, Hyclone)
and 1% penicillin/streptomycin (P/S, Invitrogen). For cell
culture experiments 6mm diameter and 1mm thick circular
samples were punch cut from electrospun scaffolds and
sanitized in a 70% ethanol wash for 30min followed by two

phosphate buffer solution (PBS) rinses and one media rinse.
Scaffolds were seeded with 25,000 cells and cultured in an
incubator set to 37∘C and 5% CO

2
. Cell culture media were

changed every 3 days. For analysis, populated scaffolds were
fixed in 10% glutaraldehyde in phosphate buffer solution
(PBS) for 10 minutes followed by two rinses in PBS. Samples
were placed in fresh PBS and stored at 4∘C until being pro-
cessed for analysis. Samples were cut into 50𝜇m thick serial
sections as described subsequently in this study and stained
with 4,6-diamidino-2-phenylindole (DAPI) and rhodamine
phalloidin.

2.3. Image Acquisition. Montage images of each serial section
were prepared from data captured with a Nikon TE300
microscope equippedwith 10x and 20x objectives and aDXM
1200 digital camera, all images captured at a resolution of
1280 × 1024. Brightfield images were overlaid with fluo-
rescence images using the Photomerge function of Adobe
Photoshop CS4. 3D scaffold reconstruction was performed
using Google SketchUp Make.

2.4. Cryosectioning Sample Preparation and Cutting Protocol

(1) Samples were placed into a 30% sucrose solution pre-
pared in PBS for 3 days at 4∘C.This extended incuba-
tion period was used to ensure that the scaffolds were
fully infiltrated with sucrose and cryoprotected dur-
ing processing. Poor sucrose infiltration (e.g., short
soak times) resulted in inconsistent cell preservation
and catastrophic sample deformation during cutting
(e.g., crush and fragmentation issues that prevented
section recovery).This is one of themost critical steps
in this protocol; typical procedures call for 1 hour
submersion in sucrose which resulted in very poor
frontal sectioning [28].

(2) Samples were removed from the sucrose solution and
placed directly into a “cryomold” containing suffi-
cient optimal cutting temperature compound (OCT)
embedding media to fully submerse the scaffolds.
We have found that Fisher, flat-bottom culture dishes
work as well as cryomolds. Extended scaffold expo-
sure to unfrozen OCT was avoided as it was found to
reduce rhodamine staining of actin.

(3) A nonseeded (scrap) scaffold of identical size to the
sample to be processed was placed directly on top of
the cell seeded sample. This second scaffold was used
as a “buffer” to reduce the risk of physically damaging
the underlying scaffold of interest.

(4) The entire cryomoldwas then placed onto the cryobar
inside the cryostat (Figure 1) and, using a press tool,
the sample was quickly submerged and flattened by
pressing it down to the bottom of the cryomold
until all OCT had solidified. In this step the scrap
scaffold mitigates physical damage to the scaffold
from the press tool and provides a backing for when
the press tool is removed (see Figure 2).The press tool
is ideally a semirigid, flat-bottom cylinder of similar
size to the sample. We used a 5mm diameter, 2.5 cm
long cylindrical eraser refill for this study (Helix,
Grandville, MI).
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Figure 1: Typical cryosectioning chamber. Temperatures used were
as follows: cryobar (−35∘C), chamber (−25∘C), and specimen (−34∘C
to −36∘C).

(5) Once the OCT in the cryomold had solidified, the
press tool was removed with a gentle twistingmotion,
keeping the sample on the cryobar at all times.

(6) Frozen samples were allowed to fully solidify on the
cryobar (3–5min). At this point all tools needed for
sample manipulation (forceps, brushes, knife, etc.)
were placed into the cryochamber and allowed to cool
to sectioning temperature. Room temperature tools
will melt the OCTwhich canmake handling the sam-
ple extremely difficult. Additionally any melted OCT
that refreezes onto the knife increases cutting difficulty
(the knife needs to be as clean as possible at all times).

(7) Frozen scaffolds were recovered from the cryomold
and affixed to a textured cryosectioning plate using
OCT as an adhesive.

(8) Once the sample was mounted onto the cryosection-
ing plate, the plate was secured to the sectioning
arm of the cryostat and allowed to cool to sectioning
temperature (3–5 minutes).

(9) Aligning the sample with the knife edge is crucial. We
accomplished this by bringing the sample as close to
the knife as possible (without touching) and aligning
it as flush as possible to the blade. If the sample is not
aligned properly the ensuing cut will yield only a por-
tion of the section. If this happens, realign the sample
based on the previous cut and resection. We stored
cut sections in 48-well tissue culture plates filled with
PBS. Retain any sections that may have been taken
misaligned as these and the realigned samples still
represent the surface of the scaffold. Useful data can
still be extracted from these samples. It takes practice
and patience to properly align a scaffold.

(10) For PCL scaffolds, a general sectioning speed of one
rotation of the cutting cycle per second was used to
process the frozen material. The rate of travel across
the knife blade that produces the best sections can be
expected to vary to some degree by the nature of the
sample processed and is usually determined through
experience.

(A) Start with an empty well

(B) Fill the well with OCT

(C) Place the sample in the well
(side of interest facing down)

(D) Place the buffer material on top of the sample

 (E) Position press tool above the buffer material 

(F) Apply enough pressure to flatten the sample

(G) Maintain pressure until the sample is frozen

(H) Remove press tool and allow
the sample to freeze completely

Unfrozen OCT
Frozen OCT

Figure 2: Flattening and freezing a sample for cryosectioning. The
flattening process is critically important—ensuring the sample is
flush with the bottom of the flat bottomed cryomold allows for
accurate alignment of the first, crucial section. Steps (A)–(D) are
completed outside of the cryosectioning chamber (room tempera-
ture) while steps (E)–(H) are completed inside the cryosectioning
chamber, on the cryobar or on an equivalent precooled metal mass.
Steps (E) and (F) must be completed quickly after placing the
sample in the cryosectioning chamber to prevent the premature
freezing of the sample in an unflattened state (e.g., if a sample has
residual tension, such aswhen electrospinning onto a small diameter
mandrel, it will tend to curl).

(11) Once cut, each section was recovered from the knife
surface with cold, fine-tipped forceps by grasping the
frozen OCT that surrounds the cut section (rather
than grasping the section itself) so as not to damage
it. Each section was then placed in separate PBS-filled
wells (24-, 36-, and 48-well plates work well for this
process), rather than onto drymicroscope slides.This
serves a dual purpose; first, placing sections directly
into PBS quickly dissolves any residual OCT and
ensures that the sections stay hydrated; the hydra-
tion step improves overall image quality. Second,
dissolving the residual OCT mitigates the concerns
regarding reduced rhodamine staining mentioned
above.Third, the PBS bath is very forgiving and helps
to flatten or unfurl sections that may have folded
during recovery. Manually flattening a section after
placement onto a dry microscope slide is extremely
difficult as the delicate sections tend to tear rather
than unfold. Additionally, rehydration of cut sections
allowed to dry on a microscope slide commonly
results in air bubbles being trapped inside the fibrous
network, reducing image quality.
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Figure 3: Construction of a three-dimensional model of cellular infiltration. (a) Images are imported into the workspace and separated on
the 𝑧-axis by a factor of 10. (b) A three-dimensional object of choice is used to replace each of the DAPI positive nuclei to represent cell
location in space. (c)The bright field channel images depicting the scaffold fibers are turned off. (d) To better visualize cell penetration within
the scaffolds a digital section was prepared and the opposing images were rotated to reveal the distribution of cells within the scaffold.

(12) Sections were either stored in PBS at 4∘C (assum-
ing slow scaffold degradation rates) or processed
immediately. Regardless of treatment, all cut sections
were washed with fresh PBS to remove residual OCT
(which can reduce rhodamine staining as mentioned
above). To image sections, a drop of PBS was placed
onto amicroscope slide or coverslip into which (using
fine-tipped forceps) sections were transferred. Some
less-stiff sections will fold in on themselves once they
are moved from the wells but generally unfold once
resubmerged in the PBS droplet, manual manipula-
tion was rarely required with the PCL scaffolds. A
coverslip was placed over the section and any excess
PBS was removed so that the sections were flattened.
The sections were then imaged and either placed
back into its original well for storage or the coverslip
was sealed and the section stored on the slide. Of
note, placing the sections between two microscope
coverslips (eliminating the thicker microscope slide)
for imaging simplifies flipping the sections over to
investigate either side of the scaffold in detail.

2.5. Image Analysis. Our objective is to develop methods to
characterize the distribution of cells within an electrospun
scaffold on a global scale. To achieve this objective we
systematically captured overlapping images across the entire
surface of each individual 50𝜇m thick cryosection. Prior to
moving the image field of view images were first captured
in the brightfield channel and then in the fluorescence
channel; this insures registry between the two image data sets.
Paired bright field and fluorescence images were combined to
produce a composite image. Using the Photomerge function
in Photoshop the individual composite images were then
assembled into a montage that represented the entire surface
area of each individual serial frontal section. The brightfield

channel was used in this assembly process because images
collected from the fluorescence channel (especially if DAPI
images are required) lack sufficient data density to for the
Photomerge function to assemble the montage (i.e., an image
of widely distributed nuclei does not have enough image
terrain features to allow the algorithm to assemble the
individual microscopic image fields into a montage).

Montage images from each individual frontal section
were imported into Google SketchUp and placed in a 𝑧-stack
orientation within the workspace (Figure 3). To facilitate
modeling we increased the distance between each frontal
section by a factor of ten to better visualize scaffold layer
properties. Montage composite images were aligned in the
vertical orientation using scaffold features or fiduciary marks
placed within the scaffolds prior to embedding. This process
was greatly simplified in this study because the exemplar
scaffold was fabricated using air impedance electrospinning,
a process that produces large scale features that penetrate the
scaffold in the 𝑧-direction. Registry marks can be incorpo-
rated into the peripheral edges of conventional scaffolds using
a small diameter needle to facilitate the alignment process.

To model cell position a 3D shaded rendering of a cylin-
der approximating the cross-sectional dimensions of a cell
was created and used to replace the DAPI nuclear images
marking the position of each cell within the scaffold (Fig-
ure 3(b)). We note here that the 3D shape used for cellular
representation in this model is arbitrary. In some cases it may
be helpful to use different shapes, such as spheres, to improve
cell visualization; however, it should be noted that this is only
a representation of the location of the cell, not a depiction of
actual cell shape.

Once all of the cells have been represented by a shaded
cylinder (or other 3D object) in the montage 𝑧-stacks, the
brightfield image channel was turned off (Figure 3(c)) allow-
ing just the 3D distribution of the cylinders that mark each
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Section depth 0𝜇m (surface) 35𝜇m 70𝜇m

1mm

Figure 4: Consecutive frontal images of electrospun scaffolds seeded with human dermal fibroblasts stained with DAPI (yellow). Note how
data management can be monitored by examining sections prior to image acquisition. Once some predetermined threshold of cells has been
detected in the scaffold frontal sections the data sets are prepared for 𝑧-stack assembly. In this example, the majority of cells were present in
the first 70 𝜇m of the sample and subsequent frontal sections were excluded from the analysis. The large scale pores present in this scaffold
were used to align the samples in the vertical direction prior to 𝑧-stack assembly.

cells’ position to be visible. Because cells tend to primarily
occupy the surface and sides of the represented scaffold we
created a digital slice in the scaffold and rotated each half
away to better reveal the position of cells that were embedded
within the depth of the electrospun scaffold (Figure 3(d)).

3. Discussion

3.1. Inadequacies of Current Techniques. Conventional confo-
cal optical imaging techniques are limited to approximately
the first 100 𝜇m of a fibrous scaffold and, as a result, cannot
adequately provide data on the distribution of cells on a
global scale within a large construct. Conventional cross-
sectional analysis (sections takenperpendicular to the surface
of a scaffold) can theoretically obtain data similar in nature
to the data generated by a frontal section technique. While
this is possible, pragmatically frontal sectioning has several
advantages compared to conventional cross-sectioning. First,
sections taken with this modified cryosectioning protocol
retain better structural integrity and are subject to less
physical damage. Second, only relevant frontal sections need
be analyzed. As a hypothetical example, cells are seeded
onto the top surface of an electrospun sample that is 6mm
in diameter and 1mm thick. Then, assume this particular
scaffold supports the infiltration of cells to a depth of
200𝜇m (cell penetration to this depth is common in our lab
when seeding onto scaffolds consisting of large fibers—data
not shown). It would require taking 120 total 50 𝜇m-thick
conventional cross-sections to capture data from the entire
scaffold as cells would be present in each cross-section. From
a practical perspective, it is unlikely that all 120 sections of
this scaffold would be recovered, leaving gaps in the data
set. In contrast, if frontal sections were taken, stained with
DAPI, and assayed, the fluorescence marking the presence of
cells would be present in only the first 5-6 frontal sections
(Figure 4). Capturing data from only the relevant sections

of the sample simplifies data acquisition and accelerates
image processing time. To summarize this example, cross-
sectioning the entire scaffold would require 120 total sections,
all of which would have to be stained and imaged whereas
frontal sectioning would require 20 total sections, only 5 of
which would have to be stained and imaged.

Storing frontal sections is also more convenient com-
pared to storing conventional cross-sections. In the example
described and using 48-well plates to store sections (each
section in one well) from each scaffold, cross-sectioning
would require 3 complete plates to store one scaffold whereas,
using frontal sectioning, 2 separate scaffolds could be stored
in a single plate. Because fewer wells are used, the total
amount of imaging reagent (e.g., DAPI or other fluorescence
markers) required for staining the frontal sections is greatly
reduced compared to the conventional sections (despite
cross-sectioned samples having a smaller volume, the amount
of reagent necessary to cover a sample is dependent on the
sample thickness which, in this case, is the same). From a
data output standpoint, cross-sections depict the extent of
cellular infiltration at a specific location (as does confocal
microscopic analysis); data obtained from a frontal section
reflects how local features impact the depth of penetration
over a large surface area. This type of data might otherwise
be lost in a conventional cross-section. In our study, despite
the large scale nature of the pores induced by air impedance
electrospinning that were present in the scaffolds, it was not
possible to clearly identify these features in conventional
cross-sectional analysis whereas they are easily distinguished
in frontal sections (Figure 5).

3.2. 3D Modeling. As noted, cell distribution and the extent
of cell infiltration can be rapidly determined from individual
frontal sections (Figure 4). In this figure the scaffold sec-
tions have been aligned, placed side-by-side for examina-
tion, and projected with the appropriate depth and scaling
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Figure 5: Cross-section (a) and frontal section (b) of an air impedance scaffold seededwith humandermal fibroblasts (yellow).Notice how the
spatial scaffold properties, such as the macropores (arrow), are easily visible in the frontal section whereas in the cross-section no landmarks
can be confidently identified. The ability to recognize scaffold features (e.g., macropores) improves our ability to correlate certain cellular
events (e.g., infiltration) with changes in scaffold architectures. Left scale bar = 200 𝜇m (for (a), cross-section image), right scale bar = 500𝜇m
(for (b), frontal section image).

legends. However, frontal sections are highly amenable to
3D reconstruction and modeling. Entire scaffolds may be
reconstructed in this manner.

Insufficient interfiber spacing and low scaffold porosity
(despite the enormous void space that is present in these
constructs) are commonly cited as factors that limit the
penetration of cells into an electrospun scaffold.With caveats,
our limited observations in this study largely support these
assumptions. Scaffolds produced by air impedance electro-
spinning exhibit regions of lower fiber density and increased
interfiber distances (Figure 4, 35 𝜇m deep frontal section)
which support localized areas of increased cellular penetra-
tion. However, this same analysis reveals that scattered cells
are present in regions adjacent to these large scale features.
It is unclear at this time if these scattered cells represent
cells that have directly penetrated the scaffold or if these cells
represent a population that first entered the large scale pores
and then migrated laterally to reach these domains.

4. Conclusions

We described a modified cryosectioning protocol that
addresses a major limitation in the analysis of electrospun
scaffolds. This method provides unambiguous data con-
cerning the extent to which cells penetrate a scaffold on a
global scale. Through the utilization of this frontal cryosec-
tioning protocol researchers will be able to make definitive
conclusions regarding how cellular infiltration and ECM
interactions are influenced by specific scaffold structural
properties.This informationwill lead to better scaffold design
and an improved understanding of cellular infiltration.
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Ag nanoparticles (NPs) with about 40 nm diameter covered with 5–8 nm organic shell were prepared by chemical reduction
reaction. The thermal characteristics of Ag nanoparticle (NP) paste were measured by thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). The low-temperature sintering bonding processes using Ag NP paste were carried out at
the temperature range of 150–350∘C for 5min under the pressure of 3MPa.Themicrostructures of the sintered joint and the fracture
morphology were evaluated by scanning electron microscopy (SEM). The shear strength was used to evaluate the mechanical
property of the sintered joint. TGA-DSC test showed that the Ag content is approximately 95.5 mass% in Ag NP paste. The average
shear strength of the joint fabricated at 250∘C for 5min under the pressure of 3MPa was about 28MPa, which could meet the
requirements of electronics packaging working at high temperature. The joint shear strength increased with the increase of the
sintering temperature due to much denser sintered Ag NPs and more comprehensive metallurgical bonds formed in the joint.

1. Introduction

Microelectronic devices and large power devices intercon-
nection to the substrate is essential for device packaging,
which provides paths for increased high power density elec-
trical interconnection and high-efficiency heat dissipation
[1]. However, the traditional eutectic or near eutectic Sn-Pb,
Sn-Ag, and Sn-Ag-Cu solders and conductive adhesive used
in die attachment are not reliable for high power density
and high temperature electronic applications [2–4]. The
Pb-containing solder alloys (Sn-Pb) have been temporarily
exempted from the Restriction of Hazardous Substances
(RoHS) directive in the EuropeanUnion due to serious health
threat to human being and heavy pollution to environment
[5, 6]. On the other hand, it is reported that the joint using
Pb-containing solder and Pb-free eutectic or near eutectic
Sn-Ag and Sn-Ag-Cu solders is not suitable for long-term
usage at elevated temperature due to crack formation at
the intermetallic (IMC) layer between the solder and the
metallized substrate on the devices [7–9]. Thus, the new

lead-free interconnection materials as alternative for device
packaging have attracted much attention.

When material size is reduced down to nanoscale, some
special characteristics, such as lowermelting point [10], much
higher surface energy [11], and diffusion coefficient [12], are
significantly different from their parent materials in bulk.
Therefore, a new low-temperature Pb-free interconnection
method is developed using the sintering of nanomaterial, in
particular, nanoparticles (NPs) [13–18]. Among those NPs,
silver (Ag) has been demonstrated as a candidate because of
its excellent properties, such as high electrical conductivity,
high thermal conductivity, and excellent high temperature
service performance [15]. At present, low-temperature sin-
tering of Ag NPs has been developed for bonding of semi-
conductor devices onto metalized substrate [16–21]. Unlike
traditional liquid solder wetting, solid-liquid interfacial reac-
tion, and solidification process, Ag NPs sintering bonding
process is achieved under quite low temperatures, usually at
150–350∘C, through atomic diffusion and NP consolidation.
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Organic compounds are usually used to disperse and stabilize
Ag NPs, which will be adsorbed on the surface of Ag
NPs. During the sintering process, the removal of organic
shell is a requisite by heating and thus being certain of
the temperature is needed. After sintering process, the joint
shows high melting point of pure Ag (about 960∘C) and
excellent electrical and thermal properties as that of bulk Ag.
Thereby, these sintered Ag NP joints produced at relatively
low temperatures (below 350∘C) could be used at elevated
temperatures (beyond 350∘C) at which the conventional
solder joints could fail. Furthermore, this promising low-
temperature Ag NPs sintering process has wide potential
applications in flexible electronics, including rapid prototyp-
ing [22], flat-panel printing [23], organic electronics [24],
and low-cost disposable microelectronic devices on plastic
substrates applications [25]. However, the microstructure
evolution of the sintered joint during the sintering process
is less studied. On the other hand, usually, the Ag NPs
application is restricted by the long sintering times as it
requires about 20–30min [26].

In this paper, Ag NP paste was fabricated by chemical
reduction method. The morphology and size distribution of
AgNPs have been observed by scanning electronmicroscopy
(SEM) and transmission electron microscopy (TEM). Ther-
mogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were used to evaluate thermal character-
istics of Ag NP paste. The rapid sintering experiment was
performed in the furnace at air atmosphere. The mechanical
property of the joint was evaluated using shear strength. The
microstructure evolutions of the joint and the fracture surface
morphology were also observed by SEM.

2. Materials and Methods

Ag NPs used in the experiment were prepared by modified
reducing silver nitrate (AgNO

3
) with ethylene glycol in the

presence of polyvinylpyrrolidone (PVP) [27]. All of the
chemical reagents were of analytical grade. First, 20mL
ethylene glycol solution of 0.3M AgNO

3
and 40mL solution

of PVP (0.9M,K30)were prepared, respectively.The ethylene
glycol solution was then heated to the reaction temperature
of 160∘C.The PVP solution was injected into the silver nitrite
solution at a constant rate of 0.3mL s−1. When the solution
color changed from colorless to gray (indicating the chemical
reaction is completed), the solution was cooled rapidly
through adding deionized water into the hot solution. Then,
the Ag NP paste was collected by condensing the solution in
a centrifuge (TW16-WS) with 7000 rpm for 30min.

TGA and DSC analyses (STA 449 F3) were performed in
air with the increase rate of 10.00Kmin−1 to determine the
organic content and the thermal properties of Ag NP paste.
The morphology of Ag NPs and their size distribution were
observed by SEM (JEOL 1530) and TEM (JEM-2100).

The nickel (Ni) and Ag layers plated Copper (Cu) discs
were adopted as the electronics packaging connection sam-
ples in this work. The upper and bottom sizes of Cu discs
were B 6mm × 5mm and B 10mm × 5mm, respectively.
Prior to bonding, the as-received Cu discs were ultrasonically

Ni/Ag plated Cu disc
Diameter: 6mm
Thickness: 5mm

Ag NP paste

Ni/Ag plated Cu disc
Diameter: 10mm
Thickness: 5mm

Figure 1: Schematic illustration of the sintering joint using Ag NP
paste.

cleaned in acetone for 20min to remove containments on
the joining surface. Ag NP paste was blushed about 200 𝜇m
on the surface of Cu discs and dried at 70∘C on the heating
plate for 10min. And Ag NP paste was sandwiched between
upper and bottomCu discs (shown in Figure 1).The sintering
experiments were performed in the muffle furnace in air
atmosphere from 150 to 350∘C for 5min under the pressure
of 3MPa. In detail, the furnace was heated to sintering tem-
perature, holding for about 20min for uniform temperature,
and then the joining assembly was put into the furnace and
put the pressure on the assembly. After sintering process, the
assembly was taken out from the furnace.

The shear strengths of the sintered joints were evaluated
using a Gleeble thermomechanical simulator (1500D) with a
displacement speed of 5mmmin−1 at room temperature.The
interfacial microstructures of the joints and fracture surfaces
were examined by SEM (CS3400 and JEOL 1530).

3. Results and Discussion

3.1. Morphologies of Ag NPs. Figure 2(a) shows the typical
morphology of as-prepared Ag NPs. It can be seen that most
of AgNPs are polyhedron in shape.The distribution of AgNP
size was in the range of 20–80 nm (shown in Figure 3) and the
average diameter of Ag NPs was about 40 nm. Transmission
electron microscopy (TEM) image of Ag NPs is displayed
in Figure 2(b). An organic shell with a thickness of 5–8 nm
is observed on the surface of Ag NPs, which prevented the
oxidation and aggregation of Ag NPs.

3.2. Thermal Characteristics of Ag NP Paste. Figure 4 shows
the TGA and DSC results of Ag NP paste. Two exothermic
peaks in DSC curve are recognized at around 350 and 400∘C,
respectively. When the temperature is above approximately
150∘C, some organic compositions covered on Ag NP may
start to vaporize, oxidize, or burn out by reacting with
oxygen in air or being adsorbed on Cu disc surface [28].
As known, nanoparticles tend to aggregate because of much
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Figure 2: SEM (a) and TEM (b) images of Ag NPs.
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Figure 4: TGA and DSC curves of Ag NP paste.

higher surface energy [18, 29].The exothermic peak at around
350∘C is mainly due to the decomposition of organic shell.
The exothermic peak at ∼400∘C is possibly attributed to the
oxidation of C derived from PVP [30]. As shown in TGA
curve, the weight of the dried paste gradually decreases as

the temperature increases from room temperature to 450∘C,
which can be attributed to vaporization and decomposition of
the organic compounds in the paste.TheAg content of AgNP
paste was approximately 95.5 mass%, which is significantly
higher than 85mass% in conventional AgNP paste [13]. Since
the bonding process is atom diffusion and sintering of Ag
NPs with the vaporization and decomposition of the organic
components. When the organic component reduces, Ag NPs
aggregate and sinter together under the annealing tempera-
ture and pressure. Because of themuch lower organic content
of the Ag NP paste used in this research, it is reasonable
to predict that it will have lower sintering temperature and
shorter sintering time during bonding compared with the
conventional Ag NP paste.

3.3. Microstructures of the Sintered Joint. Figures 5(a)–5(c)
give the low magnification microstructures of the joint at
the temperature of 150∘C, 250∘C, and 350∘C, respectively.
Macrocracks were observed between Ag coated layer and Ag
NP sintered zone of the joint at 150∘C as arrows indicated in
Figure 5(a). Since only feworganics vaporized and oxidized at
the temperature of 150∘C as shown in DSC curve in Figure 4,
these cracks format the interlayer between Ag coated sub-
strate and AgNP sintered zone due to the residual organics in
Ag NP paste. No significant macrocracks could be observed
when the sintering temperature increased to 250∘Cand 350∘C
(see Figures 5(b)-5(c)), indicating that the joint strength
would be increased. Meanwhile, a high magnification image
of the connection areas of the joint is given in Figures 5(d)–
5(f). It was found that the sintered zone of the joint at 150∘C
(Figure 5(d)) was composed of small size Ag NPs (several
hundred nanometer diameter) with high percentage of pores.
With the temperature increasing to 250∘C, a uniform and
denser Ag NP sintered layer was formed between the Ni/Ag
platedCu discs (Figure 5(e)). Since themore intense sintering
happened at higher temperature, Ag NPs sintered and grew
together causing the increase ofmaterial density and decrease
of the porosity. As the sintering temperature reached 350∘C,
much better metallurgical combination of joining zone was
attained as shown in Figure 5(f). Some submicron voids still
existed in the sintered layer but the porosity of the joint
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Figure 5: SEM images of interface microstructure of joints with different sintering temperatures: (a) low magnification at 150∘C; (b) low
magnification at 250∘C; (c) lowmagnification at 350∘C; (d) highmagnification at 150∘C; (e) highmagnification at 250∘C; (f) highmagnification
at 350∘C.
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Figure 6: Microstructure of the joint: (a) line scan; (b) element distribution.

decreased compared with that at 250∘C. It is worth mention-
ing that the volume of the single pore increased with the
sintering temperature from a few hundreds of nanometers to
several microns. Benefiting from such porous structures, this
sintered material could help relieve the thermomechanical
stresses during operation. Moreover, the presence of such
pores could balance the elastic modulus or other mechanical
properties like strength and fatigue properties [31] of joints
with the substrates, especially the plastic substrates. The
chemical element distributions across the joining interface

are shown in Figure 6. It can be seen that Ag content drops
much sharply at the edge of Ni coating, and Ni coating does
well on impeding Ag diffusion due to much lower solution
of Ag in Ni. No voids are discovered near the edge of Ni
coating.

3.4. Mechanical Property of the Joints. Figure 7 shows the
average shear strength of the sintered joints as a func-
tion of sintering temperature. The average strength of the
joints at 150∘C and 200∘C was about 8MPa and 10MPa,
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Figure 7: Average shear strength of sintered joints at different sintering temperatures.
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Figure 8: The fracture surface morphology of the joints. (a) Macromorphology. (b) Fracture at 150∘C. (c) Fracture at 250∘C. (d) Fracture at
350∘C.

respectively. When the sintering temperature increased to
250∘C, the average shear strength of the joint significantly
increased to 28MPa, which is comparable to the traditional
lead solder and lead-free solder, suggesting that it could
meet the requirements of electronic packaging (24MPa) in
practical applications [13]. The average shear strength of
40MPa was achieved at sintering temperature of 350∘C.
The higher temperatures are beneficial to the contact, dif-
fusion, and sintering process between Ag NPs and substrate
[32]. Therefore, higher sintering temperature could promote

the sintering between Ag NPs and also between Ag NPs and
substrates, which results in a better strength of joint.

Figure 8(a) shows the macrofracture surface of the joint.
The ring-like structure on the fracture surface of the sintered
joint as observed by Rautio et al. [33] due to the coffee ring
effect caused by the rheological property of Ag NP paste was
not obvious because of a very high content of Ag NPs in
the paste. Figures 8(b)–8(d) show the fracture morphology
of sintered Ag NPs joint at different temperatures from
150 to 350∘C. At low temperature of 150∘C (Figure 8(b)),
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the majority of the Ag NPs were sintered together with
clear the edges and corners, indicating that the Ag NPs
maintained the original shape and sintering was feeble at
low temperature. When the sintering temperature is 250∘C
(Figure 8(c)), obvious neck growth and particle growth were
observed and sintering densification occurred. At 350∘C, the
particle size grew further and large grain appeared resulting
in a much denser sintering structure (see Figure 8(d)). The
Ag NP size increased with the increase of the sintering
temperature, as shown in Figures 8(b)–8(d). Aftermeasuring,
it was found that Ag NPs on fracture surface sintered at
150∘C, 250∘C, and 350∘C were about 150 nm, 0.8 𝜇m, and
1.2 𝜇m, respectively. The phenomenon can be explained by
the fact that the organic shell covered onAgNPs decomposed
faster and more completely at higher temperature [33]. The
diffusion rate increased with the increasing of the sintering
temperature, which resulted in the rapid coarsening of Ag
NPs. Moreover, at high temperatures such as 250 to 350∘C in
this work, the Ag NPs became rounded and the corners were
tuned (Figures 8(c) and 8(d)), which suggested that the liquid
phase might appear during sintering. The liquid involved
sintering would have much higher sintering speed than that
of solid state sintering. It is worth mentioning that this liquid
might only present on the surface of Ag NPs, the so-called
surface melting [34], because the sintering temperatures are
below the melting temperature of Ag NPs.

4. Conclusions

Ag NP paste with an average diameter of about 40 nm
covered with organic shell 5–8 nm thick was synthesized via
chemical reduction reaction. The organic shell can prevent
the oxidation and aggregation of Ag NPs. TGA-DSC curves
showed that the silver content was approximately 95.5 mass%
in Ag NP paste and the organic shell vaporized, oxidized,
or decomposed by reacting with the oxygen during the
heating process in air. The sintered joint with Ag NP paste
was successfully achieved at different temperatures with a
rapid sintering process. With the increase of the sintering
temperature, the interfacial microstructure of joint became
denser. The average shear strength of the joint fabricated at
250∘C for 5min under 3MPa is 28MPa because of metal-
lurgical bond formed between the silver plated layer and the
sintered Ag NP layer, which could meet the requirements of
electronics packaging. It suggests that this Ag NP paste as an
alternative low-temperature connection material is suitable
for high power semiconductor devices packagingwith a rapid
sintering process, which could also be applied to flexible
electronic packaging.
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The butterfly-inspired 2D periodic tapered-staggered subwavelength gratings were developed mainly using finite difference time
domain (FDTD)method, assisted by using focused ion beam (FIB) nanoscalemachining or fabrication.Theperiodic subwavelength
structures along the ridges of the designed gratings may change the electric field intensity distribution and weaken the surface
reflection. The performance of the designed SiO

2
gratings is similar to that of the corresponding Si gratings (the predicted

reflectance can be less than around 5% for the bandwidth ranging from 0.15 𝜇m to 1 𝜇m). Further, the antireflection performance of
the designed x-unspaced gratings is better than that of the corresponding x-spaced gratings. Based on the FDTD designs and
simulated results, the butterfly-inspired grating structure was fabricated on the silicon wafer using FIB milling, reporting the
possibility to fabricate these FDTD-designed subwavelength grating structures.

1. Introduction

Nowadays, there is an increasing trend to learn from
nature to analyze natural structures and develop bioinspired
devices/elements through mimicking or replicating natural
structures [1–11]. It has been reported that themoth eyes have
inspired the researchers to develop antireflective structured
photovoltaicmaterials and devices (e.g., solar cells) for higher
light-to-electricity conversion efficiency [12–18], and the lotus
leaves have excited the investigators to design the self-
cleaning/hydrophobic structures or surfaces [19, 20]. Like the
nanostructures of moth eyes and lotus leaves, the structures
of butterfly wings, which may contribute to their own colors
[2, 5–10, 21–30], carry the potential to develop newmaterials,
techniques, and devices for different applications.

The reported butterfly-inspired technologies/products
consist of the hydrophobic or self-cleaningmaterials/surfaces

[6–8, 21, 22], the high-efficiency solar panels [5, 9, 23, 24], the
vapor or gas nanosensors [6, 8, 10, 25], the iridescent ZrO

2

photonic crystals [26], the optical beam splitter [27], and
the magnetooptic structures [28]. Differently, in this study,
the butterfly-inspired newly designed 2D periodic tapered-
staggered subwavelength gratings were developed using finite
difference time domain (FDTD) simulation method, assisted
by using focused ion beam (FIB) nanoscale machining or
fabrication (the already achieved grating designs and their
antireflection performance were obtained based on FDTD
simulation).

2. Materials and Methods

The butterfly species used in this study consisted of the Palm
King and the Hebomoia leucippe. The FIB system was used
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Figure 1: Pigmented microscales on butterfly wings for (a) Palm King and (b) Hebomoia leucippe.
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Figure 2: (a) Cross section after removing pigment granules using FIB and (b) flute-like gratings in the wing scales of Hebomoia leucippe.

for nanomachining and imaging. The FDTD method was
utilized for design and optical performance computation.The
designed grating structurewas fabricated on the siliconwafer.

3. Structural Analysis for Butterfly Wings
Using FIB Nanomachining

The butterfly wings are the translucent and/or pigmented
chitin membranes covered with lots of transparent
and/or pigmented microscopic light-interacting scales.
These microscales may have the function for coloration,
waterproofing characteristics (repel water-like roof tiles),
and/or solar energy collection (Figure 1). These thin and
nanopatterned chitin scales overlap one another, which
may allow the dynamic control of light flow and photon
interaction by selectively filtering out certain wavelengths
through refraction, interference, and/or absorption while
reflecting others for visual colorations, subject to the real
scale structure and the scale layer distance.

The structures in the scales of the observed butterfly
wings are shown in Figures 2 and 3. The general structures
in each wing scale are grating-based which consist of the
taper- or flute-shaped longitudinal ridgeswith subwavelength
grating substructures and the transverse ribs with/without

ovoid pigment granules. The pigment granules on the cross
ribs of the wing scales of the Hebomoia leucippe can be
removed using FIB, and the exposed structures after FIB
nanomachining are shown in Figures 2(a) and 3(b), which
appear similar to those of the Palm King (Figure 3(a)) despite
the flute-like grating structures shown in Figure 2(b).

4. 2D Periodic Tapered-Staggered
Subwavelength Gratings

The inverse-V structures of the black wings of butterfly
Ornithoptera goliath may achieve good antireflection prop-
erty (99% absorption and 1% reflection in visible light
spectrum 380–795 nm, the reflectance of the reverse V-
type surface is around 1/13 of that in the flat plate). Thus,
they show promising antireflection applications for the
optical instruments, sensors, thermal detectors, and solar
cells [24]. However, as shown in Figure 3, the observed
tapered grating ridges have lots of subwavelength periodic
grating substructures, whose antireflection performance has
not been reported, without mentioning the other functions
of these ridge-directional subwavelength periodic grating
substructures.
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Figure 3: Subwavelength structures in the wing scales for (a) Palm King and (b) Hebomoia leucippe.
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Figure 4: FDTD design of 𝑥-spaced 2D periodic tapered-staggered gratings.

Table 1: Geometry parameters for SiO2 gratings designed in
Figure 4.

𝑎 (nm) 𝑏 (nm) 𝑐 (nm) 𝑑 (nm) 𝑒 (nm) ℎ (nm)
100 200 200 100 100 100

Table 2: Geometric dimensions for gratings designed in Figure 5.

𝑎 (nm) 𝑏 (nm) 𝑐 (nm) 𝑑 (nm) ℎ (nm)
50 100 100 50 200

Accordingly, inspired by the nanostructures observed in
the scales of the butterfly wings (Figure 3), the 2D periodic
tapered-staggered subwavelength gratings were developed.
The designed 2D periodic tapered-staggered subwavelength
gratings are shown in Figures 4 and 5 (the mimic design
of the grating structures of the observed butterfly wings),
and the designed grating dimensions are given in Tables 1
and 2. The calculated normal-incident reflectance for the
designed gratings at various wavelengths and polarization
angles is given in Figures 6−8, where the reference axis for
the polarization angles (0∘ and 90∘) is the 𝑥-axis.

Different from the reflective performance of the general
right-angled gratings (geometric dimensions designed: Λ =

200 nm, 𝐹 = 50%, and ℎ = 200 nm), the periodic subwave-
length structures along the ridges of the 2D periodic tapered-
staggered gratings may change the electric field intensity
distribution (sensitive to light polarization) and weaken the
surface reflection (Figure 6). Moreover, the performance of
the designed 2D periodic tapered-staggered subwavelength
SiO
2
gratings is similar to that of the corresponding Si grat-

ings, and the predicted reflectance can be less than around 5%
for the bandwidth ranging from 0.15𝜇m to 1 𝜇m (Figure 7).
In addition, as shown in Figures 7 and 8, the antireflection
performance of the gratings designed in Figure 5 and Table 2
is better than that of the gratings designed in Figure 4 and
Table 1.

On the basis of the FDTD designs and simulated results,
as shown in Figure 9, the butterfly-inspired 2D periodic
tapered-staggered subwavelength grating structure was fabri-
cated on the silicon substrate using FIB milling for reporting
the possibility to fabricate these FDTD-designed grating
structures.

5. Conclusions

The butterfly-inspired 2D periodic tapered-staggered sub-
wavelength gratings were newly developed mainly using
the FDTD method. The normal-incident reflectance of the
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Figure 5: FDTD design of 𝑥-unspaced 2D periodic tapered-staggered gratings.
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Figure 6: Calculated reflected electric intensity distributions for (a) 𝑥-unspaced 2D periodic tapered-staggered and (b) general right-angled
Si gratings.
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Figure 7: Calculated reflectance at various wavelengths for 𝑥-unspaced 2D periodic tapered-staggered gratings at (a) 0∘ and (b) 90∘
polarization.

designed gratings at different wavelengths and polariza-
tion angles was analyzed. It was shown that the 2D peri-
odic tapered-staggered subwavelength gratings have different
reflective performance from those of the general right-angled
gratings. Moreover, the periodic subwavelength substruc-
tures along the ridges of the designed gratings may change
the electric field intensity distribution (sensitive to light
polarization) and weaken the surface reflection. Further,
the performance of the designed SiO

2
gratings is similar

to that of the corresponding Si gratings, and the predicted
reflectance can be less than around 5% for the bandwidth
ranging from0.15𝜇mto 1𝜇m.Theantireflection performance

of the designed 𝑥-unspaced gratings is better than that of
the corresponding 𝑥-spaced gratings. Based on the FDTD
designs and simulated results, the butterfly-inspired 2D
periodic tapered-staggered subwavelength grating structure
was fabricated on the silicon substrate using FIB milling,
reporting the possibility to fabricate these FDTD-designed
grating structures.
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Figure 8: Calculated reflectance at various wavelengths for 𝑥-spaced 2D periodic tapered-staggered SiO
2
gratings at (a) 0∘ and (b) 90∘
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Figure 9: FIB-fabricated 2D periodic tapered-staggered subwave-
length Si gratings measured using scanning electron microscope.
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Aging of an asphalt binder causes the changes in the microstructure and, consequently, in the nanomechanical and rheological
properties of the aged asphalt binder. Short-term aging on asphalt binders was simulated using rotating thin film oven (RTFO).
These changes in themicrostructure and nanomechanical and rheological properties weremeasured using atomic forcemicroscope
(AFM) and dynamic shear rheometer (DSR). The results indicated that (1) the adhesive force of the asphalt binder from AFM tests
was increased after RTFO aging; (2) 𝐺* of the asphalt binder from DSR tests increased after RTFO aging; (3) the results from AFM
were consistent with those from DSR, explaining the mechanism of the changes of rheological properties.

1. Introduction

Asphalt binder plays an important role in the performance
of asphalt mixture, which accounted for 29% of rut depth at
high temperature, according to the strategic highway research
program (SHRP) research. Rheology is a very powerful
tool for characterizing and quantifying materials properties.
Since the rheological properties of asphalt change during
production and continue to change subsequently in service,
there is necessity to study the phenomenon of aging [1]. As a
result of the global climate, air temperature of most areas in
China in the summer is higher and higher and lasts for a long
time, making the rutting andwater damage particularlymore
prominent than ever before.The DSR is widely used for char-
acterizing asphalt binders and is required for specifications in
many countries. DSR can accurately measure the rheological
responses of asphalt films adhesion to aggregate’s surfaces [2].
As a special material, asphalt binder has viscoelastic property
and is more complicated than other pavement materials. The
testing involves using rotating thin film oven (RTFO) aged
binders to mimic the state of binder aging in the mixture
beams [3]. Because of its complexity in compositions, the
rheological properties of asphalt binder are dependent on
the aging, the temperature tested, and the test methods. A
number of studies have recognized that binders of nearly

identical SHRP performance grades can show differences in
fracture properties that vary significantly [4–6]. In order to
understand the changes in nanoscale caused by the aging of
short and long terms, the frontier of atomic force microscope
(AFM) was used to explore the nanomechanical forces. The
adhesion, nanoforce curve, and rheological properties were
tested on an asphalt binder before and after aging through
rotating thin film oven (RTFO) aging.

2. Materials and Methods

2.1. Materials. This research used Shell Pen 70# as asphalt.
The properties of Pen asphalt were shown in Table 1.

It is indicated from Table 1 that the asphalt conformed to
the requirements of the Chinese specifications.

In addition, the materials used for atomic force micro-
scope test including acetone solution and carbon disulfide
solution are all commercially available.

2.2. Methods. AFM analysis uses BRUKER company’s icon
type atomic force microscope. Its principle is that there is a
small tip which is very sensitive to the weak force at the other
end of micro-cantilever. Tip gently contacted the sample
surface, due to the extremely weak repelling force between
needle tip atoms and the sample surface atoms, the force will
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Table 1: Properties of Shell Pen 70# asphalt.

Test index Unit Pen 70 Specs Test method
Penetration (25∘C, 5 s, 100 g) 0.1mm 68 60∼80 T0604
Ductility (5 cm/min, 15∘C) cm >100 ≥100 T0605
Softening point (global method) ∘C 58 ≥46 T0606
Dynamic viscosity (60∘C) Pa⋅s 230 ≥180 T0625
The residue after thin film oven T0609
Quality loss % 0.04 ≤±0.8 T0609
Ductility (5 cm/min, 15∘C) cm 27 15 T0605
Penetration ratio (25∘C, 5 s, 100 g) % 69 ≥58 T0604

Photodetector

Laser beam

Cantilever

Line scan

Tip

A B

CD

Tip

Force

Asphalt binder

Surface

Figure 1: Atomic force microscope used in the study.

be kept constant in the scan control. A sharp tip probes the
surface of a sample while collecting data. The cantilever tip
is usually only several micros in length, and is located at
the free end of a cantilever. Vertical displacement and lateral
distortion in the cantilever ismeasured andmapped as the tip
probes the surface of the specimen. The surface information
will be measured by nanoscaled resolution. The operation
mode of the atomic force microscope was classified in the
form of acting force between tip and sample classification.
There are mainly three kinds of operating modes: contact
mode, noncontact mode, and tapping mode, with atomic
force microscope structure model as shown in Figure 1.

The nanomechanical properties of the asphalt before and
after aging are conducted by contact model.The probemodel
of the cantilever used in the study is SCANASYST—AIR, and
its elasticity coefficient is 0.4N/m. After correction, deflec-
tion sensitivity value of the cantilever beam is 51.48 nN/V, and
the𝐾 of the spring coefficient is 0.4840N/m.

This study followed the steps below [7]:

(1) Weigh the asphalt before and after aging separately,
with the weight ratio of carbon disulfide and asphalt
1 : 9.

(2) Wipe completely glass slide with acetone solution to
remove surface dust and make sure the slide surface
is clean.

(3) Absorb by glue rubber head a drop of the asphalt
solution prepared and release it on a glass slide.

(4) Let the drop of solution be a thin film.

Dynamic shear rheometer (DSR) is a machine that deter-
mines the rheological properties of asphalt binders for Super-
pave system: rutting resistance at high temperature and fati-
gue resistance at intermediate temperature. It belongs to the
plate type rheometer. Asphalt samples were placed between
parallel plates as shown in Figure 2, at a certain rate of rotating
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Figure 2: Asphalt sample loading way.
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Figure 3: Viscoelastic complex modulus.

shearing, determining binder plural shear modulus 𝐺∗ and
phase angle of the 𝛿, charactering its viscoelastic properties.
𝐺
∗ is material repeated shear deformation measurement of

total resistance, composed of elastic (recoverable) part of
𝐺
1
and 𝐺

2
of part of the viscosity (irreversible). The 𝛿 is

elastic and viscous deformation amount of relative index.The
smaller the 𝛿 is, the closer the material is in the elastomer,
complex shear modulus (𝐺∗), and its two components:
storage modulus (𝐺

1
) and loss modulus (𝐺

2
) [8], as shown

in Figure 3.

3. Results and Discussion

3.1. Nanoscaled Results from AFM. Nanoscaled mechanical
properties, that is, adhesion of asphalt binders before and
after RTFO, were studied by using AFM. Nanoadhesion and
nanoforce were measured, respectively [9]. AFM test probe
of the elastic coefficient of cantilever beam is 0.4N/m and
correction of the cantilever beam of𝐾 value was 0.4840N/m,
with sweeping range of 20 microns × 20 microns. The results
of the nanoadhesion and nanoforce of the asphalt before and
after RTFO aging are shown in Figures 4–7, respectively.

Figures 4 and 5 are the results of nanoadhesion taken
for asphalt before and after aging. These figures showed
the nanoadhesion distribution on the area of asphalt of 20
microns × 20 microns. The darker the color, the smaller the
adhesion. It is clear that the dark area was smaller and light

12.8nN

7.4nN

0.0 20.0
Adhesion (𝜇m)

Figure 4: Nanoadhesion of asphalt.

13.0nN

6.3nN

0.0 20.0
Adhesion (𝜇m)

Figure 5: Nanoadhesion of RTFO residual.

color area was increased after RTFO aging, indicating that the
whole area of adhesion was increased.

Figures 6 and 7 are the nanoforces curves of the binder
before and after aging, a typical result taken from asphalt;
both had the same trend. Here are the exploration and
explanation for Figure 6. A nanoforce curve result can be
divided into two parts—engagement part (curve A, abscissa
from right to left), retraction part (curve B, abscissa from
left to right). Curve A is characterization of the process that
needle got closing to the sample, concave valley of curve A
was caused by the van der waals force (Bpart) between probe
and sample molecules, it mainly showed the attraction force
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at this time. As the probe kept getting close to the sample,
the nanorepulsive force between tip and sample increased
(Apart represented repulsion part above the baseline).When
the nanorepulsive force reached the maximum, the distance
between the sample and probe became the closest, while the
probe began to retract, that is, leaving the sample. Curve B
in Figure 6 showed that the probe began to leave the sample
(Cpart represented attraction part below the baseline). The
adhesion of the sample can be reflected by the difference
between the lowest point of retract part of the force curve
(Curve B) and the baseline.The lowest pointmeant the largest
attraction when the probe retracted out in the process of the
sample of the binder sample. The point was often used to
reflect the information of binding force of the asphalt binder
sample. Work of adhesion is associated with the energy

Table 2: Adhesion force of different asphalt aging stage.

Degree of aging Adhesion force of asphalt
(nN)

Original 30.7
RTFO residual 41.5
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Figure 8: 𝐺∗, temperature of asphalt before and after RTFO aging.

necessary to promote adherence. The behavior of the work
of adhesion is similar to that observed for the adhesive force
[10]. In principle, the value of separation cannot be negative,
which was negative in some of Figures 4–7. The reason may
be caused by the overloaded ramp force that can be solved by
reducing the value of trigger threshold during the process of
AFM experiment.

Figures 6 and 7 indicated that the adhesion can be
reflected by retraction of nanoforce curve (i.e., the difference
between the lowest part of the valley in the force curve B and
the baseline). The point of valley means the largest attraction
at the process of probe exiting samples. After that point, the
probe can get rid of attraction and the force curve reaches the
baseline. It can be seen from Table 2 that the adhesion values
were 30.7 nN and 41.5 nN for asphalt and RTFO residuals,
respectively. Adhesion force increased after RTFO aging.

3.2. Rheological Results fromDSR. DSRmeasured rheological
properties of asphalt before and after aging under temper-
atures from 52∘C to 70∘C, respectively, in accordance with
the American AASHTOTP-93 requirements. DSR test results
of asphalt are shown in Table 3. The relationship of different
temperatures with 𝐺∗, 𝐺

1
, 𝐺
2
, and 𝐺∗/ sin(𝛿) was shown in

Figures 8, 9, 10, and 11, and respectively.
Figures 8, 9, 10, and 11 presented the complex shear

modulus 𝐺∗, elastic modulus 𝐺
1
, viscous modulus 𝐺

2
, and

𝐺
∗

/ sin(𝛿) of asphalt binders before and after RTFO aging.
The greater the 𝐺∗/ sin(𝛿), a rutting factor, the better the
asphalt material resistant to high temperature deformation.
A higher 𝐺∗ value indicates that the asphalt binder has
higher stiffness to resist rutting, and low phase angle (𝛿)



Journal of Nanomaterials 5

Table 3: Rheological properties of asphalt before and after RTFO tests.

Test project Test temperature/∘C Asphalt RTFO aged asphalt residual

𝐺
∗

/ sin(𝛿) (KPa)

52 5.10 13.70
58 2.25 5.77
64 1.05 2.46
70 0.50 1.44

Phase angle (∘)

52 85.8 82.5
58 86.7 84.5
64 87.2 86
70 86.3 84.4

𝐺
∗ (KPa)

52 5.10 13.58
58 2.25 5.74
64 1.05 2.45
70 0.50 1.43

Elastic 𝐺
1

(KPa)

52 0.37 1.77
58 0.13 0.55
64 0.05 0.17
70 0.03 0.14

Viscous 𝐺
2

(KPa)

52 5.09 13.47
58 2.25 5.72
64 1.05 2.45
70 0.50 1.43
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Figure 9: 𝐺
1

, temperature of asphalt before and after RTFO aging.

value ensures that the asphalt becomesmore elastic to recover
part of deformation [11]. Overall, the 𝐺∗ decreased as the
testing temperature increased for both the original and RTFO
residual. Moreover, 𝐺∗ of the asphalt after RTFO had a
higher value than that of the original. However, the difference
between the𝐺∗ of RTFO residual and that of the original one
decreased as the temperature increased; see Figure 8. It can be
concluded that RTFO aging had much more influence on the
𝐺
∗ when the temperature is low. The 𝐺

1
, 𝐺
2
, and 𝐺∗/ sin(𝛿)

changed with the temperature in a similar way to that of 𝐺∗;
that is, the trend of the change of 𝐺∗ with the temperature
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Figure 10: 𝐺
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is true for the other properties presented (see Figures 8–11
again).

Apparent changes in viscoelastic properties (e.g., 𝐺∗,
𝐺
∗ sin(𝛿)) with number of cycles of loading are used

to define fatigue performance of asphalt binder. However,
the mechanisms responsible for apparent changes in these
viscoelastic properties were previously not well understood
[12]; it is necessary tomake further study ofmicromechanical
mechanism of asphalt binders. Nanoadhesion of the asphalt
binder from both the image figure and curve was higher for
RTFO residual than the original one.This was consistent with
the increase of 𝐺∗of the binder before and after RTFO aging.
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4. Summary and Conclusions

In the study, the changes in nanomechanical properties were
measured on base binder of both original andRTFO residuals
using atomic force microscope (AFM), and the rheological
properties were tested by dynamic shear rheometer (DSR).
Conclusions can be drawn as follows:

(1) The nanoadhesion was successfully measured from
AFM of the picture and curve and it was found that
it increased after RTFO aging for base binders. Nano-
force curve from AFM showed that adhesion force is
30.7 nN and 41.5 nN for asphalt and RTFO residuals,
respectively.

(2) 𝐺∗ of the binders was higher for RTFO residual than
for the original one. The influence between the 𝐺∗
of the RTFO residual and that of the original was
temperature-dependent and decreased as the temper-
ature increased.

(3) The rheological properties of the asphalt changed
consistently with the nanomechanical properties with
the aging.

(4) From the tests of AFM and RTFO, the results had
a good correlation of base asphalt with the aging;
SBS modified asphalt and other asphalt with different
modifying agents should be tested in the future
study to understand the agingmechanism of different
asphalt better.
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Nanoscale long persistent phosphor SrAl
2
O
4
:Eu2+, Dy3+ was prepared by autocombustion of citrate gel. The energy level shift

of activator Eu2+ and coactivator Dy3+ was analyzed according to the emission and the excitation spectra. The band gap change
of SrAl

2
O
4
and the resulting trap depth change with particle size were discussed on the basis of analyzing the visible spectra,

the vacuum ultraviolet (VUV) excitation spectra, and the thermoluminescence (TL) spectra. The fluorescence quenching and the
shallow traps originating from surface adsorption or surface defects explain the weak initial persistent phosphorescence and the
fast phosphorescence decay in nanometer SrAl

2
O
4
:Eu2+, Dy3+. It is confirmed that energy level, band gap, trap depth, defect, and

surface adsorption are deeply related with each other in this nanoscale long persistent phosphor.

1. Introduction

The theoreticalmodel of long persistent phosphor is generally
composed of three parts: matrix lattice, emitters, and traps
[1], among which, emitters and traps are named as activator
centers [2]. Emitters are centers capable of emitting radiation
after being excited. Traps can be lattice defects originating
from material itself or coactivator [2]. They usually do
not emit radiation but store excitation energy and release
it gradually to the emitters because of thermal or other
physical stimulations. The trap energy level should be at
a suitable position in forbidden band. Thus the emission
wavelength of a persistent phosphor is mainly determined by
the emission centers; the afterglow intensity and decay time
are determined by the trap state (type and distribution) [1].

Long persistent phosphors have been rapidly developed
in the past decades. Many of them have already been com-
mercialized and are being widely used as night-vision mate-
rials in various important fields (e.g., security signs, emer-
gency route signs, traffic signage, dials and displays, medical
diagnostics, and optical probes in bioimaging) [3–11].

Among all the works, most researchers pay more atten-
tion to finding some new materials with long afterglow time

and stability. In fact, to improve the original properties and
to study the persistent luminescence mechanisms are also
very important [11–13]. Traps play very important role in
long persistent phosphor. Trap depth is defined as the energy
difference between the bottom of the conduction band and
the trap energy level. The band gap of matrix lattice increases
because of quantum confining effect when the particle size
is minimized to nanometer, but the trap energy level is
localized. So, theoretically the trap depth will increase. In
view of this, it is predicted that the long afterglow properties
will get better if the particle size is minimized to nanometer.

In this work, nanoscale and bulk long persistent phosphor
were prepared. The size-dependent spectroscopy properties
were studied systematically. This is very important for deeply
exploring the persistent luminescence mechanism.

2. Experimental

Nanoscale and bulk SrAl
2
O
4
:Eu2+, Dy3+ were prepared,

respectively, with the method described previously [14]. The
solution was controlled at pH 7. The quantity of citric acid
was denoted by formula 𝑛CA/𝑛M

𝑛+
= 2, where 𝑛CA is
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Figure 1: Emission spectra and excitation spectra. (a) Emission spectra of nanoscale and bulk SrAl
2
O
4
:Eu2+, Dy3+, 𝜆Ex = 360 nm.

(b) Afterglow mechanism of long persistent phosphor. (c) Excitation spectra of nanoscale and bulk SrAl
2
O
4
:Eu2+, Dy3+, 𝜆Em = 520 nm.

(d) The enlarged drawing of excitation spectra of nanoscale SrAl
2
O
4
:Eu2+, Dy3+ in the vicinity of 394 nm, 𝜆Em = 520 nm. (A), (B), and

(C) correspond, respectively, to the nanomaterial prepared at 1000∘C, 1100∘C, and 1200∘C and (D) corresponds to the bulk material. The
particle size is 𝑅A < 𝑅B < 𝑅C < 𝑅D.

the mole number of citric acid and 𝑛M
𝑛+ is the mole number

of all the metal ion.The sintering temperature was separately
set at 900∘C, 1000∘C, 1100∘C, and 1200∘C. The particle size
of the obtained nanomaterial increases with the sintering
temperature.

The emission spectra of the samples were measured by
using INS-150-122B CCD spectrometer with a Xe lamp as
light source. The excitation spectra were measured using
a Flurolog-3 fluorescent spectrometer. The VUV excitation
spectra were measured with a vacuum ultraviolet spectrome-
ter. The TL glow curves of all the samples were carried out
with FJ-4272 thermoluminescence instrument. The surface

adsorption was analyzed by using GX Fourier transform
infrared (FTIR) spectrometer. The afterglow decay was ana-
lyzed by using Keithley 2410 and optical power meter. All the
measurements were conducted at room temperature.

3. Results and Discussion

3.1. Emission Spectra and Excitation Spectra. Figure 1(a)
shows the emission spectra of nanometer and bulk
SrAl
2
O
4
:Eu2+, Dy3+. The exciting wavelength is 360 nm.

(A), (B), and (C) refer, respectively, to nanometer material
prepared at 1000∘C, 1100∘C, and 1200∘C and (D) refers
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to the bulk material. The particle size is listed as follows:
𝑅A < 𝑅B < 𝑅C < 𝑅D. The emission at 522 nm is attributed
to 4f65d1-4f7 transition of Eu2+. The emission peaks of
nanoscale SrAl

2
O
4
:Eu2+, Dy3+ are essentially coincident

with that of the bulk phosphor. 5d electrons are exposed out
of Eu2+. Generally speaking, the energy level of rare earth
ions is strongly localized. This is fit for activators (Eu2+) and
traps (Dy3+) listed in Figure 1(b). The energy level difference
between the lowest excited state 4f65d1 and the ground state
4f7 does not change clearlywhen the particle size is reduced to
nanometer scale, so the peak wavelength remainsmotionless.

The excitation spectra corresponding to the emission
spectra in Figure 1(a) are shown in Figure 1(c). The detection
wavelength was set at 520 nm. Compared to the emission
spectra, the regularity of excitation spectra shows great
difference. Firstly, the excitation spectra of the nanoparticles
show obvious blue shift. Next, it can be seen in Figure 1(d)
that the intensity value at 394 nm decreases with particle size
decreasing.The emission intensity ratio (𝛽

1
= 𝐼
356 nm/𝐼394 nm)

increases with particle size decreasing although the excita-
tion spectra of nanoscale SrAl

2
O
4
:Eu2+, Dy3+ do not show

obvious blue shift compared to the bigger nanoparticles.
Besides, the luminous intensity of the nanoparticles inclines
to decrease from 356 nm to 420 nm, but the bulk material
inclines to increase in this range. All these three aspects
indicate that the phosphor with the smaller size inclines to
absorb the shorter wavelength irradiation.

From the above analysis, it can be concluded that the two
luminescence related energy levels of Eu2+ in SrAl

2
O
4
:Eu2+,

Dy3+ do not move clearly with particle size and crystal field
has a greater influence on the higher excited state than on
the lower excited state of emission center (activator here is
Eu2+). In SrAl

2
O
4
:Eu2+, Dy3+, the coactivator Dy3+ and the

activator Eu2+ have similar electron shell structure and the
trap level lies between the two luminescence related energy
levels, so the trap level tends to lie in a relatively stable
position. It can be deduced that the trap level provided by
Dy3+ ions will not move up or down greatly with particle size
decreasing (Figure 1(d)). This determines the trap level will
be maintained at the original station when the particle size of
SrAl
2
O
4
:Eu2+, Dy3+ decreases to nanometer scale.

3.2. VUV Excitation Spectra and Band Gap. Figure 2(a)
shows the VUV excitation spectra of nanometer and bulk
SrAl
2
O
4
:Eu2+, Dy3+. Lines (A), (B), (C), and (D), respectively,

refer to the nanometer samples prepared at 900∘C, 1000∘C,
1100∘C, and 1200∘C. Line (E) refers to the bulk material.
The band gap of host crystal SrAl

2
O
4
is 6.52 eV, and the

corresponding absorption edge should be at about 190 nm.
It can be seen from Figure 2(a) that the band edges locate
just near 190 nm. Here, the detection wavelength was set at
520 nm, which is the characteristic emission peak of Eu2+ ion.
This means that the energy can be well transferred between
the emission centers (Eu2+) and the host crystal (SrAl

2
O
4
) [13,

15, 16]. The VUV excitation spectra actually reflect the light
absorption of host crystal SrAl

2
O
4
when detecting 520 nm of

emission.

For bulk semiconductor, the energy of the valence band
and the conduction band distributes continuously. Band gap
width is the distance between the valence band and the
conduction band. For nanometer semiconductor, the energy
of the valence band and the conduction band is no longer
continuous and the band gap width increases when the
particle size decreases (Figure 2(c)), which can be seen in
Figure 2(b) (the enlarged picture of the band edge between
168 nm and 180 nm in Figure 2(a)). The VUV excitation
spectra of the nanometer SrAl

2
O
4
:Eu2+, Dy3+ shift to the

shorter wavelength compared to that of the bulk one. At the
same time, the spectra of the nanoparticles shift to the shorter
wavelength one by one with particle size decreasing from (B)
to (E). Besides, there are two peaks at 𝜆

1
= 168 nm and 𝜆

2
=

180 nm in VUV excitation spectra. It is clear that the ratio
𝛽
2
= 𝐼
168 nm/𝐼180 nm gets bigger and bigger with particle size

decreasing from (A) to (E).This novel phenomenon indicates
that the shorter wavelength absorption plays more and more
important role when the particle size decreases. Therefore, it
can be concluded that nanoscale SrAl

2
O
4
should have wider

band gap than the bulk one and the band gap inclines to
increase with particle size decreasing.

3.3. Thermoluminescence Spectra and Trap Depth. According
to the above analysis, the band gap of the nanoscale SrAl

2
O
4

is wider than that of the bulk one. In addition, it has been
mentioned in Section 3.1 that the traps energy level provided
by Dy3+ will not shift greatly with particle size decreasing. It
can be deduced furtherly that the nanoscale SrAl

2
O
4
:Eu2+,

Dy3+ has deeper traps than the bulk one. This is so-called
quantum effect.

In order to find out what change has happened to the
traps with particle size decreasing, TL spectra were measured
after the samples were irradiated for 2 minutes by UV lamp
(Figure 3). (A), (B), and (C), respectively, correspond to
nanometer SrAl

2
O
4
:Eu2+, Dy3+ prepared at 900∘C, 1000∘C,

and 1100∘C and (D) corresponds to bulk SrAl
2
O
4
:Eu2+,

Dy3+. Each temperature peak in TL spectra corresponds to
one kind of electron trap. Usually, the trap depth can be
calculated according to Chen’s equation [17] based on the
peak temperature 𝑇

𝑚
and the shape of the TL curve. One has

𝐸 =

𝑐
𝜏
𝑘𝑇
𝑚

2

𝜏

− 𝑏
𝜏
2𝑘𝑇
𝑚
,

𝑐
𝜏
= 1.51 + 3 (𝜇

𝑔
− 0.42) ,

𝑏
𝜏
= 1.58 + 4.52 (𝜇

𝑔
− 0.42) ,

𝜏 = 𝑇
𝑚
− 𝑇
1
,

𝛿 = 𝑇
2
− 𝑇
𝑚
,

𝜔 = 𝑇
2
− 𝑇
1
,

𝜇
𝑔
=

𝛿

𝜔

,

(1)

where 𝑇
1
, 𝑇
𝑚
, and 𝑇

2
represent the temperature of half inten-

sity at low-temperature side, peak temperature, and temper-
ature of half intensity at high-temperature side of TL peak, 𝜏
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Figure 2: VUV excitation spectra and band gap. (a) VUV excitation spectra of nanoscale and bulk SrAl
2
O
4
:Eu2+, Dy3+, 𝜆Em = 520 nm.

(b) Enlarged picture of VUV excitation spectra for nanoscale and bulk SrAl
2
O
4
:Eu2+, Dy3+, 𝜆Em = 520 nm. (c) Relationship between band

gap and particle size of nanoscale semiconductor.

is the left half width, 𝛿 is the right half width, 𝜔 is the total
half intensity width, 𝑘 is Boltzmann’s constant, and 𝜇

𝑔
is the

symmetry factor.
As shown in Figure 3(a), curve (A) has only one weak

peak at about 350K, curve (B) or curve (D) has one strong
asymmetric peak, and curve (C) has two peaks at 350K
and 400K. But the above method has its own unavoidable
drawbacks. It is only fit for individual peaks and is limited
when the spectra overlap partially together. Here, the trap
depths were estimated using equation 𝐸 = 𝑇

𝑚
/500 [17, 18].

It is clear that sample (A) has only one kind of shallow
trap because it has only one weak TL peak at low temperature
between 300K and 350K. Figures 3(b), 3(c), and 3(d) are the
Gauss fitted results of curve (B), curve (C), and curve (D) in
Figure 3(a). All the Gauss fitted peaks match very well with
the original peaks.Thepeak at 350K is considered originating
from traps related with surface vacancy in nanoparticle. The
350K peak intensity in line (B) is much stronger than that in
line (A) because the luminescence quenching originated by

surface vacancy decreases with particle size increasing. The
375K peak is considered originating from the traps deepened
by quantum size effect of the surface vacancy. The peaks at
400K in lines (C) and (D) are considered originating from the
inner vacancy. Besides, the peak at the highest temperature
460K must have something to do with Dy3+.

It can be seen in Figures 3(c) and 3(d) that the higher
temperature peak plays more and more important role with
particle size increasing. This can be deduced from the peak
area. According to Urbachmodel 𝐸 = 𝑇

𝑚
/500, the trap depth

at 350K, 375K, 400K, and 460K is, respectively, 0.70 eV,
0.75 eV, 0.80 eV, and 0.92 eV. In bulk material, the traps were
provided by inner vacancy and Dy3+. This is beyond all
doubt. In nanoscale SrAl

2
O
4
:Eu2+, Dy3+, there should have

been Dy3+ related peak at higher temperature according to
the deduction at the beginning in Section 3.3. In fact, the
electrons in this trap perhaps relax quickly to the surface state
without giving emission.This supposed deep trap did not and
will not appear in thermoluminescence spectra.
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Figure 3: Size-dependent thermoluminescence spectra of SrAl
2
O
4
:Eu2+, Dy2+ phosphors. (a) Thermoluminescence spectra of nanoscale

SrAl
2
O
4
:Eu2+, Dy2+ prepared by sol-gel method at 900∘C (A), 1000∘C (B), and 1100∘C (C) and bulk phosphors (D) prepared by solid-state

reaction method. (b)The Gausses fitted result of curve (B) in (a). (c)The Gausses fitted result of curve (C) in (a). (d)The Gausses fitted result
of curve (D) in (a). The solid circles, up triangles, and down triangles correspond to the measured value and the open circles correspond to
the Gauss fitted data.

3.4. Surface Adsorption and Fluorescence Quenching [11]. Sur-
face defects and surface adsorption are intrinsic and unavoid-
able in nanoscale materials.The surface adsorption was char-
acterized with GX Fourier transform infrared spectrometer
in order to confirm the relation between luminous intensity
and surface state (Figure 4).There aremany absorption peaks
in the region of 400–900 cm−1, which are ascribed to the
monoclinic crystal structure of SrAl

2
O
4
. No difference is

found between all the samples in this region. This indicates
that all the prepared samples have the same crystal structure
and this determines all the above comparing is effective. The
most interesting thing is all the samples display excellent
regularity in the other wave number range. The absorption

peaks at 1632 cm−1 are due to C=O; the peaks at 1340–
1572 cm−1 are due to the symmetric stretching vibration and
the asymmetric stretching vibration of -CO

2
-.The absorption

peaks at 3460 cm−1 correspond toO-H bond adsorbed on the
surface of nanoscale and bulk particles. It is very clear that the
absorption intensity increases with particle size decreasing.
This trend is consistent with surface effect of nanomaterials.
In fact, all these adsorbed functional groups can also be
regarded as special defects.

In general, the phonon energy originating from the inter-
action between the crystal field and luminescence center is
very weak. The functional groups adsorbed on the surface
are very light compared to rare earth ions. Their vibration
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Figure 4: FTIR spectra of nanosized SrAl
2
O
4
:Eu2+, Dy2+ phosphors

prepared by sol-gel method at 900∘C (A), 1000∘C (B), 1100∘C (C),
and 1200∘C (D) and bulk phosphors prepared by solid-state reaction
method (E).

energy is very strong.The luminescent center near the surface
couples with the vibration modes of those functional groups.
The phonon energy provided by these vibration modes is
relatively strong, so the electrons of luminescence center
can easily relax to the lower energy level in nonradiative
relaxation form and will not give out light. This process
causes fluorescence quenching [19, 20] and this is just why
the assumed deep traps did not work.

3.5. Long Persistent Phosphorescence and Decay Curve.
According to the above analysis, deep traps play a leading role
in bulk SrAl

2
O
4
:Eu2+, Dy3+. But for nanoscale SrAl

2
O
4
:Eu2+,

Dy3+, the assumed deep traps originating from quantum size
effect do not play their role due to the intrinsic surface defects
and the unavoidable surface adsorptions.The electrons in the
shallow traps are excited into the conduction band by thermal
disturbance so easily that the long persistent luminescence
decays quickly. Figure 5 is the luminous power versus time
curve of nanoscale material prepared at 1100∘C and the bulk
material. The detected wavelength was set at the peak emis-
sion wavelength 520 nm. It is clear that the phosphorescence
of nanoscale material decays much faster than that of the
bulk one. In addition, the initial intensity of nanoscale long
persistent phosphor is lower than that of the bulk phosphor
and the final intensity of SrAl

2
O
4
:Eu2+, Dy3+ tends to be

much lower than that of the bulk SrAl
2
O
4
:Eu2+, Dy3+.

4. Conclusions

Nanoscale long persistent phosphors SrAl
2
O
4
:Eu2+, Dy3+

with different sizewere prepared by autocombustion of citrate
gelatin at 900∘C, 1000∘C, 1100∘C, and 1200∘C. The emission
related energy levels of activator Eu2+ and the persistent
luminescence related energy levels of coactivator Dy3+ do
not change very clearly with particle size. The band gap of
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Figure 5: Decay curves at 520 nm emission peak of nanoscale
(hollow circle) and bulk (solid circle) SrAl

2
O
4
:Eu2+, Dy3+ phosphor.

The right luminance power refers to nanoscale SrAl
2
O
4
:Eu2+, Dy3+,

the left one refers to bulk SrAl
2
O
4
:Eu2+, Dy3+.

SrAl
2
O
4
matrix crystal becomes wider and wider with par-

ticle size decreasing because of quantum effect. The smaller
nanoparticles lead to the more serious surface adsorption
and surface defects, which lead to nonradiative relaxation
and fluorescence quenching. These factors are fatal for long
persistent phosphor in nanoscale SrAl

2
O
4
:Eu2+, Dy3+. The

deep traps originating from quantum size effect do not play
their role because of surface effect. The shallow traps orig-
inating from surface defects give weak thermoluminescence
or persistent phosphorescence.The afterglowof the nanoscale
SrAl
2
O
4
:Eu2+, Dy3+ decays faster than that of the bulk one.
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Structural health monitoring with piezoelectric thin films integrated on structural metals shows great advantages for potential
applications. However, the integration of piezoelectric thin films on structure metals is still challenged. In this paper, we report
the piezoelectric barium titanate [BaTiO

3
(BTO)] thin films deposited on polycrystalline Ni substrates by the polymer assisted

deposition (PAD) method using NiO
𝑥
as the buffer layers. The NiO

𝑥
buffer layers with different thicknesses were prepared by

varying immersing time from 5 minutes to 4 hours in H
2
O
2
solution. The dielectric and leakage current properties of the thin

films have been studied by general test systems.The BTO/Ni heterostructure with 2-hour immersing time exhibits better dielectric
properties with a dielectric constant over 1500 and a 34.8% decrease of the dielectric loss compared to that with 5-minute immersing
time.The results show that the leakage current density is strongly affected by the thickness of the NiO

𝑥
buffer layer.The conduction

mechanisms of the BTO/Ni heterostructure have been discussed according to the J-V characteristic curves.

1. Introduction

Nanomaterials, including nanodots, nanowires, nanothin
films, and related composites, have been immensely inves-
tigated in the last few decades due to their wide potential
applications [1–5]. Barium titanate [BaTiO

3
(BTO)] thin film,

noted for its high dielectric constant and ferroelectric and
piezoelectric properties, has aroused much attention for its
potential applications in dynamic random access memories,
opticalmodulators, waveguides, structural healthmonitoring
(SHM), and microelectromechanical system (MEMS) [6–8].
With the increasing demands on embedded high density
capacitors in the microelectronic packages and piezoelectric-
based SHM, investigation on the fabrication of BTO thin
films on base metallic substrates such as Ni or Cu has been
initiated. Particularly, piezoelectric-thin-film-based built-in
active SHM sensors with nondestructive evaluation abilities

have shown great advantages compared to the bulk ones
due to their seamless atomic bond between the active sensor
and the structure as well as their low voltage requirement
[9]. However, major challenges exist in the fabrication of
piezoelectric thin films on structural materials due to the
difficulties in controlling the oxidation of the structural
metallic substrates, the interdiffusion, and the crystallization
of the oxide piezoelectric thin films. The growth of BTO thin
films on noble metals such as Pt and Au coated Si substrates
or metal-oxide substrates has been widely reported by using
the techniques of pulsed laser deposition (PLD), sputtering,
or chemical solution deposition (CSD) [10–13]. Nevertheless,
only a few groups have initiated the efforts of how to fabricate
BTO thin films on nickel foils using CSD and PLD methods
[14–17].

In 2004, a chemical solution deposition technique named
polymer assisted deposition (PAD) [18–20] was reported,
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which has proved itself as a promising complementary
film fabrication technique with the advantages of low cost,
precursor solution stability, and process controllability [21].
We have demonstrated that BTO films could be directly
deposited on nickel substrates by using the PAD technique
[22–24]. Specifically, NiOx layer must be formed on the Ni
substrate by pretreating it in H

2
O
2
solution prior to the

thin film deposition and the precursor wet films must be
thermally treated in a reduced environment. On one hand,
NiOx layer serves as a buffer layer to improve the wettability
of the substrates and prevent interdiffusion at the interface
during annealing. On the other hand, the free energy of
BTO (−1854 kJ/mol, at 1100K) is much lower than that of
NiO (−315 kJ/mol, at 1100K) [25], and BTO has the ability to
deprive oxygen from NiOx layer. In other words, NiOx buffer
layer also serves as the oxygen source during the annealing
process of the BTO films in a reduced environment, which
would to somedegree release the concern of oxygen vacancies
in the as-prepared BTO films. Reasonable dielectric constant
and dielectric loss can be achieved for the optimized as-
prepared BTO thin films. Decreased leakage current densities
have been observed in the films with the pretreated NiOx
layers compared to the reference sample. To get a deep
understanding on the effect of NiOx layer, a systematic
study on the leakage mechanism in this specific structure is
necessary.

2. Materials and Methods

Details for the preparation of BTO film on nickel substrate by
PAD method have been reported in our previous work [22–
24]. Firstly, nickel substrates whose thickness is 0.5mm were
polished to get a smooth and shiny surface. However, this
kind of surface has a very poor wettability to the water-based
precursor solutions used in PAD. Thus we immersed the
nickel substrate into 10% hydrogen peroxide solution at 50∘C,
and the nickel on the surfacewas oxidized gradually. An oxide
buffer layer NiO/Ni

2
O
3
was formed to improve its wettability.

In this experiment, by varying the immersing time of the
Ni substrates in the H

2
O
2
solution, different thicknesses of

NiOx buffer layers could be formed.We selected five different
samples, and their immersing time in the H

2
O
2
solution was

5min (as the reference sample), 30min, 1 h, 2 h, and 4 h,
respectively.

The precursor solutions containing Ba2+ and Ti4+ were
prepared according to the literature reports [18, 19]. Tech-
nically, Ba2+ solution was made by adding barium nitrate
to the water solution of ethylenediaminetetraacetic acid
(EDTA) and polyethyleneimine (PEI, from Sigma-Aldrich,
average Mn≈60,000, Mw≈750,000). The solution was then
purified and concentrated in an Amicon filtration unit to
yield a solution with Ba2+ ions. To prepare the Ti4+ solution,
titanium chloride was slowly added to 30% peroxide solution,
then the solution was added slowly to the mixture of EDTA
and PEI solution, and finally the solution was purified
and concentrated to get a solution containing Ti4+ ions.
The concentrations of Ba2+ and Ti4+ in the solutions were
19.8 and 12.4mg/mL, respectively, measured by Inductively

Coupled Plasma Optical Emission Spectrometer (ICP-OES).
Figure 1(a) shows the pictures of the Ba2+ and Ti4+ solutions.
The Ba2+ and Ti4+ solutions were then mixed in the molar
ratio of 1 : 1 to yield a homogenous precursor solution for
BTO.

The as-prepared solution was spin-coated on the pre-
treated nickel substrates with a spin rate of 3000 rpm for 30
seconds. The as-prepared samples were put into a furnace
for heat treatment. The spin coating and thermal treatment
process were repeated for 5 times. We treated the first layer
of BTO thin films at 800∘C to get distinct interface and the
other layers at 600∘C to avoid excessive thermal exposure of
the nickel substrates.Then, the BTO thin films were annealed
at 800∘C in order to get fine crystallization. To avoid the
oxidation of the Ni substrates, the whole thermal treatment
process was performed in the flowing forming gas of 96%
N
2
and 4% H

2
with a flow rate of 100mL/min. After SEM

detection, the final thickness of the BTO thin films is about
400 nm. Figure 1(b) schematically shows the heat treatment
process.

The crystallinity of the films was first examined by the X-
ray diffraction (XRD) technique. To measure the dielectric
properties of the BTO thin films, Au electrodes with an
area of 20 𝜇m × 20𝜇m were deposited on the surfaces of
BTO thin films by lithography and magnetron sputtering
methods as the top electrodes. Dielectric properties of the
samples were tested using an Agilent-4294A Precision LCR
meter. Leakage currents were measured using an Agilent
B2901A Precision Source/Measure Unit. Figure 2 shows the
test sketch of BTO/Ni samples and dielectric property and
leakage current test system. The applied voltage varied from
−10V to 0V and then from 0V to +10V for the leakage
current measurements.

3. Results and Discussion

XRDwas performed using Cu K radiation to examine crystal
structure of the BTO/Ni heterostructures. It is interesting to
see that all the samples exhibit similar diffraction patterns.
Typical results are shown in Figure 3 (only two samples with
immersing time of 5min and 4 h are shown here).

The characteristic peaks of polycrystalline nickel and
pseudocubic BTO can be identified from the XRD pattern.
Characteristic peaks of NiO and Ni

2
O
3
cannot be observed

despite different immersing time of nickel substrates in
H
2
O
2
solution (which refers to the oxidation time of nickel

substrate). The results of XRD demonstrate that the BTO
thin films have been successfully fabricated on polycrystalline
nickel substrates without detectable nickel oxide phases.

Figures 4 and 5 show the dielectric constant and loss of
these BTO/Ni heterostructures treated in H

2
O
2
solution with

different immersing time. The measurements were executed
at 100 kHz and room temperature. From these two figures,
the dielectric constant and the dielectric loss with immersing
time of 5min, 30min, 1 h, 2 h, and 4 h are, respectively, 1722,
1657, 1600, 1581, and 253 and 2.3%, 2.2%, 1.9%, 1.5%, and
0.3%. Both dielectric constant and dielectric loss reduce with
the increase of immersing time. This is mainly because of
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Figure 1: (a) Pictures of Ba2+ solution and Ti4+ solution. (b) Schematic of heat treatment process of BTO/Ni samples.
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the influence of the nickel oxide buffer layers between the
BTO thin films and the Ni substrates. The nickel oxide layer
could block the interface diffusion between the Ni and the
BTO layer and thus improve the quality of the BTO thin films
and reduce the leakage current and dielectric loss. However,
NiOx layer has a much lower dielectric constant compared
to the BTO layer, which implies that the heterostructure is
actually a big capacitor of BTO in series with a small capacitor
of NiOx. Thus, the as-measured dielectric constant should be
lower when NiOx layer is thicker.

As can be seen fromFigures 4 and 5, the balance should be
consideredwhen looking for the optimal pretreatment condi-
tion for the Ni substrates. For example, though the dielectric
loss of the sample with 4 h immersing time decreases by
87% compared to the one with 5min immersing time, the
dielectric constant decreases by 85.3%. On the other hand,
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Figure 5: The dielectric loss characteristic curves of the BTO/Ni
samples.

the dielectric constant of the sample with 2 h immersing time
decreases only by 8.2%, whereas its dielectric loss reduced
by 34.8% compared to the sample with 5min immersing
time. Therefore, 2 h immersing time might be an optimized
condition for the applications which require low dielectric
loss and high dielectric constant.

The Au electrode and the Ni substrate were regarded
as positive and negative electrodes, respectively. In order to
prevent the breakdown and obtain accurate leakage charac-
teristic curve, the limit current and test delay time were set
as 100 𝜇A and 0.1 s, respectively. All the scanning sequences
began with 0V. The leakage current density and electric
field characteristic curves for the samples with different
immersing time are shown in Figure 6.

From Figure 6, we can see that the 𝐽-𝐸 characteristic
curves are asymmetric under positive and negative bias
voltage, which is mainly caused by the asymmetry of this
kind of integrated structure. The leakage current conduction
mechanism is then different when metal electrode is under
positive and negative bias voltage. So it is necessary for us
to analyze the leakage current conduction mechanism under
positive and negative bias voltage, respectively. Whatever
negative or positive bias voltage, leakage current decreases
gradually along with the increase of immersing time. The
sample with 4 h immersing time has a much lower leakage
current density than the other 4 samples. This is mainly due
to the increase of bulk resistance. As the oxidation time of
nickel substrates increases, thickness of the nickel oxide layers
increases. Since the films were thermally treated in a reduced
ambient with the oxygen pressure of about 10−18 atm, nickel
oxide will decompose gradually during the heat treatment
process [26, 27]. And as mentioned ahead, since the free
energy of BTO is much lower than that of NiO, the oxygen
from NiO would diffuse into the BTO layer to compensate
oxygen vacancies. It is believed that the oxygen vacancies
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are the key factor contributing to the leakage current in
ferroelectric oxide thin films.Thus, the sample with a thicker
NiOx layer should have a lower leakage current density.

The leakage current conduction mechanism under nega-
tive bias is analyzed by plotting ln(𝐽) versus 𝐸1/2, as shown in
Figure 7. It shows that all the curves fit well with the Schottky
emission mechanism [28, 29], which can be expressed as

𝐽 = 𝐴

∗
𝑇

2 exp[
−𝑒 (𝜙

𝑜
−
√
𝑒𝐸/4𝜋𝜀

𝑖
𝜀0)

𝑘𝑇

] ,

(1)

where 𝐽 is the current density,𝐴∗ is the Richardson constant,
𝑇 is the absolute temperature, 𝑒 is elementary charge, 𝐸 is the
applied electric field, 𝜀

𝑖
is the optical dielectric constant, 𝜀

0
is

the permittivity of free space, 𝑘 is the Boltzmann constant,
and 𝑒𝜙

0
is the Schottky barrier height.

The optical dielectric constant of the BTO samples is
about 1.95, as calculated from the slopes of the curves in
Figure 7. The value is at the same order of magnitude but
smaller than the reported optical dielectric constant of about
5 for BTO bulk [30].The reason may come from the different
quality of our BTO thin film samples with the reported bulks.
The absolute values of the intercept of the curves in Figure 6
reflect the Schottky barrier height. It is interesting to see
that the Schottky barrier height increases with the thickness
of NiOx layer. The reason may lie in the suppression of
interdiffusion between the BTO layer and the Ni substrate
when the thickness of NiOx layer increases, which would
increase the Schottky barrier height.

From Figure 8, it is seen that, under the positive voltage,
all the curves basely conform to a transition from the Ohmic
conductive mechanism to the space-charge-limited-current
(SCLC) mechanism [31].

0 2000 4000 6000

−4

−2

0

2

4

6

0.00105

Immersing time
5min

30min
1h

2h
4h

E
1/2

(V/m)
1/2

ln
 J

(A
/m

2
)
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samples.

−2 −1 0 1 2 3

−22

−20

−18

−16

−14

−12

−10

 Immersing time

ln(V) (V)

ln
(I

) (
A

)

Slope = 1.22

2.32V

2.75V
4.06V 5.16V

7.34V

5min

30min
1h

2h
4h

Figure 8: ln(𝐼) versus ln(𝑉) plots under positive bias for the BTO/Ni
samples.

For the Ohmic conductive mechanism, the current den-
sity and the applied electric field follow a linear relationship.
And the SCLC mechanism can be expressed as

𝐽 =

9
8
𝜀

𝑟
𝜀0𝜇
𝑉

2

𝐿

3 =
9
8
𝜀

𝑟
𝜀0𝜇
𝐸

2

𝐿

,

(2)

where 𝜀
𝑟
is the low frequency dielectric constant, 𝜇 is the

carrier mobility, and 𝐿 is the thickness of the thin film.
Under positive bias, leakage currents of all samples follow

Ohmic conductive mechanism when the voltage is low.
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At some transition points, leakage currents increase sharply,
and the voltages of these transition points, as shown in
Figure 8, are 2.32V, 2.75V, 4.06V, 5.16 V, and 7.34V for the
samples with the immersing time of 5min, 30min, 1 h, 2 h,
and 4 h, respectively. In other words, the voltages at the
transition point increase with the oxidation time of nickel
substrates.

Two factors may account for the phenomenon that the
longer the immersing time, the higher the voltage at the
transition point. On one aspect, as mentioned above, the
decomposition of nickel oxide layer would compensate the
oxygen vacancies and thus reduce internal defects in the BTO
layer. Since the oxygen vacancies are believed to be related to
the origin of the space charges inmany ferroelectricmaterials
[32–35], the reduction of oxygen vacancies would increase
the transition voltage from theOhmic conductivemechanism
to SCLC conductive mechanism. The second reason may
lie in the voltage across the interfacial layer. Due to the
compensation of the oxygen vacancies from the interfacial
NiOx layer, the distribution of oxygen vacancies in the BTO
layer is not uniform. The area close to the BTO/Ni interface
which has deprived oxygen from NiOx buffer would have a
higher resistance and the voltage across this area should be
higher.The thicker the original NiOx buffer is, the thicker the
area in the BTO layer which can get enough compensation
of oxygen vacancies is, and the higher the voltages would
be applied on this area. Moreover, when the original NiOx
layer is thick enough, a residual NiOx layer would be at the
interface after the heat treatment, which would also share
more voltage when its thickness increases. The higher partial
voltage across the residual NiOx layer and the interfacial
BTO area would result in the increase of the voltage at the
transition point.

It is interesting to note that, for the sample whose
immersing time is 5min, the slope of the curve at the high
voltage part is not consistent with that of other samples.
This suggests that the types of defects in this sample may
be different from other samples. In the sample with 5min
immersing time, the interdiffusion between Ni and BTO is
not well controlled and the oxygen vacancies in the BTO
layer are not well compensated. The related defects would
dominate the sources of space charge and lead to a typical
SCLC conductive mechanism with the slope of ln(𝐽) versus
ln(𝑉) close to 2. But when the thickness of NiOx buffer layer
increases and the interdiffusion and oxygen vacancies get a
better control, other defects formed during the fabrication
process would dominate the sources of space charge.Then the
defect-related discrete energy levels appear in the forbidden
band. The energy level influences carriers transport and
conductive mechanism strongly and leads to a higher slope
of ln(𝐽) versus ln(𝑉) plot.

4. Conclusions

In summary, the barium titanate (BTO) thin films were
successfully deposited on polycrystalline Ni substrates by the
polymer assisted deposition (PAD) technique using NiOx as
the buffer layers. It is found that the dielectric properties and

the leakage current density of the BTO films are strongly
affected by the thickness of NiOx buffer layers which could
be controlled by the pretreatment time. Obvious reduction
in dielectric loss and leakage current densities has been
observed in the samples with longer pretreatment time
of Ni substrates. Combining with the analysis of leakage
mechanisms in the BTO layers, the observed phenomena
have been proposed to be related to the oxygen compensation
and the suppression of interdiffusion at the interface.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This work is supported by the National Basic Research Pro-
gramofChina (973 Program) underGrant no. 2015CB351905,
the National Natural Science Foundation of China (nos.
51372034, 11329402, and 51172036), and Guangdong Innova-
tive Research Team Program (no. 201001D0104713329).

References

[1] Y. Chen, W. Huang, and B. Peng, “Determination of optimal
parameters for dual-layer cathode of polymer electrolyte fuel
cell using computational intelligence-aided design,” PLoS ONE,
vol. 9, no. 12, Article ID e114223, 2014.

[2] Q. Zhang, B. Peng, D. Li, Y. Yang, and Y. Liu, “The effect
of film microtexture and magnetic field on transparency of
Fe
3
O
4
-PDMSnanocomposite films,” IEEE Photonics Technology

Letters, vol. 26, no. 21, pp. 2181–2184, 2014.
[3] M. Gao, Y. Pan, C. D. Zhang et al., “Tunable interfacial

properties of epitaxial graphene on metal substrates,” Applied
Physics Letters, vol. 96, no. 5, Article ID 053109, 2010.

[4] B. Zeng, M. Gao, S. Liu, T. Pan, Z. Huang, and Y. Lin, “Thermal
chemical vapor deposition of layered aligned carbon-nanotube
films separated by graphite layers,” Physica Status Solidi A:
Applications andMaterials Science, vol. 210, no. 6, pp. 1128–1132,
2013.

[5] T. X. Nan, H. Z. Zeng, W. Z. Liang et al., “Growth behavior and
photoluminescence properties of ZnOnanowires on gold nano-
particle coated Si surfaces,” Journal of Crystal Growth, vol. 340,
no. 1, pp. 83–86, 2012.

[6] F. W. Van Keuls, R. R. Romanofsky, D. Y. Bohman et
al., “(YBa

2
Cu
3
O
7−𝛿

,Au)/SrTiO
3
/LaAlO

3
thin film conduc-

tor/ferroelectric coupled microstripline phase shifters for
phased array applications,” Applied Physics Letters, vol. 71, no.
21, pp. 3075–3077, 1997.

[7] D. L. Polla and L. F. Francis, “Processing and characterization
of piezoelectric materials and integration into microelectrome-
chanical systems,” Annual Review of Materials Science, vol. 28,
no. 1, pp. 563–597, 1998.

[8] P.Muralt, “Ferroelectric thin films formicro-sensors and actua-
tors: a review,” Journal ofMicromechanics andMicroengineering,
vol. 10, no. 2, pp. 136–146, 2000.

[9] B. Lin, Power and energy transduction in piezoelectric wafer
active sensors for structural health monitoring: modeling
and application [Ph.D. thesis], University of South Carolina,
Columbia, SC, USA, 2010.



Journal of Nanomaterials 7

[10] S. M. Aygün, P. Daniels, W. Borland, and J.-P. Maria, “Hot
sputtering of barium strontium titanate on nickel foils,” Journal
of Applied Physics, vol. 103, no. 8, Article ID 084123, 2008.

[11] S. Kim, S. Hishita, Y. M. Kang, and S. Baik, “Structural char-
acterization of epitaxial BaTiO

3
thin films grown by sputter-

deposition onMgO(100),” Journal of Applied Physics, vol. 78, no.
9, pp. 5604–5608, 1995.

[12] M. J. Burch, J. Li, D. T. Harris, J.-P. Maria, and E. C. Dickey,
“Mechanisms for microstructure enhancement in flux-assisted
growth of barium titanate on sapphire,” Journal of Materials
Research, vol. 29, no. 7, pp. 843–848, 2014.

[13] C. L. Jia, K. Urban, S. Hoffmann, and R.Waser, “Microstructure
of columnar-grained SrTiO

3
and BaTiO

3
thin films prepared

by chemical solution deposition,” Journal of Materials Research,
vol. 13, no. 8, pp. 2206–2217, 1998.

[14] Z. Yuan, J. Liu, J. Weaver et al., “Ferroelectric BaTiO
3
thin films

on Ni metal tapes using NiO as buffer layer,” Applied Physics
Letters, vol. 90, no. 20, Article ID 202901, 3 pages, 2007.

[15] J. T. Dawley and P. G. Clem, “Dielectric properties of random
and [100] oriented SrTiO

3
and (Ba,Sr)TiO

3
thin films fabricated

on [100] nickel tapes,” Applied Physics Letters, vol. 81, no. 16, pp.
3028–3030, 2002.

[16] T. Dechakupt, G. Y. Yang, C. A. Randall, S. Trolier-McKinstry,
and I. M. Reaney, “Chemical solution-deposited BaTiO

3
thin

films on Ni foils: microstructure and interfaces,” Journal of the
American Ceramic Society, vol. 91, no. 6, pp. 1845–1850, 2008.

[17] J. Shin, A. Goyal, S. Jesse, and D. H. Kim, “Single-crystal-like,
c-axis oriented BaTiO

3
thin films with high-performance on

flexible metal templates for ferroelectric applications,” Applied
Physics Letters, vol. 94, no. 25, Article ID 252903, 2009.

[18] Q. X. Jia, T.M.McCleskey, A. K. Burrell et al., “Polymer-assisted
deposition of metal-oxide films,” Nature Materials, vol. 3, no. 8,
pp. 529–532, 2004.

[19] Y. Lin, J.-S. Lee, H. Wang et al., “Structural and dielectric
properties of epitaxial Ba

1−𝑥
Sr
𝑥
TiO
3
films grown on LaAlO

3

substrates by polymer-assisted deposition,” Applied Physics
Letters, vol. 85, no. 21, pp. 5007–5009, 2004.

[20] Y. Lin, H. Wang, M. E. Hawley et al., “Epitaxial growth of
Eu
2
O
3
thin tilms on LaAlO

3
substrates by polymer-assisted

deposition,” Applied Physics Letters, vol. 85, no. 16, pp. 3426–
3428, 2004.

[21] G. F. Zou, J. Zhao, H. M. Luo, T. M. McCleskey, A. K. Burrell,
andQ. X. Jia, “Polymer-assisted-deposition: a chemical solution
route for a wide range of materials,” Chemical Society Reviews,
vol. 42, no. 2, pp. 439–449, 2013.

[22] W.-Z. Liang, Y.-D. Ji, T.-X. Nan et al., “Optimized growth
and dielectric properties of barium titanate thin films on
polycrystalline Ni foils,” Chinese Physics B, vol. 21, no. 6, Article
ID 067701, 6 pages, 2012.

[23] W. Liang, Y. Ji, T. Nan et al., “Growth dynamics of barium
titanate thin films on polycrystalline Ni foils using polymer-
assisted deposition technique,” ACS Applied Materials and
Interfaces, vol. 4, no. 4, pp. 2199–2203, 2012.

[24] W. Liang, Z. Li, Z. Bi et al., “Role of the interface on the
magnetoelectric properties of BaTiO

3
thin films deposited on

polycrystalline Ni foils,” Journal of Materials Chemistry C, vol.
2, no. 4, pp. 708–714, 2014.

[25] I. Barin,Thermochemical Data of Pure Substances, VCH, Wein-
heim, Germany, 1989.

[26] C. Park, D. P. Norton, D. T. Verebelyi et al., “Nucleation of
epitaxial yttria-stabilized zirconia on biaxially textured (001) Ni

for deposited conductors,”Applied Physics Letters, vol. 76, no. 17,
pp. 2427–2429, 2000.

[27] J. Chen, P. A. Parilla, R. N. Bhattacharya, and Z. Ren, “Growth
of biaxially textured CeO

2
/YSZ/CeO

2
and SrTiO

3
buffer layers

on textured Ni substrates by pulsed laser deposition,” Japanese
Journal of Applied Physics, vol. 43, no. 9, pp. 6040–6043, 2004.

[28] G.W.Dietz,M. Schumacher, R.Waser, S. K. Streiffer, C. Basceri,
and A. I. Kingon, “Leakage currents in Ba

0.7
Sr
0.3
TiO
3
thin

films for ultrahigh-density dynamic random access memories,”
Journal of Applied Physics, vol. 82, no. 5, pp. 2359–2364, 1997.

[29] C. S. Hwang, B. T. Lee, C. S. Kang et al., “Depletion layer
thickness and Schottky type carrier injection at the interface
between Pt electrodes and (Ba,Sr)TiO

3
thin films,” Journal of

Applied Physics, vol. 85, no. 1, pp. 287–295, 1999.
[30] A. K. Burrell, T. Mark McCleskey, and Q. X. Jia, “Polymer

assisted deposition,”Chemical Communications, no. 11, pp. 1271–
1277, 2008.

[31] C.-J. Peng and S. B. Krupanidhi, “Structures and electrical prop-
erties of barium strontium titanate thin films grown by multi-
ion-beam reactive sputtering technique,” Journal of Materials
Research, vol. 10, no. 3, pp. 708–726, 1995.

[32] J.-S. Lee, Y. Li, Y. Lin, S. Y. Lee, andQ.X. Jia, “Hydrogen-induced
degradation in epitaxial and polycrystalline (Ba,Sr)TiO

3
thin

films,” Applied Physics Letters, vol. 84, no. 19, pp. 3825–3827,
2004.

[33] F. M. Pontes, E. R. Leite, E. Longo, J. A. Varela, E. B. Araujo,
and J. A. Eiras, “Effects of the postannealing atmosphere on the
dielectric properties of (Ba,Sr)TiO

3
capacitors: evidence of an

interfacial space charge layer,” Applied Physics Letters, vol. 76,
no. 17, pp. 2433–2435, 2000.

[34] K. T. Li and V. C. Lo, “Simulation of oxygen vacancy induced
phenomena in ferroelectric thin films,” Journal of Applied
Physics, vol. 97, no. 3, Article ID 034107, 2005.

[35] X. D. Qi, J. Dho, R. Tomov, M. G. Blamire, and J. L. MacManus-
Driscoll, “Greatly reduced leakage current and conduction
mechanism in aliovalent-ion-doped BiFeO

3
,” Applied Physics

Letters, vol. 86, no. 6, Article ID 062903, 3 pages, 2005.



Research Article
Magnetization Reversal and Specific Loss Power of
Magnetic Nanoparticles in Cellular Environment Evaluated by
AC Hysteresis Measurement

Satoshi Ota, Tsutomu Yamada, and Yasushi Takemura

Department of Electrical and Computer Engineering, Yokohama National University, Yokohama 240-8501, Japan

Correspondence should be addressed to Yasushi Takemura; takemura@ynu.ac.jp

Received 30 January 2015; Accepted 5 May 2015

Academic Editor: Yong Zhu

Copyright © 2015 Satoshi Ota et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The effect of intracellular hyperthermia induced by magnetic nanoparticles (MNPs) has been evaluated using a theoretical model.
In this study, magnetization reversal of MNPs in the cellular environment under an AC magnetic field was evaluated on the basis
of measured AC hysteresis loops. The specific and intrinsic loss powers—SLP and ILP—were also estimated from the area of AC
hysteresis loops. The measured samples were a liquid sample dispersed in water, a fixed sample mixed with an epoxy bond, and a
cellular sample. In the cellular environment, the rotations of particles and magnetic moments were inhibited by particle-cell and
dipole-dipole interactions, respectively. The heat dissipation of the MNPs in the cellular environment was lower than that of the
liquid and fixed samples. Moreover, the SLP in a single cell was estimated. The temperature increase of a single cell was calculated
on the basis of the conventional theoretical model and the SLP measured in a single cell.

1. Introduction

Hyperthermia induced by magnetic nanoparticles (MNPs)
is a potent tool in cancer therapy [1–3]. To increase the
therapeutic effect of magnetic hyperthermia, combination
therapy with other clinical agents and evaluation of the
method to synthesize MNPs have been studied. In particular,
antibody-modified MNPs exhibited a therapeutic effect on
cancer owing to their enhanced selectivity toward cancer
cells [4, 5]. The various sizes of spinal-structured iron oxide
particles have been synthesized by changing heating time
of 𝛼-Fe

2
O
3
platelet particles in tetraethylene glycol [6]. In

addition to hyperthermia, magnetic particle imaging (MPI)
has recently attracted attention as the application to visualize
MNPs in the human body for therapy and diagnostics [3, 7].

The volumetric power dissipation𝑃, as calculated accord-
ing to the following equation, is used to quantify the heat
generated by MNPs [8]:

𝑃 = −𝑓𝜇0∮𝑀𝑑𝐻 = 𝜇0𝜋𝜒

𝑓𝐻

2
, (1)

where 𝑓, 𝜇
0
, 𝑀, 𝐻, and 𝜒 are the frequency of magnetic

field and the permeability of free space, the magnetization

of MNPs, the magnetic field strength, and out-of-phase
component of susceptibility, respectively. In addition, the
specific and intrinsic loss powers—SLP and ILP—are used
to express the mass power dissipation and the intrinsic heat
dissipation, independent of the applied magnetic field and
frequency [9, 10]:

SLP = 𝑃
𝜌

, (2)

ILP = SLP
𝑓𝐻

2 , (3)

where 𝜌 is the mass density of the MNPs. The magnetic
properties of MNPs in tumor tissue and in cellular environ-
ments must be measured to evaluate the heating capability
of MNPs under therapeutic conditions. The SLP in cellular
and intratumor conditions has been estimated by a calori-
metric measurement [11–14]. The SLP has been shown to
decrease in tumor tissue and in the cellular environments as
a consequence of the inhibition of particle rotation due to
particle-particle and particle-cellular tissue interactions [13,
14]. Immobilization in tumors and cells inhibited Brownian
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Figure 1: Transmission electron microscopic (TEM) image of the
water-based magnetite nanoparticles.

relaxation. Moreover, a theoretical model for estimating the
temperature increase of intratumor MNPs has been devel-
oped [15–17].

Magnetic relaxation loss is one of the heatingmechanisms
ofMNPs,which is divided intoBrownian andNéel relaxation.
Brownian andNéel relaxation are associatedwith the rotation
of particles and magnetic moments, respectively. Brownian
and Néel relaxation times are obtained by the following
equations [8]:

𝜏B =
3𝜂𝑉H
𝑘B𝑇
, (4)

𝜏N =
√𝜋

2

𝜏
0

exp (𝐾𝑉M/𝑘B𝑇)
√𝐾𝑉M/𝑘B𝑇

, (5)

where 𝜂, 𝑉H, 𝑘B, 𝑇, 𝜏0, 𝐾, and 𝑉M are the viscosity of the
suspended fluid, the hydrodynamic volume of MNPs, the
Boltzmann constant 1.38 × 10−23 J/K, the temperature in
Kelvin, the attempt time of ∼10−9 s, the magnetocrystalline
anisotropy constant, and the volume of the primary particle,
respectively.

In this study, MNPs were dispersed in water, fixed with
an epoxy bond, and added to cells. DC and AC hysteresis
loops of each sample were measured. Magnetization reversal
was evaluated on the basis of the AC hysteresis loops. Heat
dissipation, as measured from the AC hysteresis loops, was
not affected by a change in the state of the surrounding
environment. The SLP and ILP were estimated from the area
of the AC hysteresis loops. Moreover, the SLP in a single cell
was calculated on the basis of the SLP of a cellular sample.

2. Materials and Methods

2.1. Materials. Water-based magnetite nanoparticles, Na-
nomag-D-spio, purchased fromMicromod Partikeltechnolo-
gie GmbH, Rostock, Germany, were used in this study. The
particle surface was functionalized by carboxylic acid group.
Figure 1 shows the transmission electron microscopy (TEM)

image of the nanoparticles. The shape and size were not so
uniform. The primary diameter was varied from 4 to 14 nm.
The average was 9.8 nm with standard deviation of 2.0 nm.
Their hydrodynamic diameter measured by dynamic light
scattering (DLS) was 40 ± 16 nm [18].

2.2. Preparation of Liquid and Fixed Samples. A liquid sample
consisting of MNPs dispersed in water was prepared. For the
preparation of the fixed sample, MNPs dispersed in water
were mixed with an epoxy bond.The concentration of MNPs
in both the liquid and fixed samples was 2.8mg-Fe/mL.

2.3. Preparation of Cellular Sample. HeLa cells (human cer-
vical carcinoma line) were cultured in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin (PS) at 37∘C.
HeLa cells were cultured in 100mm dishes at a density of 9 ×
10
5 cells/well. After 50 h of incubation, a MNP solution with

a concentration of 12 𝜇g-Fe/mL was added to cells in 10mL
of serum-free culture medium and the cells were allowed to
stand for 16 h. After the cells were washed with phosphate-
buffered saline (PBS), the cells were detached using 0.05%
trypsin EDTA and purified by centrifugation at 1,000 rpm for
5min. MNP-loaded cells were collected in a 2-mL tube as a
cellular sample.The final concentration ofMNPs was 2.8mg-
Fe/mL. The number of cells in the cellular sample was 7 ×
10
7 cells. The biocompatibility of magnetite nanoparticles to

HeLa cells was previously studied [19]. The viability of HeLa
cells was above 80% for 48 h after adding the nanoparticles
at the concentration of 72 𝜇g-Fe/mL, which was higher than
that used in this study. Figure 2 shows the images of detached
HeLa cells measured as a cellular sample. Agglomerated
MNPswere observed in the cytoplasm and on themembrane.
The outer line of a cell indicates the membrane. The part
inside the outer line of a cell was the cytoplasm because
the outer line of the nucleus was clearly confirmed. Thus,
MNPs observed in or around the outer line of a cell were
evaluated as the intracellular or extracellular MNPs on the
same plane, respectively. Although MNPs were internalized
in cytoplasm, MNPs partially absorbed on the membrane
were also confirmed. The diameters of MNP aggregations
were measured and the volumes of MNP aggregations were
calculated by the spherical approximation. The volume ratio
of intracellular MNPs compared to MNPs both in the cyto-
plasm and on the membrane was approximately 81%. It was
also confirmed that the particle localizations were changed
in the different focused plane. It has been reported that iron
oxide nanoparticles are degraded by lysosome [20]. However,
degradation of magnetite nanoparticles in the cellular sample
was evaluated by measuring DC and AC hysteresis loops in
this study. Magnetization of the particles was not affected,
which indicated that degradation of the nanoparticles during
a limited period of the experiment was negligible.

2.4. Measurement of DC and AC Hysteresis Loops. DC hys-
teresis loops were measured by vibrating sample magnetom-
etry (VSM) using a DC magnetic field of 4 and 8 kA/m as
minor loops and 0.8MA/m as major loops. AC hysteresis
loops were measured in the frequency range of 100−500 kHz
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Figure 2: Detached HeLa cells as a cellular sample. (a) Intracellular
and (b) extracellular MNPs were observed.

under an AC magnetic field of 4 and 8 kA/m as minor loops.
The exciting coil was a 70-turn water-cooled solenoid with a
16.3mm diameter [18]. All measurements were conducted at
room temperature.

3. Results and Discussion

3.1. DC Hysteresis Loops. Figure 3 shows the DC major hys-
teresis loops of liquid, fixed, and cellular samples. Figure 3(b)
shows the magnified images of Figure 3(a) at low magnetic
field, which indicates the magnetization process in all of
the samples. These samples exhibited superparamagnetism
because the coercivity of themajor loops in these samples was
substantially low (Figure 3(b)). Anisotropic energy is given as
the following equation:

𝐸 (𝜃) = 𝐾𝑉Msin
2
(𝜃) , (6)

where 𝜃 is the angle between the easy axis and magnetic
moment. The anisotropy energy is low in small 𝜃. The
particle rotation reduces anisotropy energy because the easy
axis follows the direction of a magnetic moment (see (6)).
The magnetization in the liquid sample was higher than
that in the fixed sample during the magnetization reversal

process (Figure 3(b)). The particles in the liquid sample are
rotatable as opposed to the particles in the fixed sample.With
respect to the liquid sample, the anisotropy energy barrier
is decreased because particle rotation aligns the easy axis to
the direction of the magnetic moment [21]. Therefore, the
magnetic moment in the liquid sample was more rotatable
than that in the fixed sample due to the lower anisotropy
energy. For the superparamagnetic regime, magnetization
reversal occurred due to the rotation of a magnetic moment
whereas the reversal of a magnetic moment was associated
with themagnetization reversal for the ferromagnetic regime.
Although the magnetization in the liquid sample was higher
than that in the fixed sample, the difference in themagnetiza-
tion between the liquid and fixed samples was not significant.
It is indicated that the effect of the particle rotation on the
reduction of anisotropy energy is small because the random
oscillation by the thermal energy is significantly influenced
on the magnetization reversal for the superparamagnetic
regime [22]. Thus, particle rotation slightly promoted the
magnetization reversal in the liquid sample in comparison
to that in the fixed sample. The magnetization in the cel-
lular sample was lower than that in the fixed sample. The
intracellular MNPs were encapsulated in endosomes and
agglomerated in cytoplasm [23].The extracellularMNPswere
absorbed to the membrane in agglomerated state. In contrast
to the cellular sample, MNPs were homogeneously dispersed
in the fixed sample.The concentration ofMNPs in the cellular
sample was partially higher than that in the fixed sample
because of the inhomogeneous agglomeration in the sample
[24]. The interparticle distance is small at the higher concen-
tration due to the inhomogeneous agglomeration. In the case
of the smaller interparticle distance, the magnetization was
decreased because the rotation of the magnetic moment was
inhibited by dipole-dipole interaction [25]. Figure 4 shows
the DC minor hysteresis loops of the liquid, fixed, and
cellular samples. The minor loops exhibited no coercivity
because of superparamagnetism. The magnetization of the
fixed sample was lower than that of the liquid sample. In
the liquid sample, the magnetic moments were reversed
by the rotation of both the magnetic moments themselves
and the particles. The reversal of the magnetic moment in
the fixed sample was slower than that in the liquid sample
because of the immobilized state in the fixed sample [13].The
magnetization of the cellular sample was lower than that of
the fixed sample. Magnetization of the cellular sample was
reduced as a consequence of dipole-dipole interaction due to
inhomogeneous aggregation of MNPs in the cytoplasm and
on the membrane [25].

3.2. AC Hysteresis Loops. Figure 5 shows AC hysteresis loops
of the liquid, fixed, and cellular samples. The magnetization
of the cellular sample was lower than that of the fixed sample,
which was lower than that of the liquid sample. The magne-
tization of the AC minor hysteresis loops also indicates the
magnetization reversal in the applied magnetic field range.
With respect to the difference of the magnetization among
all of the samples, the AC hysteresis loops showed the same
trend with the DC minor hysteresis loops (Figures 3 and 4).
The magnetization in the liquid sample was higher than that
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Figure 3: (a) DC major hysteresis loops of liquid, fixed, and cellular samples. The amplitude of the DC magnetic field was 0.8MA/m. (b)
Magnified images of (a) at low magnetic field.

DC

Magnetic field (kA/m)

0

10

20

0 2.5 5
−20

−10

M
ag

ne
tiz

at
io

n 
(A

 m
2
/k

g-
Fe

)

−5 −2.5

4kA/m

Liquid
Fixed
Cellular

(a)

DC

10

20

30

0

0

5 10
Magnetic field (kA/m)

−30

−20

−10

−10 −5

M
ag

ne
tiz

at
io

n 
(A

 m
2
/k

g-
Fe

)

8kA/m

Liquid
Fixed
Cellular

(b)

Figure 4: DC minor hysteresis loops of liquid, fixed, and cellular samples. The amplitude of the DC magnetic field was (a) 4 kA/m or (b)
8 kA/m.

in the fixed sample because of the anisotropy energy reduced
by the particle rotation. In the cellular sample, the rotation
of magnetic moments was inhibited due to dipole-dipole
interaction induced by the inhomogeneous aggregation in
the cellular environment. Unlike the DC minor hysteresis
loops, the AC minor hysteresis loops revealed hysteresis
areas in all of the samples because the rotation of the
magnetic moments was delayed compared to the applied
magnetic field.The results indicated that magnetic relaxation
occurred due to a delay in the rotation of the magnetic
moment in all of the samples. As indicated by the hysteresis
loops of the fixed sample in which the particles were not

rotatable, Néel relaxation occurred in all of the samples,
which exhibited areas. The coercivity of the liquid sample
was higher than that of the fixed sample. Thus, Brownian
relaxation occurred only in the liquid sample because the
particles in this sample were rotatable [26]. Moreover, the
coercivity of the cellular sample was the same as that of the
fixed sample. It was indicated that delay of the rotation in
magnetic moments in the cellular sample was similar to the
fixed sample. These results indicate that particle rotation was
inhibited by particle-cell interactions in the cellular environ-
ment. Only Néel relaxation occurred in the cellular sample
[11, 13, 14].
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Figure 5: AC minor hysteresis loops of liquid, fixed, and cellular samples. The amplitude of the ACmagnetic field was (a, c) 4 kA/m or (b, d)
8 kA/m. The frequency was 400 kHz. Magnified images of (a) and (b) are shown in (c) and (d), respectively.

3.3. Heat Dissipation Estimated from AC Hysteresis Loops.
The SLP was estimated from the area of the AC hysteresis
loops. The ILP was calculated from the measured SLP and
from (3). Figures 6 and 7, respectively, show the dependence
of the SLP and ILP on the frequency of an applied magnetic
field. By (5), the theoretical frequency of Néel relaxation
peak 𝑓

𝑁
is higher than 2.2MHz (𝐾 ≤ 41 kJ/m3) [8, 27, 28].

The measured frequency range in this study was lower than
𝑓
𝑁
. With increasing frequency, the ILP increased, the heat

dissipation derived from themagnetic relaxation loss, and the
rotation of themagneticmoments was gradually delayed.The
decrease of the ILP between the liquid and fixed samples is
associated with the inhibition of Brownian relaxation in the
fixed sample. By (4), the theoretical frequency of Brownian
relaxation peak 𝑓

𝐵
is 7.3 kHz (𝜂 = 𝜂water = 0.89mPa⋅s). The

theoretical 𝑓
𝐵
was lower than the measured frequency range,

100−500 kHz.However, higher coercivity in the liquid sample
than in the fixed sample shows occurrence of Brownian

relaxation due to delay of particle rotation in the measured
frequency range. The SLP of the intracellular MNPs has
been estimated by a calorimetric measurement [11]. It has
been reported that the SLP of intracellular MNPs was lower
than that of MNPs dispersed in water because the Brownian
relaxation was abrogated. With respect to the reduction of
heat dissipation by the inhibition of Brownian relaxation, this
study showed the same result with the conventional study.
However, in this study, the measurements of magnetization
reversal byDC andAChysteresis loops also revealed that heat
dissipation of MNPs in the cellular environment was lower
than that of fixed MNPs because of the lower magnetization
(Figures 4 and 5). The ILP of the cellular sample was
lower than that of the fixed sample, as indicated by the
lower magnetization of the cellular sample due to dipole-
dipole interaction. The SLP is proportional to 𝐻2 when
magnetization is linear with magnetic field (see (1) and (2)).
However, magnetization was not linear with magnetic field
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Figure 6: The dependence of SLP estimated from the areas of AC hysteresis loops on frequency. The amplitude of the magnetic field was (a)
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Figure 7:The dependence of the ILP calculated from the measured SLP (Figure 6) and (3) on frequency.The amplitude of the magnetic field
was (a) 4 kA/m or (b) 8 kA/m.

in applied magnetic field range. The ILP at 8 kA/m was lower
than that at 4 kA/m. In the case of SLP being unproportional
to 𝐻2, the ILP is lower at the higher magnetic field because
the ILP is shown as the SLP normalized by𝐻2𝑓 (see (3)).

The SLP in a single cell was estimated (Figure 8) using the
following equation:

SLPsingle cell = SLPcellular
𝑚Fe
𝑁cell
, (7)

where SLPcellular, 𝑚Fe, and 𝑁cell are the SLP, the mass of Fe,
and the number of cells in the cellular sample, respectively.

The temperature increase at the center of a heated spherical
object is estimated from the following equation [15–17]:

Δ𝑇s =
𝐷𝑃

8𝑘s
, (8)

where 𝐷, 𝑃, and 𝑘s are the diameter of the sphere, the
heating rate per unit volume within the sphere, and the
thermal conductivity of the sphere, respectively. Applying the
spherical model in (8) to a single cell, (8) was obtained as

Δ𝑇single cell =
𝐷cell
8𝑘cell

SLPsingle cell

𝑉cell
, (9)
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where 𝐷cell, 𝑉cell, and 𝑘cell are the diameter and volume
of a single cell and the thermal conductivity of a cell
(0.64W/m∘C), respectively. In Figure 8, the SLP in a single
cell was 480 pW/cell at 8 kA/m and 500 kHz. In the case of
𝐷cell = 15 𝜇m, the temperature increase of a single cell was 12
× 10−6∘C.Therefore, at 8 kA/m and 500 kHz, the SLP ofMNPs
necessary to kill a single cell by hyperthermia treatment
(Δ𝑇 = 5∘C) was 14MW/g-Fe because the SLP of the cellular
samplewas 33.6W/g-Fe.This result is in good agreementwith
the conventional estimation of SLP necessary to kill a single
cell [29]. It was confirmed that hyperthermia focused on a
single cell was restricted due to the limitation in the amount
of MNPs internalized into a single cell [30, 31].

4. Conclusion

The heating mechanism and heat dissipation of MNPs in
the cellular environment were assessed via measurements of
DC and AC hysteresis loops. In the intracellular state, the
rotations of particles and magnetic moments were inhibited
due to particle-cell and dipole-dipole interactions, respec-
tively. Therefore, the heat dissipation of MNPs in the cellular
environment was lower than that of MNPs in the liquid
and fixed states, because Brownian relaxation was inhibited
and magnetization decreased in a cell. It was also revealed
that heat dissipation of MNPs in the cellular environment
was reduced by dipole-dipole interaction due to the partial
agglomeration of MNPs. Our results indicated that because
the concentration of MNPs in the cells was low, the hyper-
thermia treatment was not conducted solely by intracellular
hyperthermia. High intratumoral accumulation of MNPs in
both intra- and extracellular states is necessary to induce
hyperthermia.
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