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Nanomaterials possess many unique properties useful for
biomedical applications ranging frompreoperative and intra-
operative imaging to coatings, assays, and cell scaffolds.Their
popularity and production value are full of competitiveness.
Their relatedmethodologies and instruments are also created
or emphasized as the mainstream. Since multifunctional
nanomaterials attract interests and attention of researchers,
engineers, and businessmen in biomedical engineering, this
journal is set up to publish a special issue devoted to this topic.
The result is a collection of five original research articles,
whose authors belong to academic or research institutions
of five different countries from Asia, Europe, and America.
Papers are representative of a large share of biomaterials
with multiple functions, applications and syntheses, and
characteristic methods.

From a scientific and engineering point of view, the
perspective is to promote merits of biomaterials. S.-H.
Liao et al. from Taiwan (“Assaying Biomarkers via Real-
Time Measurements of the Effective Relaxation Time of
Biofunctionalized Magnetic Nanoparticles Associated with
Biotargets”) proposed two different methods for assaying
alpha-fetoprotein biomarkers of liver cancers based on the
same biofunctionalized magnetic nanoparticles. One is the
effective relaxation time by the ac magnetic susceptometer,
and the other is saturation magnetization by the vibrating
sample magnetometer. Both showed the high future clinical
possibility. E. M. F. Lemos et al. from Brazil (“Comparison of
the Effect of Sol-Gel and Coprecipitation Routes on the Prop-
erties and Behavior of Nanocomposite Chitosan-Bioactive
Glass Membranes for Bone Tissue Engineering”) developed

hybrid composite films for achieving adequate performance
for the application as a guide to the cell growth of bone tissue.
There were two synthetic routes of sol-gel and coprecipitation
by combining chitosan (CS) with bioactive glass in solution
form (BG-Sol) and in nanoparticle dispersion form (BGNP)
by the two different synthesis routes. Both systems of CS-
BG as CS-BGNP films exhibited high tensile strength, high
bioactivity, and cell viability. These results indicate that the
use of bioactive glass successfully acted as an agent for
loading and improved bioactivity, particularly in the form
of nanoparticle dispersion (BGNP), whose results are the
most promising. R. Pinna et al. from Italy (“Effectiveness
of Two Self-Etchings Bonded Clinically in Caries Affected
Dentin with Homogeneous Smear Layer”) characterized
the interface of two self-etching adhesives bonded in car-
ious affected dentin with homogeneous smear layer. The
observation of nanoscale structures by TEM was used to
study different factors, such as different two-step self-etching
systems and clinical conditions of pulpal pressure. Hence,
this work originally proposed the correlate self-etchings with
the heterogeneous aspects of vital carious affected dentin,
which occur in daily practice under clinical conditions. K.
W. Huang et al. from Taiwan (“Time-Evolution Contrast of
Target MRI Using High-Stability Antibody Functionalized
Magnetic Nanoparticles: An Animal Model”) developed the
surface biofunctions, Fe

3
O
4
magnetic nanoparticles for the

ability of immunoassay by immunomagnetic reduction, and
in vivo target labeling by magnetic resonance imaging.
This work verified the application of nanoparticles to both
MRI contrast and immunoassay of a colorectal cancer.
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C. L. Popa et al. from Romania (“Physicochemical Analy-
sis of the Polydimethylsiloxane Interlayer Influence on a
Hydroxyapatite Doped with Silver Coating”) described the
captivating physico-chemical process during the interaction
of a silver doped hydroxyapatite coating with a polydimethyl-
siloxane layer was investigated by different complementary
methods, such as the X-ray diffraction, Fourier Transform
Infrared Spectroscopy, Scanning Electron Microscopy, and
Glow Discharge Optical Emission Spectrometry. It indicated
that some phenomenon could be characterized or found
consistently by different methodologies. For example, the
FT-IR analysis, in agreement with the XRD measurements,
showed that the physical procedure used for the generation
of the Ag:HAp-PDMS composite layer is useful for the
formation of SiO

4

4− ions. The X-ray diffraction and Fourier
Transform Infrared Spectroscopy measurements show that
the hydroxyapatite doped with silver is in a crystalline form
and some SiO

4

4− ions formation takes place at the surface
and in the bulk of the new hydroxyapatite doped with
silver/polydimethylsiloxane composite layer. Uniformly, the
authors highlighted the potentiality of this emerging field of
biomaterials related to itsmultiple functions, applications and
syntheses, and characteristic methods.

Jen-Jie Chieh
Sharmila M. Mukhopadhyay

Yali Cui
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We investigate by different complementary methods the processes occurring when a polydimethylsiloxane film is used as interlayer
for a silver doped hydroxyapatite coating.The X-ray diffraction and Fourier Transform Infrared Spectroscopy measurements show
that the hydroxyapatite dopedwith silver is in a crystalline form and some SiO

4

4− ions formation takes place at the surface and in the
bulk of the newhydroxyapatite dopedwith silver/polydimethylsiloxane composite layer.Thepossibility of SiO

4

4− ions incorporation
in the structure of silver doped hydroxyapatite by the mechanism of SiO

4

4−/PO
4

3− ions substitution is analysed. The new formed
silver doped hydroxyapatite/polydimethylsiloxane composite layer is compact, homogeneous, with no cracks as it was shown by
Scanning Electron Microscopy and Glow Discharge Optical Emission Spectrometry.

1. Introduction

Hydroxyapatite (HAp, Ca
10
(PO
4
)
6
(OH)
2
) is a biomaterial

with a wide range of applications in medicine due to its
biocompatibility, bioactivity, and osteoconductivity [1–4].
Hydroxyapatite has been used to fill a wide range of bony
defects in orthopedic and maxillofacial surgeries and den-
tistry [5–8]. It has also been widely used as a coating for
metallic prostheses to improve their biological properties [9–
11].

From an antibacterial point of view, silver nanoparticles
are widely used in medical devices and supplies such as
wound dressings, scaffold, skin donation, recipient sites, and
sterilizedmaterials in hospitals,medical catheters, contracep-
tive devices, surgical instruments, bone prostheses, artificial
teeth, and bone coating.

Recently, the use of inorganic antibacterial agents, like sil-
ver or copper, incorporated in the structure of hydroxyapatite
has been shown to be of great interest in the fight against
microbes [4]. Hydroxyapatite (HAp) has a very high cation
exchange rate with silver ions. Even if at high concentration
the silver can be toxic, in small concentrations it has a broad
spectrumof antibacterial activity for awide range ofmicroor-
ganisms like viruses, bacteria, or fungi [2]. Therefore the
optimization of the Ag concentration in the HAp structure is
critical to guarantee an optimum antibacterial effect without
cytotoxicity.

Themost common technique to incorporate Ag intoHAp
structure is via an ion exchange method, in which the Ca
ions in HAp are replaced by Ag ions while dipping the HAp
coatings into AgNO

3
for a period of time [2]. The limitation

of this ion exchange method is that Ag will reside mostly on

Hindawi Publishing Corporation
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the outer surface of the coating and will be quickly depleted
in vivo/in vitro without long-term antibacterial effect.

In our previous studies [11] we presented preliminary
results regarding the synthesis, characterization, and antibac-
terial properties of hydroxyapatite (HAp) and silver doped
hydroxyapatite (Ag:HAp). The exact antibacterial action of
silver nanoparticles (AgNPs) is not completely understood
[12]. On the other hand, in the literature, studies on the
preparation and characterization of the silver doped hydrox-
yapatite powders are almost absent. Antibacterial studies on
the Ag:HAp nanopowders are also not presented. Recent
studies [11, 13] have demonstrated that Ag:HAp nanoparticles
prepared by coprecipitation method at 100∘C show great
promise as antibacterial agents against both gram-positive
and gram-negative bacteria [13, 14].

Coatings of HAp have been deposited as amorphous lay-
ers by various techniques like plasma-spray technique, pulsed
laser deposition, electrodeposition, sol-gel processing, and
radio-frequencymagnetron sputtering [15, 16].Therefore, the
coatings are thermally crystallized at elevated temperatures.
During these thermal treatments, many cracks are formed
due to a thermal expansion mismatch between the coating
and the metal substrate, which severely reduces the bonding
strength of the coating layer with the substrate [16].

In order to improve the delamination of HAp coatings
different types of interlayers between the substrate and the
HAp coating have been used as reinforcement agents. For
example, SiO

2
layers are known for their own excellent

compatibility with the living tissues and their high chemical
inertness [17].

The polydimethylsiloxane (PDMS) is an elastomer with
biocompatible properties and is frequently used as substrate
for biological studies [6, 18]. The hydrophobic character of a
PDMS layer, due to the methyl groups present on its surface,
makes it suitable for nonadherent cell culture studies [19]. On
the other hand, the oxidation of the PDMS surfaces can be
achieved by different treatment methods [19], leading to the
formation of hydrophilic SiO

2
surfaces which may favor the

cells adhesion.
In this paper a method for generation of a Ag:HAp-

PDMS composite layer by thermal evaporation of Ag:HAp
nanoparticles and their deposition on the surface of a pure
Si disk substrate previously covered with a PDMS layer is
presented. The role of the polymer layer and the associated
physicochemical processes that take place during the inter-
action of the hydroxyapatite vapours with the polymer are
investigated by Scanning Electron Microscopy (SEM), X-ray
diffraction (XRD), Fourier Transform Infrared Spectroscopy
(FTIR), and Glow Discharge Optical Emission Spectroscopy
(GDOES).

2. Experimental Section

2.1. Deposition of PDMS Polymer Layer on Commercially
Pure Si Disks. The PDMS layers have been generated in
atmospheric air pressure corona discharges starting from
liquid precursors of vinyl terminated polydimethylsiloxane.
The method and the experimental conditions used for the

deposition of thin PDMS layers (with an average thickness in
the hundred nanometers range) on metallic substrates were
presented in detail in [8, 9].

2.2. Silver Doped Hydroxyapatite (Ag:HAp) Nanoparticles. In
order to synthesize the silver doped hydroxyapatite (Ag:HAp)
precursors of calcium nitrate [Ca(NO

3
)
2
⋅4H
2
O, Aldrich,

USA], ammonium hydrogen phosphate ((NH
4
)
2
HPO
4
;

Wako Pure Chemical Industries Ltd.) and AgNO
3
(Alpha

Aesare, Germany, 99.99% purity) were used. Controlled
amounts of ammonium hydrogen phosphate and silver
nitrate were dissolved in ethanol. After adding distilled
water, the solution was stirred vigorously for 24 h at 40∘C.
In a separate container, a stoichiometric amount of calcium
nitrate was dissolved in ethanol with vigorous stirring for
24 h at 40∘C.The Ca-containing solution was added slowly to
the P-containing solution and then aged at room temperature
for 72 h and further at 40∘C for 24 h. The composition ratios
in the Ag:HAp (𝑥Ag = 0 and 𝑥Ag = 0.5) sol were adjusted
to have [Ca+Ag]/P as 1.67 [11, 47]. The obtained Ag:HAp
nanopowders were treated at 800∘C for 6 hours.

2.3. Deposition of Ag:HAp Solid Layers on Silicon Substrates
Previously Coated with a PDMS Layer. Starting from an
Ag:HAp (𝑥Ag = 0.5) powder (source material), by the thermal
evaporation technique, an Ag:HAp solid layer has been
deposited on a silicon substrate previously coated with a
PDMS film. By this technique the Ag:HAp is evaporated in
vacuum. The vapours travel directly to the substrate where
they condense to a solid state. A HOCH VACUUM Dresden
installation was used under environment conditions. The
pressure in the deposition chamber was in the range of
8 ⋅ 10

−5 torr. The time range for a deposition cycle was
around 120min. The substrate was maintained at room
temperature and at ground electrical potential. The Ag:HAp
powder evaporation temperature was 1100∘C. The tungsten
boat temperature during the Ag:HAp powder evaporation is
in the range of 1178–1205∘C. The distance between substrate
and boat is 5 cm.

The evaporation timemeasured during deposition is situ-
ated in the range of 20 sec for amaximum current intensity of
𝐼 = 75A and in the range of 15 sec for a maximum current 𝐼 =
80A. Taking into account the deposition characteristics, such
as the total amount of HAp totally deposited (in mg) and the
substrate-boat distance, the calculated evaporation velocities
are V
1
= 0.167mg/s or V

1
∼ 8.3 nm/s.The calculated thickness

of a Ag:HAp (𝑥Ag = 0.5) layer deposited, in the experimental
conditions presented above, on a silicon substrate is about
480 nm. In the presence of a PDMS film, the evaporated
Ag:HAp nanoparticles that travel to the substrate condense,
being trapped into the polymer bulk. Thus, an Ag:HAp-
PDMS composite layer is generated.

2.4. Samples Characterizations. Themorphology of themate-
rial was studied using a Quanta Inspect F Scanning Electron
Microscope (SEM) equipped within gun beam in emission
field, with wolfram filament and with a linear resolution
of 5 nm. A part (10mm) of a Si substrate with a diameter
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of 20mm was covered with a PDMS layer by the method
presented above. Then an Ag:HAp layer was deposited by
thermal evaporation technique on the entire surface of the
Si substrate. The XRD patterns were recorded in the range
of 25–55∘ using a Philips PW1830 diffractometer with filtered
Cu K𝛼 radiation. The IR spectra of the Ag:HAp-PDMS
composite layer formed on a silicon substrate have been
obtained using an IR Perkin Elmer spectrometer equipped
with a variable angle specular reflectance accessory. In order
to perform depth profile studies of the Ag:HAp-PDMS
composite layer we varied the angle of incidence light on the
sample (equal but opposite to the angle of reflected light)
from 30∘ to 60∘. Here should be: Thus, function of the angle
of incidence of the light on the sample the penetration depth
of the light into the layer can be changed. For an angle of
reflection of 30∘, the geometrical position of the variable angle
specular reflectance accessory inside the IR spectrometer
allows the investigation of the composite layer/substrate
interface. As the angle of reflection is increased up to 60∘
we can get information about molecules bonds arrangement
in the composite layer bulk and as close as possible to
the layer surface [9]. For certain spectral ranges, the peak
fitting analyses were performed using procedures of Kolmas
et al. [48]: (i) baseline correction, (ii) second derivative
calculation and self-deconvolution assessment in order to
determine the number and positions of the bands, and (iii)
curve fittings with fixed peak positions using Lorentzian
functions. In the previous studies Matsuhiro and Rivas [49]
and Gómez-Ordóñez and Rupérez [50] showed that second
derivatives of FTIR spectra are generally used as an aid for
wavenumber determination of weak absorption bands or
to improve resolution of overlapped bands in the original
spectra. To that end, in our studies, derivation including
Savitzky-Golay algorithm with nine smoothing points was
performed. The depth profile analysis of the Ag:HAp-PDMS
composite layer formed on a silicon substrate was performed
by GlowDischarge Optical Emission Spectroscopy (GDOES)
using a GD Profiler 2 from Horiba/Jobin-Yvon. The selected
operating conditions were as follows: 650 Pa for pressure and
35WRF power, working in pulsed mode at 1 kHz pulsing
frequency, and a duty cycle of 0.25. In this technique an
area of 4mm of the layer is sputtered by a pulsed RF Ar
plasma. The sputtered atoms from the layer are then excited
by inelastic collisions in the plasma and the emitted lightis
monitored in real time providing intensities of the elements
of the investigated sample from the surface down to the
substrate as a function of time.

An accurate conversion of sputtering time into sputtered
depth is not straightforward because the sputtering rate is
material dependent and varies during the elemental depth
profiling measurement.

3. Results and Discussions

3.1. Scanning Electron Microscopy. In Figure 1(a) an image
of the interface zone between the Ag:HAp-PDMS composite
layer (the dark zone) and the Ag:HAp layer (the light zone) is
presented.The polymer acts as a matrix layer for the Ag:HAp

coating. Also, it can be observed that both the Ag:HAp-
PDMS composite layer and the Ag:HAp layer are compact
and homogeneous with no cracks. In this way, by placing
a polymer as interlayer on a material surface intended to
be used as substrate for Ag:HAp coating, it is possible to
improve its delamination property and thus the adherence
of the Ag:HAP layer to the substrate. A high resolution SEM
image of the Ag:HAp-PDMS composite layer is presented in
Figure 1(b).

3.2. X-Ray Diffraction. XRD patterns of the Ag:HAp
nanopowder and the Ag:HAp-PDMS composite layer are
shown in Figure 2. All the observed diffraction maxima
correspond to the hexagonal hydroxyapatite phase in good
agreement with the standard ASTM data (JCPDS number
9-0432). The peaks associated with other phases are not
observed. The absence of other phases can indicate an incor-
poration of SiO

2
into the Ag:HAp structure, by substitution

of SiO
4

4− ions with PO
4

3− ions [51, 52]. The XRD character-
izations of the Ag:HAp-PDMS composite layer are endorsed
by the surface morphologies observed by SEM (Figure 1).

3.3. Fourier Transform Infrared Spectroscopy (FT-IR). In the
following section we will present the FT-IR analysis of each
component that constitutes the Ag:HAp-PDMS composite
layer.

First, we investigated the polymer structure.The IR spec-
tra and the IR bands assignment of the polymer generated
from liquid precursors of vinyl terminated PDMS on a silicon
substrate function of the angle of the incident light on the
sample are presented in Figure 3 and Table 1.

A possible pathway of the polymerization mechanism of
the vinyl terminated PDMS precursors involves the breaking
of the double bond of the end group and thus the further
linkage of the polymeric chains [9].

As we increase the angle of incident light on the sample
up to 60∘, it can be observed that the band from 1152 cm−1
increases and the band from 860 cm−1 decreases appearing
like a shoulder on the new 880 cm−1 band. The increase
of the intensities of the 1152 cm−1 and 880 cm−1 IR bands
accompanied by the decrease of 860 cm−1 IR band can be
understood knowing that, during the polymerization process
of PDMS in negative corona discharge, the formation of the
new Si-O bonds due to the injection of the negative ions in
the liquid precursor bulk is associated with the diminishing
of Si-CH

3
bonds [9, 53]. Thus, in the polymer layer bulk,

mainly at the polymer layer surface SiO
2
structures [9] can

be generated.
In the same time, in [9] it was mentioned that during

the polymerization process of PDMS in negative corona dis-
charge in air at atmospheric pressure some water molecules
can be injected into the layer bulk. They can be decomposed
in OH groups due to the high electric fields associated with
corona discharges [9, 54].

Therefore, the band from 1650 cm−1 present in the IR
spectrum of the PDMS polymer, assigned to partly hydrated
silica and to the stretching vibrations of adsorbed OH group
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Figure 1: SEM image of (a) interface between the Ag:HAp-PDMS composite layer and the Ag:HAp layer and (b) Ag:HAp-PDMS composite
layer.
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Figure 2: XRD diffraction patterns of the Ag:HAp nanopowder (a) and the Ag:HAp-PDMS composite layer (b).

respectively (Si-OH) [46] indicates the formation of Si-OH
group [55]. The existence of the Si-OH in the PDMS layer
is also suggested by the formation of the new Si-O bonds by
the possible hydroxylation Si-OH + Si-OH = Si-O-Si + H

2
O

reaction [55].
Second, we performed FT-IR analysis on the Ag:HAp-

PDMS composite layer. The IR spectra are presented in
Figure 4. Furthermore, the IR bands assignment is high-
lighted in Table 1.

The IR band from 1152 cm−1, Figure 3, is shifted to
1140 cm−1, Figure 4, being visible only in the spectrum
obtained for an angle of incident light on the sample of
60∘. The shift of this band and its absence in the IR spectra
obtained at 𝑟 = 30∘, 40∘, and 50∘, respectively, Figure 4, can
indicate the rearrangements of Si and O atoms in the SiO

2

structures when an Ag:HAp layer is deposed, by the thermal

evaporation technique, on a substrate previously coated with
a PDMS film.

The formation of SiO
4

4− groups was evidenced by the 490
and 695 cm−1 IR bands (Figure 4 and Table 1).

The 1004 and 1071 cm−1 IR bands (Figure 3 and Table 1)
seem to be shifted to 995 and 1066 cm−1 (Figure 4), respec-
tively, possibly due to the overlapping of IR bands character-
istics to PDMS and Ag:HAp.

In comparison with the IR spectrum of the PDMS layer
(Figure 3), in the IR spectrum of Ag:HAp-PDMS composite
layer (Figure 4) we can observe a broad band in 3000–
3600 cm−1 region due to the adsorbedH

2
O from the Ag:HAp

structure, OH or Si-OH groups [36, 46], its intensity being
diminished as we approach the surface of the Ag:HAp-PDMS
composite layer (Figure 4). The diminishing of the band
intensity as close as possible to the surface layer can be
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Table 1: FT-IR bands associated with the functional groups present in the structure of Ag:HAp-PDMS composite layer.

Wavenumber (cm−1)
IR bands assignment

PDMS layer Ag:HAP-PDMS layer
490 — SiO4

4− [20–23], Figure 4
498, 512, 543, 550 — SiO4

4− [24, 25], Figure 5(a)

562, 590, 602, 611 —
P-O bending vibrations in PO4

3−

tetrahedron in crystalline HAP
[20–23, 26–35], Figure 5(a)

620 Si(CH3)2 asymmetrical stretching
vibration [36], Figure 3 —

695 — Crystallinity of SiO2 type materials [37],
Figure 4
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Figure 3: IR spectra of a polymer generated from a vinyl terminated
polydimethylsiloxane liquid precursors on a silicon substrate for
different reflection angles.
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Figure 4: FTIR spectra of the Ag:HAp-PDMS composite layer func-
tion of the angle of the incident light on the sample.
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explained if we consider that during the deposition process
the Ag:HAp evaporated molecules that travel to the substrate
diffuse into the PDMS layer bulk, heating it. During the
condensation of the Ag:HAp molecules on the substrate, we
suppose that several processes, such as the water evaporation
and the generation of some new bonds in the bulk of the
Ag:HAp-PDMS composite layer, are taking place.

The IR band from 1650 cm−1 observed in the spectrum
of the PDMS layer (Figure 3) is still present in the spectrum
of the Ag:HAp-PDMS composite layer (Figure 4). In some
previous studies on polydimethylsiloxane/HAp composites
[38], it was shown that an IRband at around 1650 cm−1 orig-
inates from the deformational vibrations of hydroxyapatite
OH groups, which form hydrogen bonds with the siliconate
OH groups.

According to previous studies [27, 56], the IR spectral
regions specific to chemical bonds present in Si based com-
pounds (mainly Si-O) and HAp (P-O bonds), respectively,
are almost similar. Thus, we have performed a peak fitting
analysis of the IR spectrum of the Ag:HAp-PDMS composite
layer for a proper identification of the processes that take
place during its formation (Figure 5). It was previously shown
[24, 25, 38, 57, 58] that the overlapping of Si-O and P-O bands
could indicate the incorporation of Si based structures in the
Ag:HAp.

In Figures 5(a) and 5(b) all the IR bands specific to P-
O vibrations in PO

4

3− ions and those specific to Si-O bonds
in SiO

4

4− ions which are also summarized in Table 1 can be
observed. The appearance of these Si-O peaks might indicate
a partial loss of phosphate groups and/or of the symmetry
at the site caused by substitution of silicate species in Si-
HAp [24, 25]. At the same time, the IR band from 1000 cm−1
(Figure 5(b)) and 925 cm−1 highlights the incorporation of Si
into theHAp structure [57, 58]. Jovanovic et al. [38] suggested
that the overlap of the Si-O and P-O bands might indicate a
substitution of PO

4

3 with SiO
4

4−.
The results of the peak fitting analysis presented in

Figure 5(c) reveal the presence of Si-O-Si bonds specific to
inorganic silica moiety [29], also asserting their presence
in the Ag:HAp-PDMS composite layer. The Si-OH groups
are present in the Ag:HAp-PDMS composite layer (Figure 4)
due to the formation of the interlinked bonds of Si-O-Ag
or Si-O-P type, Figure 5(d). According to [39, 40] a double
displacement reaction, Si-O-H +Ag+ = Si-O-Ag +H+, would
be expected to have occurred, causing the appearance of Si-O-
Ag vibration bands in the FT-IR spectrum of Ag:HAP-PDMS
composite layer. Likewise, the Si-O-P bonds can be formed
due to the interaction of the siliconate molecules with OH
groups from the structure of hydroxyapatite [38].

In Figure 5(e) the results of the peak fitting analysis
obtained in the 850–890 cm−1 spectral regionwhere the over-
lapping of the Si-O, Si-C, HPO

4

2−, and CO
3

2− characteristic
bands has previously been explained [20, 25, 30, 32, 34, 35, 41–
43] are presented.

The peaks associated with all the functional groups
present in the IR spectra of Ag:Hap-PDMS composite layer
are summarized in Table 1.

3.4. Glow Discharge Optical Emission Spectrometry (GDOES).
In Figure 6(a) the depth profile curves of the Si, O, C, and H
atoms in the bulk and at the surface of the PDMS layer are
presented.

The depth profiles of the P, Ca, Ag, and O atoms in a
Ag:HAp layer were presented elsewhere [20].

In Figure 6(b) it can be observed that the depth pro-
file curves of all the elements identified in the bulk of
the Ag:HAp-PDMS composite layer have similar behaviour.
There is no sharp delimitation between the Ca, Ag, P, O, and
H depth profile curves specific to a Ag:HAp layer and those of
Si, O, C, and H atoms present in the PDMS layer. This could
result from different causes: roughness of the interface (as the
GD averages the signals over the entire erosion zone), flatness
of the crater bottom, or formation of a composite material.
The operating conditions selected for the present analysis
provide a flat crater bottom, while for other similar samples
[20] the interface did not indicate any roughness. Therefore,
the GD results correlate the observations made and tend to
indicate that during the deposition process there are some
interactions between the Ag:HAp particles and the polymer
and thus the formation of a composite material.

Compared to Figure 6(a), in Figure 6(b), the intensity of
the Si depth profile decreases and a broadening of its shape
can be also observed. The redistribution of Si atoms in the
bulk of the new composite layer emphasizes the possibility of
Si involvement in the formation of new Si-O, Si-O-Ag, and
Si-O-P chemical bonds. The Si depth profile curves reach a
plateau only after the Ca profile curve drops down.

This observation is an indication of silicon atoms involve-
ment not only in the silicon oxide structures, Si-O-Ag or
Si-O-P bonds formation, but also in the structure of the
Ag:HAp-PDMS composite layer, in accordance with FT-IR
investigations. A plateau in a profile curve followed by an
increase is an indication of substrate interface. This kind of
behaviour of a certain depth profile curve when all the other
depth profile curves decrease is generally observed when an
element contained in the investigated layer is also present in
the substrate material [9, 59].

In the current study we have presented for the first
time the formation of an Ag:HAp-PDMS composite layer by
deposition of Ag:HAp nanoparticles on a substrate previously
coated with a PDMS layer via a simple and reproducible
method. The studies of the Ag:HAp-PDMS composite layer
are captivating, mainly because of their interesting physico-
chemical properties and unique structure, which make them
attractive for many applications. Due to the presence of Ag in
the layer structure, this compound presents a great interest in
future biological and biochemical studies. In previous studies
[20], it was shown that Ag:HAp thin films have antimicrobial
properties against Escherichia coli and Staphylococcus aureus
bacteria. According to Shevchenko et al. [40], formation of Si-
O-M linkages can be indicated by the shift of Si asymmetric
valence band to the field of lower frequencies. On the other
hand, the GDOES analysis showed that during the deposition
process there are some interactions between Ag:HAp and
the polymer thus forming a new composite material. These
results are supported by the presence of vibrational bands
associated with Si-O-Ag bonds in the obtained IR spectrum
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Figure 5: FT-IR deconvoluted spectra of the Ag:HAp-PDMS composite layer in the spectral regions: (a) 450–650 cm−1, (b) 900–1200 cm−1,
(c) 810–820 cm−1, (d) 822–835 cm−1, and (e) 850–890 cm−1, for an incident angle of the light on the sample of 60∘. The experimental curve is
plotted in red and calculated theoretical bands are in blue.
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Figure 6: GDOES spectra of (a) PDMS layer and (b) Ag:HAp-PDMS composite layer, generated on a Si substrate.

(Figure 5(d)) which ascertain the presence of Ag in the struc-
ture of the Ag:HAp-PDMS composite layer [40]. Moreover,
this study develops a novel and facile method to produce
composites based on Ag (Ag:HAp-PDMS composite layer)
which can be used for large-scale applications.

4. Conclusions

In this paper a method for the deposition of a Ag:HAp
coating on a substrate previously covered with a PDMS layer
is presented. As the SEM investigations showed, the PDMS
layer acts as a matrix in which the Ag:Hap is incorporated.
In this way, a Ag:HAp-PDMS composite layer is formed. The
XRD measurements showed that the crystalline form of the
Ag-HAP is maintained in the composite layer.

By FT-IR andGDOES spectral techniqueswe investigated
the physicochemical processes that take place during the
interaction of Ag:HAp with the PDMS layer. The FT-IR
analysis, in agreement with the XRD measurements, showed
that the physical procedure used for the generation of the
Ag:HAp-PDMS composite layer is useful for the formation
of SiO

4

4− ions. On the other hand, the SiO
4

4−, ions can
be incorporated into the Ag:HAp structures substituting the
PO
4

3− ions from the structure of Ag:HAp. We suppose that
after the condensation of the Ag:HAp on the substrate, due to
the heating of the SiO

2
network present in the polymer bulk,

the SiO
4

4− ions are generated.
TheGDOES depth profiling curves of theAg:HAp-PDMS

composite layer indicate that its composition is homogeneous
which can be explained by the formation of the Si-O-Ag and
Si-O-P bonds, respectively, and the Si involvement inAg:HAp
structure.
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Recent studies in tissue engineering have highlighted the importance of the development of composite materials based on
biodegradable polymers containing bioactive glasses, in particular, composites for high load support and excellent cell viability
for potential application in bone regeneration. In this work, hybrid composite films were obtained by combining chitosan with
bioactive glass in solution form and in nanoparticle dispersion form obtained by the two different synthesis routes: the sol-gel
method and coprecipitation. The bioactive glass served both as a mechanical reinforcing agent and as a triggering agent with high
bioactivity. The results of in vitro assays with simulated body fluid demonstrated the formation of a significant layer of fibrils on
the surface of the film, with a typical morphology of carbonated hydroxyapatite, reflecting induction of a favorable bioactivity.
Maximum tensile stress increased from 42 to 80MPa to the sample with 5%wt bioactive glass. In addition, samples containing 5%
and 10%wt bioactive glass showed a significant increase in cell viability, 18 and 30% increase compared to the control group. The
samples showed significant response, indicating that they could be a potential material for use in bone regeneration through tissue
engineering.

1. Introduction

Nanoscale systems have generated promising results in bone
tissue engineering; a growing consensus of the literature
focuses on the development of nanostructured materials
based on ceramics or bioactive glasses because of their high
capacity for biomineralization [1–4]. The use of nanome-
ter size particles is known to influence the increase in
bioactivity of ceramic materials; in addition, the inorganic
phase may act as a reinforcing agent for improving the
mechanical properties of the material [5, 6]. The production
of nanocomposites based on biodegradable polymers and

bioactive glasses has been the focus of extensive studies in
the literature, which combines the ability of glass to form
a strong bond with the bone tissue surface [7, 8]. Bioactive
glasses in the system SiO

2
-CaO-P

2
O
5
have been investigated

as biomaterials to be introduced into the organic phase
due to their osteoconductivity properties. When a bioactive
glass is implanted, a biological response is generated at the
interface of the material, leading to a chemical bond between
the tissue and the material l [9, 10]. The biomineralization
ability of bioactive glasses is related to their composition
but is also influenced by their physical properties, such as
particle size, porosity, surface area, and morphology [11–13].
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The introduction of the bioactive phase in the polymeric
composites has generally been produced by the sol-gel
method, which is a versatile method that allows the incor-
poration of inorganic components into polymers at the
molecular scale and at low temperatures, resulting in a hybrid
material or nanocomposite material [7, 14].

Chitosan is a natural polymer that has shown promising
performance in tissue engineering. This polymer has been
extensively studied as a biomaterial because it has unique
biomedical properties,mainly due to the ability to biodegrade
[15, 16], the high biocompatibility [17] with immunogenicity,
the ability to act as an antibacterial agent [18], and the
antifungal properties [19] in wound healing, in addition to
the benefit that the degradation products of chitosan do
not generate toxic materials and are not carcinogenic [7,
20]. However, chitosan as a pure material is not ideal for
bone regeneration because its osteoconductivity needs to
be improved [21]. Because chitosan does not exhibit high
bioactivity, it is necessary to combine it with another bioactive
material to improve the osteoconductivity [22]. Further-
more, when a cross-linking agent, such as glutaraldehyde, is
added to chitosan, it significantly increases its mechanical
properties [23]. The mechanical properties are of crucial
importance, especially in regard to regeneration of hard tissue
such as bone, which requires load support. Therefore, the
combination of chitosan and silica-based nanoparticles to
form a hybrid nanocomposite is a strategy to address the
demands of mechanical loading on bone grafts. There are a
few studies demonstrating the interaction at the molecular
level of chitosan with silica-based materials [2, 3, 6, 15, 19].
Chitosan has functional groups, such as hydroxyl groups and
amines, which have high possibility of rapidly bonding to
other functional groups. Hybrids formed from chitosan and
silica exhibited an increase of the interfacial interaction with
improved mechanical properties [3].

In this work, two strategies were used to produce bioac-
tive nanocomposites: one strategy involves a solution (sol-
gel) and the other strategy involves a nanoparticle dispersion
obtained by combination of the sol-gelmethod and the copre-
cipitation method. These two synthesis routes were used to
produce membranes, which were evaluated in terms of their
mechanical properties, bioactivity, and biological synthesis
for future use in scaffolds of bone tissue engineering.

2. Materials and Methods

Commercial chitosan (high molecular weight and degree of
deacetylation 75–85%), tetraethylorthosilicate (TEOS, 98%),
and triethyl phosphate (TEP-99%) were supplied by Sigma-
Aldrich, and ammonia (NH

3
) and Ca(NO

3
)
2
⋅4H
2
O (99%)

were supplied by Synth. The composition of the bioactive
glass was 60%:SiO

2
, 36%:CaO, and 4%:P

2
O
5
(% mol). A

solution of glutaraldehyde 2.0%w/v was obtained by dilution
of a commercial solution (25%w/v, Sigma-Aldrich).

2.1. Bioactive Glass Solution Preparation. The bioactive
glass precursor solution was obtained by acid hydroly-
sis and polycondensation of tetraethylorthosilicate (TEOS

(Si(OC
2
H
5
)
4
)), alkoxide precursor of SiO

2
, triethyl phos-

phate (TEP ((C
2
H
5
O)
3
PO
4
)), and alkoxide precursor P

2
O
5
.

The hydrolysis occurred by adding deionized water and was
catalyzed by nitric acid. Calcium nitrate (Ca(NO

3
)
2
⋅4H
2
O)

was added as a precursor of CaO.

2.2. Bioactive Glass Nanoparticle Dispersion Preparation. The
method of preparation of BGNPswas based on previouswork
[4, 5] consisting of combining the sol-gel coprecipitation
method. In the first step, TEOS and TEP precursors were
hydrolyzed under acidic conditions. The precursors were
dispersed in methanol and water, and the pH was adjusted
to 1-2 by nitric acid. The mixture was kept under magnetic
stirring to obtain a transparent sol. In this second step,
transparent sol (monodisperse) was condensed separately
in alkaline solution. The sol was then dripped in deionized
waterwith ammoniumhydroxide under vigorousmechanical
agitation.The pH of the solution was adjusted in the range of
10 to 12. After 12 h of mechanical stirring, the suspension was
taken to the oven 50∘C to evaporate the ammonia (until pH <
8). Calcium nitrate was added and kept under mechanical
stirring for 24 h.The dispersion obtainedwas filtered through
Millipore filters of 0.22𝜇m and 0.11 𝜇m; after passing the
dispersion through each of the filters, the dispersion was
collected and stored for later use. The final appearance of the
dispersion was a colorless liquid.

2.3. Hybrid CS-BG Films Preparation. The hybrid films were
obtained by mixing 1%w/v chitosan solution with the pre-
cursor solution bioactive glass of the following compositions:
10 wt%, 20wt%, and 30wt%; these materials were then cross-
linked with glutaraldehyde corresponding to 3% of the total
weight of chitosan. Films from pure chitosan were produced.
The final solution was poured into polypropylene dishes and
kept at room temperature for approximately 60 h. They were
then placed in an oven (40 ± 2∘C) for 24 h for complete
drying.

2.4. Nanocomposites CS-BGNP Films Preparation. The nano-
composite films were obtained by dissolving 1%w/v chitosan
commercial powder in the previously prepared dispersion of
BGNP (item 2.2), based on previouswork under acidic condi-
tions, to obtain the following concentrations of nanoparticles
in the films compositions: 1 wt%, 3wt%, 5wt%, and 10wt%.
The dissolution procedure consists of the following steps.
Deionized water was added to the dispersion BGNP under
mechanical stirring; the dispersion was measured to have
pH above 7. Nitric acid was added to obtain pH = 2.5.
Chitosan powder was added slowly while maintaining the
pHbelow approximately 4. After stabilization, the suspension
was kept under mechanical stirring for 24 h. Glutaraldehyde,
corresponding to 3wt% of the total weight of chitosan (the
same amount used to synthesize the hybrid films previously
described), was added into the suspension, which was sub-
sequently poured into a Petri dish and then kept at room
temperature for 60 h. Finally, the suspension was completely
dried in an oven (40 ± 2∘C) for 24 h.
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2.5. In Vitro Bioactivity Tests. The synthesis conditions of the
hybrids typically resulted in a product of polymeric character
that is sensitive to high temperatures, which prevents the
elimination of toxic substances by thermal treatment [24].
When in contact with the culture medium, the dissolution
of hybrid products may change the pH of the medium and
the cell growth, promoting lower cell viability. This change
requires a neutralization step to reduce the acidity of the
samples and to make them more biocompatible. Therefore,
to assess the bioactivity, a prestudy of variation of pH and
hybrid nanocomposites in a solution of SBF (kept at 37∘C)was
conducted. Samples containing 0wt%, 10wt%, 20wt%, and
30wt% of BG and samples containing 0wt%, 1 wt%, 3 wt%,
and 5wt% of BGNP were immersed for zero days, one day,
seven days, and 28 days, followed by the measurement of the
pH.

The biomineralization tests were performed according
to ISO/FDIS 23317:2007 (E) [25–28]. Films with 20wt% of
either BG or BGNP were used in these tests. The samples
in triplicate that were cut to a size of 10mm × 20mm were
immersed in SBF (simulated body fluid) and kept for one
day, seven days, and 28 days. The quantity of 40mL of SBF
was used to obey the relationship between the surface area
of the sample (Sa) in square millimeters and the volume of
SBF solution (Vs) in milliliters given by Vs = Sa/10. The
vials containing the samples were placed in a water bath at
37 ± 2∘C. After removing the samples from the SBF, they
were washed and dried at room temperature. The level of
mineralization of the films after immersion was evaluated
by scanning electron microscopy (SEM). Fourier transform
infrared (FTIR) spectroscopy was also used to confirm the
presence of the components of carbonated hydroxyapatite
(CHA) (Nicolet 380 of ThermoScientific). Moreover, the
standard bioactivity ISO/FDIS 23317: 2007 (E) describes that
SEM and FT-IR data must be accompanied by analysis of X-
ray diffraction (XRD) data to confirm the formation of the
CHA and therefore the formation of the CHA layer was also
investigated by XRD [29].

2.6. Mechanical Tests. The selection of samples subjected to
tensile tests was defined as the most homogeneous region
of the films to obtain more representative results in the
mechanical test. The samples of the films were subjected
to the tensile test to evaluate the tensile strength and the
strain at break. The films were subjected to the test with an
initial spacing between the gauge lengths of 50mm.To ensure
accurate results, 6–8 samples of each film were submitted
to testing. The tests were conducted on the Machine Model
3000 EMIC DL, using a 200 N load cell, a test speed of
25mmmin−1, and a test temperature of 26 ± 2∘C.The tensile
tests were performed according to ASTMD882-10 (Standard
Test Method for Tensile Properties of Thin Plastic Sheeting)
[30].

2.7. In Vitro Cytotoxicity Tests. The films synthesized were
submitted to the first stage of in vitro evaluation by the cyto-
toxicity test following 10993-5:1999 (Biological evaluation of
medical devices; Part 5: tests for in vitro cytotoxicity) [25–28].

Table 1: pH of the medium and the hybrid nanocomposite films as
a function of immersion time in SBF.

Samples
(wt%)

Immersion time in SBF
0 h 1 day 7 days 28 days

CS 7.40 7.45 7.35 7.40
CS—10% BG 7.40 7.34 7.49 7.25
CS—20% BG 7.40 7.33 7.45 7.35
CS—30% BG 7.40 7.32 7.50 7.22
CS—1% BGNP 7.40 7.37 7.31 7.36
CS—3% BGNP 7.40 7.35 7.32 7.24
CS—5% BGNP 7.40 7.31 7.29 7.28
CS—10% BGNP 7.40 7.39 7.34 7.30

The Resazurin cell viability assay was used. Human osteosar-
coma cells (SAOS), a commercial line of immortalized cells,
were kindly provided by Professor Alfredo Miranda Goes,
the Department of Biochemistry and Immunology, UFMG.
The cells were cultured in DMEM with 10% fetal bovine
serum (Gibco BRL, NY), penicillin G sodium (10 IU/mL),
streptomycin sulfate (10mg/L), and 0.25 amphotericin B
(Gibco BRL, NY, USA) in an incubator with 5% CO

2
at

37∘C. Samples of the films CS-BG and CS-BGNP with 12mm
in diameter were placed in 24-well plates and cells were
plated (1 × 104 cells) on each sample material. Cells with
DMEM and 10% FBS were used as reference controls, as
positive control PBS (2X), and as negative control chips of
sterile polypropylene Eppendorf (0.1mg/mL) from Eppen-
dorf (Hamburg, Germany). The method of sterilization was
ultraviolet radiation for 30 minutes on each side of the
samples [31–33]. Tests were performed in triplicate (𝑛 = 3)
for each sample type. After 72 h, all of the media were
aspirated, and 900 𝜇L of culture medium with serum was
placed into each well. One hundred microliters of Resazurin
(0.1mg/mL, Sigma-Aldrich, USA) was added in each well,
which was placed in an incubator for a period of 18 h with
5% CO

2
at 37∘C. Then, 100𝜇L was removed from each well

and transferred to 96-well flat plates, and the measurement
was performed using a spectrophotometer (1.6 Adap, Anthos
Labtec Instruments) with two filters of 570 nm and 590 nm.

3. Results and Discussion

3.1. Qualitative Assessment. Homogeneous films were pro-
duced by the technique of evaporation of the solvent and
visually exhibited a yellowish transparent glossy surface. The
films and hybrid nanocomposites containing higher levels
of bioactive glass (30wt% of BG) underwent a change in
their physical appearance after drying: the structure retracted
and exhibited a loss of flexibility, thereby making the surface
appear opaque. This behavior is clearly observed in the films
with 30wt% of bioactive glass.

3.2. Tests of the In Vitro Bioactivity. Table 1 presents the pH
values of the medium after immersion of the nanocomposite.
The pH values obtained ranged from 7.22 to 7.50; therefore,
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Figure 1: SEM images of the surface of the films with 20wt% BG immersed in SBF for one day ((A), (a)), seven days ((B), (b)), or 28 days
(c-D-d). EDS image of the film immersed in SBF for 28 days (C).

there was not a significant change of pH in the solution of
PBS, indicating that the samples were stable in this aspect and
indicating that a neutralization step was not required.

SEM images of the surface of the films with 20wt% BG
immersed in SBF for one day, seven days, or 28 days are
shown in Figure 1. Gradual formation ofCHAwith increasing
days of immersion in SBF was observed in the SEM images
(Figure 1(A–d)).

On the surface of the hybrid films (20wt% of BG), a
homogeneous morphology was observed due to the dis-
persion of small crystals with sizes less than 5 𝜇m, which
characterizes the formation of the CHA layer. Initially, the
apatite grains were more isolated (Figure 1(A-a)) and, after
seven days, exhibited a uniform and thicker layer on the
surface of the hybrid (Figure 1(B-b)). After 28 days the film
surface was completely covered by CHA, exhibiting a more
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Figure 2: FTIR film after one day of immersion (a) and after 28 days of immersion in SBF (b): (A) CS, (B) 10, (C) 20, and (D) 30wt% BG.

intense biological response, according to the increase of the
immersion time (Figure 1(c-D-d)). The identification of the
chemical composition of these crystals was performed by
EDS, which indicated the presence of Ca (Calcium) and P
(phosphorus), as shown in Figure 1(C). Although the analysis
by EDS does not represent a quantitative analysis, the Ca and
P peaks were very significant in the sample.

The FTIR spectra (Figure 2(a)) for pure chitosan films
and for films containing 10, 20, and 30wt% content of
bioactive glass after immersion in SBF immersed for one day
to 28 days showed vibration bands at 520 cm−1, 560 cm−1,
and 600 cm−1 corresponding to the bending vibration of P-O.
These results indicated the formation of a crystalline layer of
calcium phosphate. The bands at 600 cm−1 are related to the
PO
4

2− group, as shown in Figures 2(a) and 2(b). The band
at 890 cm−1 that is related to the stretching vibration of the
CO
3

−2 group was more evident in the films with a 10, 20, and
30wt% content of bioactive glass, as shown in Figure 2(a).
TheFTIR spectrumof films containing 30wt%bioactive glass
after 28 days of immersion, shown in Figure 2(b), reveals a
band at 520 cm−1 related to the bending vibration of P-O.
Bands at 1024, 1020, and 1150 cm−1 for films with one-day
immersion, as shown in Figures 2(a) and 2(b), are indicative
of the shift of the 1100 cm−1 band, which is attributed to the
stretching P-O.The intensities of the bands increased after 28
days of immersion, indicating the formation of theCHA layer.
Films of pure chitosan did not exhibit bands related to the
formation of CHA [14, 34, 35].

CHA formation was also recorded by XRD (Figure 3).
The XRD patterns of the films revealed a peak with a high
intensity at 2𝜃 = 32∘ and another peak with a low intensity at
2𝜃 = 26∘, which are associated with the planes (211) and (002),
respectively [4, 19, 36, 37]. These peaks are characteristic
of the crystalline phase of CHA according to record 19-274
(JCPDS). However, these two peaks only appear in the hybrid
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Figure 3: XRD film after seven days of immersion in SBF: (a) CS,
(b) 10, and (c) 20wt% BG.

with 20wt% of BG.The XRD patterns of the films containing
0 and 10wt% glass exhibited broad peaks, indicating that
the analyzed area has little or no crystallinity and therefore
exhibits low bioactive property. Both the pure chitosan and
the film with 10wt% BG exhibited no diffraction peaks,
indicating that these were amorphous materials. The film
with 30wt% BG was not examined by XRD because it was
not possible to investigate its surface, due to the irregularities
caused by it containing high concentration of BG.

3.3. In Vitro Cytotoxicity Assay. Themitochondrial activity of
osteoblasts cultured with and without the presence of mate-
rials produced in this work was evaluated by the Resazurin
test. This test is used to specifically assess mitochondrial
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function and cell viability. Figure 4 illustrates the hybrid cell
viability of hybrids (CS-BG) and the nanocomposites (CS-
BGNP). In the control group, the cells were seeded only by
viable osteoblasts (no samples in the middle). In comparative
groups, the cells were seeded on each film composition of
the hybrid nanocomposites. Comparing the films analyzed
with the control group after 72 h, it can be concluded that
as the content of the material BGNP increased, the cell
viability also increased, and this difference was statistically
significant (𝑃 < 0.05) for films with 5 and 10wt% BGNP.The
results indicated that cells plated on 5% CS-BGNP exhibited
an increase of 18 ± 7.5% cell viability and the cells plated
on CS-BGNP 10% exhibited an increase of 30 ± 2% cell
viability compared to the control group. The cells plated in
10% CS-BG exhibited a 10 ± 1% increase in the cell viability.
Studies in the literature identified that the higher cell viability
compared to control when using bioactive glasses with 60%
silica can be attributed to the ability of the ionic products
from these materials to stimulate osteoblast proliferation
[38]. Cells plated onCS 1%BGNP andCS 3%BGNP after 72 h
exhibited a cell viability similar to that of the control group
which was significantly higher compared to the viability of
pure chitosan (CS 0% BG). No significant differences in
cell viability were found compared to the control group of
cells plated on CS 20% BG. A decrease in cell viability was
observed compared to the control group for cells plated
on pure chitosan and 30wt% CS-BG. The biological tests
conducted with Resazurin in cells grown on the samples
after 72 h indicated that samples containing nanoparticles of
bioactive glass were more favorably increasing cell viability,
but the results obtained by the hybrids CS-BG also induced

Table 2: Comparison of mean values of maximum stress and strain
for the films CS-BGNP and CS-BG.

Sample
(wt%)

Maximum tensile
stress
(MPa)

Maximum
deformation
(%)

CS 42 ± 5.5 12 ± 2.9
CS 1% BGNP 62 ± 4.3 14 ± 2.2
CS 3% BGNP 73 ± 5.2 22 ± 3.1
CS 5% BGNP 80 ± 5.0 21 ± 3.1
CS 10% BGNP 68 ± 4.6 11 ± 2.9
CS 10% BG 53 ± 7.0 5 ± 2.0
CS 20% BG 67 ± 4.9 4 ± 0.9
CS 30% BG∗ X X
∗Films for which tensile tests could not be performed.

a significant response from the cells because cell death was
not markedly observed.

3.4. Tensile Testing. Figure 5(a) shows the stress-strain behav-
ior relative to pure chitosan and films with 10 and 20wt%
of bioactive glass, each cross-linked with glutaraldehyde. In
general, the behavior of the stress-strain curves is typical of a
plastic material. It was observed that the films with bioactive
glass decrease their percentage of elongation at break while
they gradually increase its tensile strength. The bioactive
glass behaves as typical reinforcing filler. The chitosan film
exhibited a strength value of 42MPa and elongation at break
of 11% (Table 2). The film with 10wt% of bioactive glass
increased its maximum strength to 53MPa, while its elonga-
tion at break decreases to 5%. The film containing 20% glass
undergoes a large increase in the maximum tensile strength
reaching values of 67MPa, although its elongation at break
decreases to 4%. This behavior occurs due to interactions in
the polymer network with the glass; the dispersion of the
sol changes the chitosan matrix structure, leaving the hybrid
with a less flexible structure, lessening its ductility compared
to the films that did not undergo the addition of bioactive
glass. Figure 5(b) illustrates the stress-strain curves for films
of chitosan with 1, 3, 5, and 10% BGNP, all of which are cross-
linked with glutaraldehyde.

Tasselli et al. [23] investigated the mechanical properties
of chitosan cross-linked with different glutaraldehyde con-
tent. For low contents of glutaraldehyde added an increase
of the mechanical properties compared to pure chitosan was
observed, unlike what was observed with higher contents
added, for which the tensile strength decreased dramatically.
Similar results were observed in this work. Although cross-
linked chitosan produced in this work presented slightly
smaller tensile strength than those found by the authors, the
mechanical properties were significantly improved after the
addition of BGNP.

The behavior in the tensile tests of nanocomposite films
with BGNP is fairly similar to the behavior of the hybrid
films with BG. The films exhibited a flexible behavior,
and their stress-strain curves are typical of a plastic. The
nanocomposite films were strongly influenced by the BGNP
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Figure 5: Stress-strain curves obtained from tensile testing of hybrid films with 0, 10, and 20wt% in BG (a) and the nanocomposite films
with 1, 3, 5, and 10wt% of BGNP (b).

content and exhibited high performance in comparison with
the other hybrid films tested. Films with 3 and 5wt% BGNP
reached maximum strength values of 73MPa and 80MPa,
respectively.The elongation at break was also very significant,
with percentages of 22% and 21% for films with 3wt% and
5wt% BGNP, respectively.

4. Conclusions

Hybrid composite films produced by homogeneous chitosan
and bioactive glass have been successfully obtained using the
two synthetic routes of sol-gel and coprecipitation, achieving
adequate performance for the application as a guide to the cell
growth of bone tissue. Both systems of CS-BG as CS-BGNP
films exhibited high tensile strength and high bioactivity
and cell viability. These results indicate that the use of
bioactive glass successfully acted as an agent for loading and
improved bioactivity, particularly in the form of nanoparticle
dispersion (BGNP), whose results are the most promising.
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Aim. To examine the interface of two self-etchings in carious affected dentin (CAD), under clinical conditions. Materials and
Methods. Class I cavities were prepared in 21 carious premolars, refining them by the use of a fine diamond bur in order to create
similar smear layer interference. The mild self-etching Clearfil SE Bond (CSE), pH = 2.0, and the strong Tyrian SPE-One Step Plus
(TSO), pH = 0.5, were applied followed by a composite. Teeth were extracted and processed for TEM. The primer’s osmolarity
of the self-etchings was also calculated using a microosmometer. Results. CSE hybrid layer retained smear layer residues and
scattered crystallites as an effect of the mild acidity. A high presence of hydroxyapatite still protected the affected fibres within
the hybrid layer. CSE primer demonstrated values of 3220mOsm/kg. TSO interdiffusion showed strong demineralization. Resin
tags were not formed in the dentinal tubules which remained obstructed by crystals. However, dissolution of peritubular dentin and
porosities were observed in the intertubular regions.The osmolarity of TSO was 8200mOsm/kg. Conclusion. Increasing the acidity
and osmolarity of the self-etchings increases interference in the homogeneous reinforcement of CAD, which may predispose the
hybrid layer to instability and hydrolytic degradation overtime.

1. Introduction

In adhesive dentistry, carious affected dentin (CAD) represents
a very common substrate.This is a result of “minimal invasion
therapy” [1], which tends to fulfil the main requirements of
a more conservative and aesthetic treatment with maximum
conservation of tooth structure, already compromised by the
bacterial infection.

AlthoughCAD is able to interact with adhesivemonomers
[2], the hybrid layer may become unstable over time due to
the complex tissue changes by the bacterial attack that lower
the tensile strength and Knoop hardness in respect to normal
dentin [3, 4]. This has been linked to the loss of minerals
in intertubular dentin [5] that, at the same time, increases
wetness with interference to infiltration of the monomers
[6, 7].

When self-etching systems are used, bond strength has
been related to the homogeneity of interdiffusion proceeding
from the top smear layer toward the underlying features of the
affected tissue [8, 9]. From this point of view, themaintenance

of acid resistant mineral occlusions in the affected tubules [4]
with prevention of resin tags is not an important reason for
lower strength than sound dentin, but a nonhomogeneous,
poor infiltration of CAD would be the main reason [10].

Poor infiltration may be caused by the incapacity of
self-etchings to completely infiltrate a thick and irregular
smear layer, particularly when mild self-etching adhesives
(pH = 2.0) are used [8]. This interference may cause a
significant decrease in effectiveness of the hybrid layer after
water exposure, with nanoleakage and degradation [11]. By
lowering the pH of the primer by using strong self-etchings
(pH ≤ 1) infiltration of the smear layer may be ensured;
however more calcium-phosphate is dissolved, increasing
wetness and porosities in clinical conditions [12, 13]. In fact,
wetness may be already influenced by the clinical situation of
pulpal pressure [14, 15] and the osmolarity of acidic primers
[16], which favour the outward movement of dentinal fluids
towards the surfaces of bonding.

To allow homogeneous infiltration of the smear in sound
dentin, it was suggested that a thin smear layer of particles
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Table 1: Adhesive agents used in the study (components and ingredients by manufacturer information).

Product Components Main ingredients

Clearfil SE Bond
(Kuraray, Japan)

Self-etching primer 10-MDP, HEMA, hydrophilic dimethacrylate, photoinitiator, and water

Bond 10-MDP, HEMA, Bis-GMA, hydrophobic dimethacrylate, photoinitiators, and
silanated colloidal silica

Tyrian SPE/One-Step Plus
(Bisco, IL, USA)

Self-etching primer 2-Acrylamido-2-methylpropanesulfonic acid, bis(2-(methacryloyloxy)ethyl)
phosphate, and ethanol

Bond Biphenyl dimethacrylate, hydroxyethyl methacrylate, acetone, and glass frit

be produced in the surface by refining cavities with fine
grit diamond burs [17]. However, this clinical procedure has
not been evaluated in CAD, in which the morphology and
chemical composition of the smear are different from those
of unaltered dentin because of the diverse mineral/organic
composition. The smear layer in CAD is richer in organic
components and appears thicker than in sound dentin.
The collagen component is a highly disorganized trapping
mineral and cannot be easily removed even when strong
acids are used [18]. A greater amount of “collagen smear
layer,” compared with sound dentin, may be present on the
surface of CAD because acids only solubilize the mineral
component of the smear layer [12]. This collagen smear layer
is impermeable to the monomers which inhibits uniform
infiltration and will affect the quality of the bonding. Thus,
the CAD smear layer may interfere with the infiltration of
self-etching adhesives regardless of the manner in which it
is created.

Although many studies have investigated the influence
of dentin characteristics on bonding, little research has
attempted to correlate self-etchings with the heterogeneous
aspects of vital CAD in daily practice under clinical condi-
tions. By carrying out clinical studies it is possible to evaluate
the morphological expression of the bonding procedure as a
result of the simultaneous interaction of tooth-adhesives in
clinical conditions.

The object of this study was to evaluate the characteristics
of interdiffusion of two types of two-step self-etching systems
with differing pH values, bonded clinically in CAD cavities
covered with a homogeneous smear layer of debris. The
osmolarity of the primer components was also calculated.

2. Methods and Materials

In this studywe used two types of two-step self-etching systems:

(i) Clearfil SE Bond (CSE) (Kuraray, Osaka, Japan),
(ii) Tyrian SPE/One-Step Plus (TOS) (Bisco, IL, USA).

Table 1 shows the ingredients andpHof the adhesives tested.

2.1. Experimental Design. This study was performed under a
protocol approved by the Ethical Committee at theUniversity
of Sassari, Italy.

Fifteen subjects (mean age 47 ± 3 years), with a total of
21 carious premolars scheduled for extraction for periodontal
reasons, were included in the study. The nature and scope of
the study were explained to the participants, and informed

21 carious premolars
designated for extraction for periodontal reasons 

Group 1Group 0

No treatment 
N = 3

Clearfil SE Bond 
N = 9

Group 2

Tyrian SPE/One-Step Plus
N = 9

Figure 1: Flowchart of study methodology.

consent was obtained. The participants consented to the
restoration of the carious teeth prior to extraction. Local
anaesthetic without vasoconstrictorwas administered to each
participant and a rubber dam placed.

In the carious premolar teeth, cavities were performed by
the same operator using the same equipment for both groups.

The soft caries-infected dentin was carefully removed by
means of sharp spoon excavators and number 6 low speed
round burs under water spray until the hard, discolored
CAD was reached. Then, the cavities were finished using
a fine diamond bur (number 8882.314.014 Komet, Lemgo,
Germany) in order to create a homogeneous layer of smear
debris.

After that, teeth were allocated to three groups (Figure 1),
one of which (𝑁 = 3) received no treatment and served as
a control of the created smear layer (Group 0); the other two
(𝑁 = 9) received treatment using CSE bond (Group 1) and
TOS (Group 2).

Both of the self-etching approaches were carried out
according to the manufacturers’ instructions (Table 2). The
cavities were then bulk-filled with a flowable resin-based
composite (Enamel Flow, Micerium, Avegno, Genova, Italy).
Extractions were performed about 20 minutes after the
polymerization of the adhesive materials.

Adhesive systems and the resin-based composite were
cured using a halogen curing light (Optilux 501, Kerr Corpo-
ration,Orange, CA,USA; 11mmexitwindow) under the stan-
dard curing mode (output wavelength range: 400–505 nm;
output irradiance: 580–700mW/cm2) at the standardized
distance of 5mm from the bonding surface.

Immediately after extraction teeth were prepared for
TEM processing [19]. Specimens were rinsed in distilled
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Table 2: pH values and application mode of the adhesive agents used in the study by manufacturer information.

Product Adhesive classification pH Mode of application

Clearfil SE Bond
(Kuraray, Japan) Mild two-step self-etching system 2.0

Primer: apply primer to dentin for 20 seconds and gently
air-blow for 5 seconds
Bond: apply adhesive in a thin layer for 10 seconds, gently
air-blow, and light-cure for 10 seconds

Tyrian SPE/One-Step Plus
(Bisco, IL, USA) Strong two-step self-etching system 0.5

Primer: mix 1-2 drops of Part A with 1-2 drops of Part B,
apply primer to dentin for 20 seconds, and use a foam pellet
to blot excess from preparation, leaving surface shiny
Bond: apply 2 coats to the dentin for 10 seconds, gently
air-blow, and light-cure for 10 seconds

water at 37∘C and fixed in a solution of 2.5% glutaraldehyde
with 0.1MPBS buffer, pH 7.2, for 72 hours. The specimens
were then sectioned into two halves along their longitudinal
axes, and each crown was sectioned from the root using a
water-cooled saw (Isomet). Small rectangular fragments of
tissue perpendicular to the center of each cavity were also
obtained from the occlusal surface to produce 2 × 2 × ∼8mm
sticks. Fragments were immersed in an aqueous solution
of ethylenediaminetetraacetic acid (EDTA) for 36 hours.
Subsequently, samples were washed in cacodylate buffer, pH
7.4; postfixed in 1% osmium tetroxide; and washed twice in
cacodylate buffer. They were dehydrated using ethanol in
increasing concentrations (25–100%), embedded in epoxy
resin, cut into ultrathin sections 80 nm in thickness using a
Diatome diamond knife, and stained with lead citrate and
uranyl acetate. They were then placed on 50 mesh copper
grids and observed under TEM (Zeiss 109 EM Turbo).

Osmolarity of each self-etching primer was performed
using a microosmometer (The AdvancedMicro-Osmometer,
Model 3300, Advanced Instrument Inc., Norwood, Mas-
sachusetts, USA). For this purpose, 20𝜇L of CSE and TSO
primers was dosed, and osmolarity was analysed in duplicate
with the microosmometer, which utilizes freezing point
depression thermodynamics. Measurement of the freezing
point allows concentrations to be determined with greatest
precision owing to the inherent isolation of the sample from
the environment by the iced blanket generated when the
sample freezes. Each sample was analysed five times in a
single batch along the same day.

3. Results and Discussion

3.1. TEM Observations

Group 0. A porous, homogeneous layer of debris formed
by degenerated fibrils trapping residual crystallites covered
the surface of CAD. Tubules within the surface appeared
obstructed by dense smear plugs rich in minerals, while
others below the surface of the bur-cut dentin seemed
occluded by crystals of different electron densities (Figure 2).

Group 1: CSE. The hybrid layer of about 0.5𝜇m depth
exhibited different sublayers, clearly dissimilar in micromor-
phology and electron densities (Figure 3).

Figure 2: TEM photomicrographs of the control group showing
the surface of affected dentin homogeneously covered by a porous
layer of smear debris (SL) formed by degenerated collagen fibril
and minerals. Tubules (T) of the bur-cut dentin are smear plugged
while the others below are occluded by large crystallites of different
electron densities.

Figure 3: The mild self-etching Clearfil SE Bond creates a hybrid
layer (HL) of about 0.1 um depth showing different sublayers of
micromorphology and electron densities that can be ascribed to the
interaction of the self-etching within the features of affected dentin.

The top layer exhibited an irregular and ruffled border
of retained, hybridized smear layer of denatured collagen
and scattered mineralized debris. Smear layer material was
also seen within the dentin front retained in areas formed
by partial dissolution of the peritubular affected dentin
(Figure 4).
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Figure 4: An irregular and ruffled border of hybridized smear layer
residue is evident at the top of interdiffusion.The dentin front shows
voids formed by the partial dissolution of the peritubular dentin,
which retain hypermineralized debris.

Figure 5: Infiltration of affected collagen shows dense crystallites
still protecting the affected fibres within the submicron hybrid layer
that is attributed to the proper mode of interaction of the mild
functional monomer 10-MDP contained in Clearfil SE Bond.

Below this resin infiltered smear layer, the intertubular
and peritubular affected dentin appeared tightly infiltered
(Figure 5). It was possible to recognize hydroxyapatite (HAP)
crystals mostly retained within the affected collagen fibrils.
A reinforcement of clearly banded collagen fibrils was seen
in the deepest zone of the interdiffusion making a sharply
demarked reinforcement to the hybrid base.

Resin tags were not observed in the tubules which
retained crystals occasionally associated with mineralized
bacterial fragments. Nevertheless, tubules within the inter-
face exhibited extreme electron refraction due to the densely
infiltrated peritubular dentine, which formed a “ring-shaped”
reinforcement around the orifices extended in the intertubu-
lar areas (Figure 6).

Group 2: TSO. A 0.2𝜇m thick hybrid layer was discerned
in TSO interdiffusion. No smear layer was detected but
a strongly demineralized front of denatured and ragged
fibrils formed the uppermost infiltered layer. Collagen fibres,
associated with detached crystals, were seen arising from the
top and projected into the adhesive layer (Figure 7).

Figure 6: Tubules within the interface of Clearfil SE Bond exhibited
extreme electron refraction due to the dense infiltration of the
peritubular dentine. This hybridization generates a “ring-shaped”
reinforcement extended towards the intertubular dentin, whichmay
be interpreted as a morphological aspect of high chemical bonding.

Figure 7:The strong self-etching system Tyrian SPE/One-Step Plus
forms a 0.2 um thick hybrid layer (HL) completely deprived of smear
layer and HAP as an effect of the modality of interaction of the low
pH of the primer within the affected dentin surface.

Below this smear layer deprived front, the subsurface
was characterized by a band of strongly demineralized col-
lagen, separated by large interfibrillar spaces, and porosities.
Electron-dense deposits were also seen probably due to
reprecipitation of amorphous calcium-phosphates released
by the diffusion of the acidic monomer (Figure 8).

At the base of the interdiffusion, a porous bandof partially
demineralized collagen was seen forming an irregular deeper
layer of weak electron densities.

Resin tags were not formed in the dentinal tubules which
remained obstructed by crystals. However, dissolution of
peritubular dentin and porosities were observed extending
toward the intertubular regions (Figure 9).

3.2. Osmolarity Analyses of the Primers. Figure 10 shows
that the osmolarity of CSE primer was 3220mOsm/kg
and the osmolarity of TSO primer demonstrated values of
8200mOsm/kg.
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Figure 8: The top front of interdiffusion is formed by a band
of hydroxyapatite deplete fibres with large interfibrillar spaces.
Porosities are crossing the interdiffusion of Tyrian SPE/One-Step
Plus. The pickup of the heavy metal stains which characterize
the ultrathin TEM section most likely represents the dissolved
calcium-phosphates which are included in the interdiffusion. Such
resin-encapsulated calcium-phosphates within the exposed collagen
fibrils are rather soluble and may result in instability of the
interdiffusion and hydrolytic degradation over time.

Figure 9: The dentinal tubules appeared obstructed by crystals,
which were not affected by the low pH of Tyrian SPE/One-Step
Plus. Also, the dissolution of peritubular dentin may be related
to the acidity of the primer that was not buffered by the tubular
crystals. This results in an increase of intertubular demineralization
and wetness, which adversely affects the infiltration of the resins.

4. Discussion

Despite the important developments in adhesion in the last
decades, bonding in CAD requires further understanding
and improvement. Several aspects of enhancing strength and
durability of CAD bonding have to be clarified, including
understanding the complex heterogeneity and composition
of affected dentin, an understanding of the features of the
surfaces exposed after cavity preparation and the influence
of the characteristics of the adhesives. This increased under-
standing would be helpful in obtaining a tight resin/dentin
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Figure 10: Mean values of the osmolarity of the tested materials.

interdiffusion, which is compatible with a stable bond as
opposed to nanoleakage and hydrolysis by the host derived
matrix metalloproteinase.

In this study, in order to evaluate the capacity of inter-
action of the two self-etchings in CAD, we standardized the
smear by finishing the cavity with an extra-fine diamond bur.
This resulted in a thinner layer of smear debris, allowing
infiltration of the affected dentin regardless of the pH of the
acidic monomers [17]. At the same time, we studied the TEM
appearance of the bonding obtained under clinical conditions
of pulpal pressure, from the point of view of the pH and
osmolarity of the adhesives used.

In the case of the CSE, mild self-etching system, the inter-
diffusion occurred with the inclusion of the top smear layer
and the different features of CAD. Acidification occurred
only partially, in comparison to the strong self-etching
system TSO, keeping the demineralized HAP crystallites still
attached to the fibrils.

The hybrid layer was characterized by retained smear
layer residues and scattered needle shape crystallites as an
effect of the mild acidity of CSE. No effects attributed to the
movement of fluids were observed within the interdiffusion,
which appeared tightly sealed by the adhesive resin of
CSE. The prevention of movement of fluids through the
interface could be attributed to the mild demineralization of
intertubular affected dentin and the low osmolarity of the
primer, rather than to the presence of mineral occlusion in
the dentinal tubules, even in the presence of pulpal pressure.
Under clinical conditions of pulpal pressure, water move-
ment may occur by way of the channels of least resistance,
that is, the intratubular minerals and the thin peritubular
dentin, towards the porous intertubular collagen of CAD,
producing interference in the reinforcement and voids of
resin [15]. Although themineral deposits were retained in the
tubules, peritubular dentin appeared densely infiltered and
hybridized toward the intertubular regions without evidence
of porosities. Also, the hybridization of the peritubular dentin
generated a “ring-shaped” reinforcement which has been
claimed to be a source of calcium ions that strongly contribute
to the high chemical bonding of self-etchings [20].

The high presence of HAP, still protecting the affected
fibres within the submicron hybrid layer, is attributed to the
proper mode of interaction of the mild functional monomer
10-MDP in CSE. The 10-MDP has the capacity to interact
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with the residual HAP establishing primary ionic binding
[11, 15, 21–24].This chemical interaction causes the formation
of a regularly layered structure on the surface, within which
highly insoluble calcium salts are deposited. Also, the TEM
observations show that CLE adequately infiltrates HAP and
the partially demineralized collagen matrix, protecting fibrils
from being exposed and degraded in environmental fluids
[24–27].

The strong self-etching system exhibited different char-
acteristics in CAD. The low pH and high osmolarity of TSO
primer played an important role in the morphological aspect
of this hybrid layer.

The dentinal front was characterized by deep dissolution
of the smear layer and HAP crystallites due to the effect
of the strong pH on the affected surface. This produced a
hybrid layer whose formationmight be similar to that created
by the etch and rinse adhesives [28]. Within the calcium-
depleted surface the monomer infiltration occurred due to a
primary diffusion-based mechanism, creating a bond which
is thought to be lower in bond strength than the chemical
bonded hybrid layer [22]. The strong pickup of the heavy
metal stains which characterized the TEMphotomicrographs
of this strongly demineralized hybrid layer most likely repre-
sents dissolved calcium-phosphates. Such resin-encapsulated
calcium-phosphates within the exposed collagen fibrils are
somewhat soluble [22, 29] and may result in instability of the
interdiffusion, with hydrolytic degradation over time [30].

Also the acidity of TSO and the lower buffer capacity of
the tubular crystallites may explain the dissolution of per-
itubular dentin [12, 13].These factors resulted in an increase of
intertubular demineralization. As a result, demineralization
channels were observed extending from both peritubular and
intertubular areas and they consisted of small, close-knit
aqueous porosities forming a chelation slot, low in infiltrated
monomers.

The strong demineralization and the high osmolarity
of the primer may have also caused movement of dentinal
fluids toward the surface explaining the observation of ragged
fibres and detached dentin chips within the adhesive front.
Another explanation of the evidence of fluidmovements may
be the high content of water in self-etching. TSO contains a
high concentration of water, which is required to dissociate
acidic monomers into ionized forms able to permeate the
surface. Water content increases as the acidity of the primer
lowers [31]. Mixtures with a high concentration of water
and ethanol, such as TSO, may impair polymerization of
the monomers within the infiltered surface [32] allowing
the passage of fluids. Furthermore, TSO uses a solvent-rich,
hydrophilic adhesive coating rather than a hydrophobic one,
such as in CLE. This hydrophilic adhesive was not able to
prevent the formation of a permeable membrane after the
polymerization, explaining the evidence of water movement
within the interface and water porosity in the hybrid layer.

Moreover, the high concentration of solvent in TSO
may have an influence on the low bonding demonstrated in
clinical studies over 18 months of oral exposure [31]. The low
effectiveness of TSO has been explained by an incomplete
evaporation of the solvent within the interface, prevent-
ing an adequate monomer conversion, which may affect

themechanical properties, bond strength, and retention rates
of the bonding when in an oral environment.

The poor infiltration related to the overaggressive effect
of the demineralization, together with the presence of a
hydrophilic coating and an incomplete evaporation of the sol-
vent in TSO, may cause a passage of fluids within the hybrid
layer, which leads to the degradation of the interdiffusion of
TSO in CAD over time.

5. Conclusions

Under clinical conditions, the effectiveness of bonding in
CAD with a homogeneous smear layer is strongly influenced
by the chemistry of self-etchings.

The mild CSE self-etching produces a dense and homo-
geneous infiltration of the CAD smear layer, the peritubular
dentin, and the affected collagen fibrils.The presence of HAP
in the fibrils seems to ensure a tight bonding which is able to
resist degradation over time.

Conversely, the strong TSO completely dissolved the
smear layer, producing, at the same time, a poor infiltration of
the CAD interface.This poor infiltrationmay be related to the
overaggressive effect of the demineralization that, together
with a hydrophilic coating and the incomplete evaporation
of the solvent in TSO, may be the cause of a passage of fluids
within the hybrid layer.

Far from helping the homogeneity of interdiffusion,
increasing the pH and osmolarity of self-etchings in CAD
may cause nonhomogeneous reinforcement with infiltration
of oral fluids and the failure of the bonding over time.
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An assay of biomarkers consisting of alpha-fetoprotein (AFP) is reported. Real-time measurements of the effective relaxation time
𝜏eff, when the biofunctionalized magnetic nanoparticles (BMNs) were conjugating with biotargets, were made.The BMNs are anti-
alpha-fetoprotein (antiAFP) coated onto dextran-coated iron oxide nanoparticles labeled as Fe

3
O
4
-antiAFP. It was found that the

effective relaxation time, 𝜏eff, increases as the association of AFP and Fe
3
O
4
-antiAFP evolves. We attribute this to the enhanced

Brownian motion of BMNs when magnetic clusters are present during the conjugation. We found that saturation magnetization,
𝑀

𝑠
, increases when the concentration of AFP increases. This is due to the fact that more magnetic clusters are associated in the

reagent, and therefore the 𝑀

𝑠
increases when the concentration of AFP increases. The change of effective relaxation time and

saturation magnetization shows a behavior of logistic function, which provides a foundation for assaying an unknown amount of
biomolecules. Thus, we demonstrate sensitive platforms for detecting AFP by characterizing 𝜏eff. The detection platform is robust
and easy to use and shows promise for further use in assaying a broad number of biomarkers.

1. Introduction

Assaying biomarkers based on electrical [1], optical [2, 3], and
magnetic technologies [4, 5], and so forth, has been reported,
in which, immuomagnetic assays based on magnetic detec-
tion using biofunctionalizedmagnetic nanoparticles (BMNs)
have received considerable attention. Magnetic detection has
a negligible magnetic background, and thus high detection
sensitivity and specificity can be achieved. Magnetic detec-
tion can be done through the measurements of magnetic
relaxation [6, 7], magnetic remanence [8], immunomagnetic
alternating current (ac) susceptibility reduction [9], satu-
rated magnetization [10], spin-spin relaxation [11], and so
forth. Detection sensors include SQUIDs [12], magnetore-
sistive sensors [13], Hall sensors [14], and on-chip magnetic

resonance sensors [15]. Many of these techniques, however,
have a time-consuming stage of sample preparation. On the
contrary, detecting biomarkers using the immunomagnetic
reduction (IMR) assay [9], which detects the change of the
amplitude at the mixed-frequency. The method shows high
sensitivity and specificity. Additionally, sample preparation
is simple and easy to operate. Some studies involving this
approach include the detecting of cytokines [16] and alpha-
fetoprotein (AFP) for human expressing tumors in clinical
research [17].

In contrast to direct detection of magnetic susceptibility
reduction at the mixed-frequency, we have recently devel-
oped a new magnetic sensing platform, single-frequency ac
susceptometer for biodetection [18]. The ac susceptometer
detects the phase lag of the magnetization, M(𝑡), of BMNs
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with respect to the applied field,H(𝑡), as the detection mech-
anism. During the association of BMNs with biomarkers
the magnetic clusters are conjugated, which changes the
phase lag and in turn changes the time-dependent relaxation
rate. In this work, the detection platform was used to assay
the biomolecule abundance of alpha-fetoprotein (AFP) by
measuring the time-dependent effective relaxation time and
saturation magnetization of reagents conjugating with the
AFP. Reagents consisted of antiAFP coated onto the Fe

3
O
4

magnetic oxides and labeled as Fe
3
O
4
-antiAFP. AFP can be

used as a biomarker to detect liver tumors. A level above
500 ng/mL of AFP in adults can be indicative of hepatocellu-
lar carcinoma, germ cell tumors, andmetastatic cancers of the
liver. Biomarkers of AFP are first characterized by measuring
the phase lag 𝜃(𝑡), which is between the appliedmagnetic field
H(𝑡) and magnetization M(𝑡). Then the dynamic effective
relaxation time 𝜏eff was estimated through the following
formula: tan 𝜃 = 𝜔𝜏eff, where 𝜔 is the exciting angular
frequency. It was found that the change of effective relaxation
time,Δ𝜏eff, increases when theAFP completed the association
with Fe

3
O
4
-antiAFP. Additionally, the saturation magneti-

zation increases as the concentration of AFP increases. We
attribute this to the presence of magnetic clusters during the
conjugation. A detection sensitivity better than 100 ng/mL
of AFP is demonstrated. The detection platform is robust
and easy to use, showing promise for further use in a broad
number of biomedical applications, such as viruses, proteins,
and tumor markers.

The reagent for assaying AFP consists of magnetic nano-
particles (MF-DEX-0060,MagQu,NewTaipei, Taiwan) func-
tionalized with antibodies (ab40942; Abcam, Cambridge,
MA), against AFP (EA502-Q1053; EastCoast Bio, North
Berwick, ME). These magnetic nanoparticles are dispersed
in phosphoryl buffer solution with pH = 7.4. Measured
with a vibration sample magnetometer, the concentration of
magnetic reagents containing Fe

3
O
4
-antiAFP was 0.3 emu/g

which corresponds to a concentration of 1.2mg-Fe/mL.

2. Experiments

2.1. Biodetection System. Figure 1 shows the unique design of
the sensitive ac magnetic susceptometer. The sensing coils
consist of an input coil, pick-up coil, and compensation
coil. The input coil, pick-up coil, and compensation coil are,
respectively, 4800 turns (4.9Ω), 1260 turns (1.2Ω), and 2
turns ofwound copper coils.Thepick-up coil consisted of two
coils wound in opposite directions. The excitation frequency
was 9 kHz. The signal from the function generator is first
attenuated with a variable resistor (∼1MΩ). A compensation
coil was applied to improve the balance of the detection coil.
A balance of 30 parts per trillion (ppt) is achieved in such a
sensing unit. Due to the nonlinear magnetic characteristics
of magnetic nanoparticles, when the excitation frequency
𝑓

1
(𝑡) is applied to the input coil, an excited signal with 𝑛𝑓

1
(𝑡)

components will be generated in the pick-up coil. In the
present study, the dynamic 𝜃(𝑡) and amplitude, 𝜒amp, of the
fundamental component, 𝑓

1
(𝑡), are detected through lock-in

detection.

Function generator

-CH2

-CH1

RF shielding

Pick-up coil

Excitation coil

Lock-in amplifier

Computer

Data analysis

Compensation coil

Reference signal

R

1MΩ

Sample

Figure 1: The detection scheme of an ac magnetic susceptometer
with a lock-in detection technique.

2.2. Detection Mechanism. Due to the molecular interaction,
BMNs are associated with biomarkers and the magnetic
clusters are conjugated. The magnetization from magnetic
clusters will affect the physical properties of the BMNs during
the association of BMNs with the biomarkers, for instance,
the dynamic phase lag 𝜃(𝑡) of M(𝑡) with respect to H(𝑡) in
ac susceptibility and the saturation magnetization, 𝑀

𝑠
, and

so forth. By characterizing the dynamic 𝜃(𝑡) or 𝑀

𝑠
, we can

therefore determine the unknown amount of biomarkers.
We consider the ac magnetic susceptibility of BMNs,

𝜒(𝜔), in an applied ac magnetic field. 𝜒(𝜔) is a function of 𝜏eff
and exciting angular frequency 𝜔. The 𝜒(𝜔) can be expressed
as follows [19]:

𝜒ac = 𝜒
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where 𝜒

0
is the component of 𝜒ac at 𝜔 = 0, 𝑖 = (−1)
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and 𝜒


/𝜒


= tan 𝜃. 𝜃 is the phase lag of the time-varying

magnetizationMwith respect to the applied acmagnetic field
H, and 𝜏eff is the effective relaxation rate. Using (1) and (2), we
obtained tan 𝜃 = 𝜔𝜏eff with 𝜒


/𝜒


= tan 𝜃. The 𝜏eff of BMNs

can be written as
1

𝜏eff
=

1

𝜏

𝐵,eff
+

1

𝜏

𝑁,eff
, (3)

where 1/𝜏

𝐵,eff is the effective relaxation rate due to Brownian
relaxation and 1/𝜏

𝑁,eff is the effective relaxation rate due to
Brownian relaxation due to Néel relaxation. We note that
𝜏eff characterizes the ability to retain the magnetization after
the applied dc field is removed and it reflects the influences
of clustered magnetic nanoparticles on Brownian and Néel
relaxation.

Since 𝜃 is related to the effective relaxation time, 𝜏eff,
by the relation tan 𝜃 = 𝜔𝜏eff, where 𝜔 is the excitation
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A magnetic cluster of Fe3O4-antiAFP-AFP
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Figure 2: A cartoon drawing of AFP, Fe
3
O
4
-antiAFP, and magnetic clusters of Fe

3
O
4
-antiAFP-AFP.

frequency, we can understand the dynamic characteristics of
𝜏eff(𝑡) by measuring the time-dependency of 𝜃(𝑡) with a lock-
in amplifier. Furthermore, the formation of the magnetic
clusters during conjugation affects the relaxation and there-
fore changes the 𝜏eff(𝑡). To quantitatively describe this assay
we define Δ𝜏eff/𝜏0 = [𝜏eff(𝑡 = 0) − 𝜏eff(𝑡 = ∞)]/𝜏eff(𝑡 = 0),
where Δ𝜏eff = [𝜏eff(𝑡 = 0) − 𝜏eff(𝑡 = ∞)] and 𝜏eff(𝑡 = 0) = 𝜏

0
.

We will analyze Δ𝜏eff/𝜏0 to determine amount of biomarkers.

2.3. Reagents. The reagent for assaying AFP consists of mag-
netic nanoparticles (MF-DEX-0060, MagQu, New Taipei,
Taiwan) functionalized with antibodies (ab40942; Abcam,
Cambridge, MA) against AFP (EA502-Q1053; EastCoast
Bio, North Berwick, ME). These magnetic nanoparticles are
dispersed in phosphoryl buffer solution (PBS). The BMNs
for assaying AFP are Fe

3
O
4
-antiAFP dispersed in phosphate

buffered saline solution with a pH value of 7.4. The magnetic
core is Fe

3
O
4
, which is coated with dextran. Cartoons of

the AFP, Fe
3
O
4
-antiAFP, and conjugated magnetic clusters

of Fe
3
O
4
-antiAFP-AFP are represented in Figure 2(a) while

the SEM picture of the reagent Fe
3
O
4
-antiAFP is shown in

Figure 2(b). The size of the Fe
3
O
4
-antiAFP is ∼37 nm, which

is close to the average hydrodynamic diameter of ∼45 nm
detected with the dynamic light scattering. To achieve the
association between AFP and Fe

3
O
4
-antiAFP, we used the

saturated magnetization of a 0.3 emu/g magnetic reagent. To
assay AFP, 60 𝜇L magnetic reagents consisting of Fe

3
O
4
-

antiAFP are mixed with 60-𝜇L AFP of different concentra-
tions, varied from 10 ng/mL to 10000 ng/mL.

3. Results and Discussion

3.1. Time Dependence of Phase Lag 𝜃. Figure 3 shows the
time dependence of 𝜃(𝑡) after mixing the reagents with
AFP at 300K. It was found that 𝜃(𝑡) is independent of
time before the reagent is mixed with the to-be-detected
AFP. After mixing the reagent with AFP, the 𝜃(𝑡) increases

Time (s)

AFP = 10000 ng/mL

AFP = 5000ng/mL

AFP = 1000ng/mL

AFP = 100ng/mL

𝜃
(d

eg
)

3

2.5

2

1.5

1

0.5

0

0 2000 4000 6000

Figure 3: Time-dependent 𝜃 for assaying 10000 ng/mL, 5000 ng/
mL, 1000 ng/mL, and 100 ng/mL of AFP.

monotonically and reaches saturated behavior when the
association is completed. The 𝜃(𝑡 = 0) = 0.8 degrees was
observed at 𝑡 = 0 and 𝜃(𝑡 = 6000 s) increases monotonically
to 1.3 degrees at 𝑡 = 6000 s when we assay 1000 ng/mL of AFP,
and a change of the phase lag Δ𝜃 = 0.5 degrees was detected.
The 𝜃(𝑡 = 0) = 0.8 degrees at 𝑡 = 0 and 𝜃(𝑡 = 6000 s) increases
to 1.05 degrees at 𝑡 = 6000 s when we assay 100 ng/mL of AFP,
and a change of the phase lagΔ𝜃 = 0.25degreeswas observed.

Figure 4 shows Δ𝜃/𝜃

0
(𝑡 = 0) as a function of AFP

concentration in a semilog plot, where Δ𝜃 = 𝜃(𝑡 = 6000) −

𝜃(𝑡 = 0). The Δ𝜃/𝜃

0
= 1.76 (Δ𝜃 = 1.44) degrees when

the concentration of AFP is 10000 ng/mL. The Δ𝜃 decreases
systematically when the concentration of AFP decreases and
Δ𝜃/𝜃

0
= 0.32 (Δ𝜃 = 0.26) degrees when the concentration of

AFP = 100 ng/mL. If we further decrease the concentration of
AFP to 10 ng/mL, the Δ𝜃/𝜃 is saturated to = 0.37. The lowest
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detection limit is about 100 ng/mL of AFP in this work. The
detection sensitivity can further be improved if we further
reduce the noises of the detection system or if SQUID sensors
are used [20].

3.2. Dynamic Effective Relaxation Time 𝜏eff. Figure 5 shows
the time dependence of 𝜏eff after mixing the reagents with
AFP at 300K. For instance, after mixing the reagent with
5000 ng/mL AFP, 𝜏eff increases from 𝜏eff = 0.26 𝜇s at 𝑡 = 0 to
𝜏eff = 0.55 𝜇s at 𝑡 = 6000 s. When assaying 1000 ng/mL AFP,
we found that 𝜏eff = 0.26 𝜇s and 𝜏eff = 0.38 𝜇s at 𝑡 = 6000 s.
When assaying 100 ng/mL AFP, we found that 𝜏eff = 0.26 𝜇s
at 𝑡 = 0 and 𝜏eff = 0.32 𝜇s at 𝑡 = 6000 s. It takes ∼1.0
hour to complete the association between 1000 ng/mL AFP
and the reagent. However, the association time is reduced
to 0.5 hours when we assay 100 ng/mL AFP. Consequently,
there is a systematic decrease in assaying time when the
AFP concentration is reduced. The Δ𝜏eff = 0.41 𝜇s when the
concentration of AFP is 10000 ng/mL and Δ𝜏eff = 0.06 𝜇s
when the AFP concentration decreases to 100 ng/mL. If we
further reduce the AFP concentration to 10 ng/mL, then Δ𝜏eff
remains as 0.08 𝜇s. This is the system noise which limits
the detection sensitivity. When AFP is conjugated with the
reagents which consisted of Fe

3
O
4
-antiAFP, AFP and Fe

3
O
4
-

antiAFP will form magnetic clusters. There is an increase
in 𝜏eff during the association because of the formation of
magnetic clusters, which depresses the Brownian relaxation
and therefore increases 𝜏eff.

Molecule-assisted nanoparticle clustering effect in
immunomagnetic reduction assay was reported [21]. In
that study, the clustering association was manipulated by
controlling the concentrations of BMNs in the reagent. It was
found that particle clustering is enhanced by an increase in
the concentration of BMNs. As the reagents conjugate with
biomarkers, magnetic clusters are formed, which depress the
Brownian motion. In this work, we show the phase lag of
M with respect to H, which was characterized to estimate
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Figure 5: Time-dependent 𝜏eff for assaying 10000 ng/mL, 5000 ng/
mL, 1000 ng/mL, and 100 ng/mL of AFP.

the time-dependency of 𝜏eff through the following relation:
tan 𝜃 = 𝜔𝜏eff.

A detection scheme for real-time Brownian relaxation
of magnetic nanoparticles was also investigated by using a
mixed frequency method [22], in which a low frequency of
𝑓

2
= 10Hz with a large amplitude and a higher frequency

of 20 kHz with a lower amplitude were applied. Instead
of detecting the change of amplitudes, the phase delays
of the mixed-frequency signals are investigated during the
binding process between proteins on BMNs’ surface and
their respective antibodies. In the present work, instead of
using two excitation frequencies, only one exciting frequency
was applied with a compensation current to the sensing
coil to achieve a high balance. Additionally, the real-time 𝜃

is measured to characterize real-time 𝜏eff. By analyzing the
changes of real-time 𝜏eff, a detection sensitivity of humanAFP
better than 100 ng/mL is demonstrated.

3.3. Universal Logistic Function in Δ𝜏eff/𝜏0. Figure 6 shows
the normalized effective relaxation time reduction Δ𝜏eff/𝜏0 as
a function of AFP concentration in a semilog plot at 300K,
where 𝜏

0
= 0.26 𝜇s is the effective relaxation time at 𝑡 = 0.The

Δ𝜏eff/𝜏0 = 1.9 for assaying 10000 ng/mL of AFP, and then the
Δ𝜏eff/𝜏0 decreases to 0.61 when we assay 1000 ng/mL of AFP
and the Δ𝜏eff/𝜏0 is further saturated to 0.35 when we assay
10 ng/mL.

The Δ𝜏eff/𝜏0 as a function of AFP concentration will
follow a universal characteristic logistic function as follows
[16]:

Δ𝜏eff
𝜏

0

=

(𝑎 − 𝑏)

{1 + [(ΦAFP) / (Φ

0
)]

𝛽
}

+ 𝑏, (4)

where 𝜏

0
is the effective relaxation time at 𝑡 = 0. 𝑎, 𝑏, and

𝛾 are dimensionless parameters. ΦAFP and Φ

0
are in units

of ng/mL. The solid line is the fitting curve with parameters
𝑎 = 0.34, 𝑏 = 29.9, Φ

0
= 224900 ng/mL, and 𝛽 = 0.961. Due



Journal of Nanomaterials 5

2

1.5

1

0.5

0

10 100 1000 10000

a = 0.34

b = 29.9

Φ0 = 224.9ppm

𝛽 = 0.96

ΦAFP (ng/mL)

Δ
𝜏

ef
f,A

FP
/
𝜏

0,
A

FP

Δ𝜏eff,AFP
𝜏0,AFP

=
a − b

1 + ( AFP/Φ0)
𝛽
+ b

Φ

Figure 6: Δ𝜏eff/𝜏0 as a function of the AFP concentration in a
semilog plot. The solid line is the fitting curve to (4).

to the presence of noises, the Δ𝜏eff/𝜏0 signal shows a nonzero
value of ΦAFP = 0. This universal logistic function provides
a basis for estimating the unknown amount of biomolecules
[16]. Versatile categories of bioentities, for example, proteins,
viruses, small-molecule chemicals, and cytokines, despite
being different from each other, have all shown to behave sim-
ilarly, resulting in a general logistic function for all biotargets.
The present concentration-dependentΔ𝜏eff/𝜏0 also shows this
behavior of logistic function, which provides a foundation for
assaying an unknown amount of biomolecules.The detection
threshold of the detected signal is defined as that higher than
the noise level of the detected signal at low concentrations.
In this work, the lowest noise level of Δ𝜏eff/𝜏0 is about 0.35.
Therefore, the detection threshold of AFP concentration can
be determined via (4), which results in 55 ng/mL.

Figure 7(a) shows the magnetization as a function of
the applied magnetic field for different concentrations of
AFP when the association of Fe

3
O
4
-antiAFP with AFP is

complete. The magnetization was measured with a vibrating
sample magnetometer. The concentrations of AFP varied
from 10 ng/mL to 10000 ng/mL. It was found that the 𝑀

𝑠

increases when the concentration of AFP increases. The
increased 𝑀

𝑠
is due to the fact that more magnetic clusters

of Fe
3
O
4
-antiAFP-AFP are formed during the association.

The Δ𝑀

𝑠
is 0.32 emu/g when the concentration of AFP is

10000 ng/mL and Δ𝑀

𝑠
decreases to 0.06 emu/g when the

concentration is 10 ng/mL, where Δ𝑀

𝑠
is the change 𝑀

𝑠

at 𝐻 = 1T in the reagent with and without AFP. The
Δ𝑀

𝑠,AFP/𝑀𝑠,0 as a function of AFP concentration is shown
in Figure 7(b). As the concentration of AFP decreases, less
magnetic clusters are formed. Therefore the Δ𝑀

𝑠
decreases

monotonically when the concentration of AFP decreases.The
Δ𝑀

𝑠
reaches a saturated behavior when the concentration of

AFP is 10 ng/mL.Hence, a detection sensitivity of 10 ng/mL of
AFP bymeasuring the variation of saturatedmagnetization is
demonstrated.

The Δ𝑀

𝑠,AFP/𝑀𝑠,0 data are fitted to the universal logistic
function:

Δ𝑀

𝑠,AFP

𝑀

𝑠,0

=

(𝐴 − 𝐵)

{1 + [(ΦAFP) / (Φ

0
)]

𝛽
}

+ 𝐵, (5)

where 𝑀

𝑠,0
is the saturated magnetization of Fe

3
O
4
-antiAFP.

The fitting parameters 𝐴 and 𝐵 are in units of emu/g, while
Φ

0
is in units of ng/mL, and 𝛽 is dimensionless. The solid

curve is the fitted line with parameters 𝐴 = 0.62 emu/g,
𝐵 = 4.3 emu/g, Φ

0
= 5430 ng/mL, and 𝛽 = 0.88. This solid

curve provides a foundation for assaying unknown amounts
of AFP.

The molecule-assisted nanoparticle clustering effect was
reported in immunomagnetic reduction assay [21]. In that
study, magnetic particle clustering was manipulated by
controlling the concentrations of antibody-functionalized
magnetic nanoparticles in the reagent. The results show
that particle clustering is enhanced by an increase in the
concentration of the to-be-detected biotargets. In the present
study, we found that 𝑀

𝑠
increases when the concentration

of AFP increases. This is due to the fact that more magnetic
clusters are associated in the reagent, and therefore the 𝑀

𝑠

increases when the concentration of AFP increases.
Figure 8 shows the representative time-dependent ampli-

tude, 𝜒amp, for assaying 10000 ng/mL AFP (Figure 8(a)) and
50 ng/mL AFP (Figure 8(b)). For assaying 10000 ng/mL AFP,
𝜒amp = 13.4 𝜇V at 𝑡 = 0 and decreases to 12.06 𝜇V at
𝑡 = 6000 s. Therefore, we obtain Δ𝜒amp/𝜒amp(𝑡 = 0) = 10%
for assaying 10000 ng/mL AFP. For assaying 100 ng/mL AFP,
𝜒amp = 12.33 𝜇V at 𝑡 = 0 and decreases to 12.22 𝜇V at
𝑡 = 6000 s. Therefore, Δ𝜒amp/𝜒amp(𝑡 = 0) = 0.9% for assaying
100 ng/mL AFP. It was observed that the amplitude reduction
decreases when the concentration of AFP decreases. The
amplitude of (1) is 𝜒amp = 𝜒

0
{{1/[1+ (𝜔𝜏eff)

2
]}

2
+ {(𝜔𝜏eff)/[1+

(𝜔𝜏eff)
2
]}

2
}

1/2
= 𝜒

0
{1/[1 + (𝜔𝜏eff)

2
]

1/2
}. Therefore an increase

in 𝜏eff during the association will cause a reduction in
𝜒amp. We have shown that the magnetic clustering effect
is enhanced by increasing the concentration of the AFP.
Furthermore, the amplitude reduction shows characteristics
similar to that observed in a mixed-frequency IMR [21].

A method of wash-free IMR assay using mixed excitation
frequencies was previously proposed [9]. In such detection,
the sensing coils consist of two excitation coils and one pick-
up coil. Two excitation currents at frequencies 𝑓

1
(𝑡) and

𝑓

2
(𝑡) were applied to the excitation coils. The reduction of

𝜒ac for the BMNs conjugated with the target biomarkers is
analyzed at a target frequency of𝑓

1
(𝑡)+2𝑓

2
(𝑡) to qualitatively

determine the amount of biomarkers, where 𝑓

1
(𝑡) and 𝑓

2
(𝑡)

are the excitation frequencies of the input coils. This mixed-
frequency ac susceptibility reduction has been successfully
used to assay AFP [17], which shows a high sensitivity and
specificity. In the present work a detection threshold better
than 100 ng/mL is demonstrated by characterizing the change
in the effective relaxation time. The present biosystem has
been applied to detect the C-reactive protein via the charac-
terization of Δ𝜃eff/𝜃0 [18]. In practice, the reference criteria
of the AFP serum level for the diagnosis of hepatocellular
carcinoma (HCC) are above 20 ng/mL. To achieve a higher
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detection sensitivity, we can couple the sensing coil to high-
𝑇

𝑐
SQUID via a flux transformer [20].

4. Conclusion

In this work, we report a platform for assaying biomarkers of
AFP by using reagents that consisted of Fe

3
O
4
-antiAFP and a

highly sensitive ac susceptometer. By monitoring 𝜃, we found
that the effective relaxation time increases monotonically
and becomes saturated when the association between AFP
and Fe

3
O
4
-antiAFP is complete. Additionally, the change

of 𝜏eff and 𝑀

𝑠
increases when the concentration of AFP

increases after the association.This is due to the fact thatmore
and larger magnetic clusters consisting of Fe

3
O
4
-antiAFP-

AFP are formed during the association. The concentration-
dependent Δ𝜏eff/𝜏0 and Δ𝑀

𝑠,AFP/𝑀𝑠,0 show a universal

behavior of the logistic function, which provides a foundation
for estimating an unknown amount of biomolecules. The
detection platforms are robust and easy to use and show
promise for further use in biomedical applications.
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In this work, high-quality antibody functionalized Fe
3
O
4
magnetic nanoparticles are synthesized. Such physical characterizations

as particle morphology, particle size, stability, and relaxivity of magnetic particles are investigated. The immunoreactivity of
biofunctionalized magnetic nanoparticles is examined by utilizing immunomagnetic reduction. The results show that the mean
diameter of antibody functionalized magnetic nanoparticles is around 50 nm, and the relaxivity of the magnetic particles is 145
(mM⋅s)−1. In addition to characterizing the magnetic nanoparticles, the feasibility of using the antibody functionalized magnetic
nanoparticles for the contrast medium of target magnetic resonance imaging is investigated. These antibody functionalized
magnetic nanoparticles are injected into mice bearing with tumor. The tumor magnetic-resonance image becomes darker after
the injection and then recovers 50 hours after the injection. The tumor magnetic-resonance image becomes the darkest at around
20 hours after the injection. Thus, the observing time window for the specific labeling of tumors with antibody functionalized
magnetic nanoparticles was found to be 20 hours after injecting biofunctionalized magnetic nanoparticles into mice.The biopsy of
tumor is stained after the injection to prove that the long-term darkness of tumor magnetic-resonance image is due to the specific
anchoring of antibody functionalized magnetic nanoparticles at tumor.

1. Introduction

Due to its nontoxicity, nanosized, high-stability, iron oxide
magnetic nanoparticles have been applied to in vitro and
in vivomedical applications. For in vitromedical applications,
several groups have published papers about the immunoaasay

using biofunctionalized magnetic nanoparticles as labeling
markers [1–6]. These papers reveal that the magnetically
labeled immunoassay show high sensitivity, low interference,
and versatility in clinics [7, 8]. The in vivo applications using
magnetic nanoparticles may include the magnetic labeling
on cells [9, 10], drug delivery [11, 12], hyperthermia [13, 14],
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and so forth. Another important application of magnetic
nanoparticles in in vivomedicine is the contrast medium for
magnetic resonance (MR) imaging [15–18].

From themetabolism point of view, the injectedmagnetic
nanoparticles injected into beings are eventually digested
with liver. It has been further demonstrated that only normal
liver cells can digest the injected magnetic nanoparticles,
while liver tumor cells can not absorb the injected magnetic
nanoparticles. With the magnetic nanoparticles, the relaxa-
tion time ofMR like T

2
for normal liver cells is reduced.Thus,

for T
2
-weightedMR imaging, the brightness of normal cells is

reduced. However, the brightness of T
2
-weighted MR image

for liver tumor cells remains unchanged.Therefore, by inject-
ing magnetic nanoparticles into beings, the bright spots on
liver MR image are regarded as tumors [19]. Nowadays, iron
oxide magnetic nanoparticles are used as contrast medium in
clinics for imaging liver tumors.

For other kinds of tumors, target MR imaging using bio-
functionalized Fe

3
O
4
magnetic nanoparticles is utilized [20–

22]. For a given kind of tumor, specific antigens are expressed
by the tumor. Magnetic nanoparticles immobilized with
antibodies against the antigens are able to bindwith the tumor
and attribute to the reduction in the relaxation times of MR.
Thus, theMR image of the tumor becomes darker when com-
paredwith that of surroundingnormal cells. Practically, as the
antibody functionalized magnetic nanoparticles are injected
to beings and are circulated to the tumor, both the tumor and
surrounding normal cells are rich in magnetic nanoparticles.
Thus, MR images of the tumor and surrounding normal cells
become dark. It is impossible to differentiate the tumor from
the surrounding normal cells. After a period of time, the
tumor keeps the antibody functionalized magnetic nanopar-
ticles, while the magnetic nanoparticles around the normal
cells are washed away. During this period of time, the MR
image of the tumor is darker than that of the surrounding
normal cells. It is easy to find the tumor according to the
MR image. But, the binding of the antibody functionalized
magnetic nanoparticles with the tumor is not permanent.
The boundmagnetic nanoparticles with the tumor eventually
are digested or washed away after certain period of time.
The above descriptions imply that there exists a suitable time
window for imaging the tumor using MR. However, the
nanoparticles of the imaging time window of MR for target
tumors are very rare.

In this work, the time-evolution of MR images of mice
bearing with colorectal tumors is recorded after the injection
of antibody functionalized Fe

3
O
4
magnetic nanoparticles.

Besides, the synthesis of antibody functionalized Fe
3
O
4
mag-

netic nanoparticles is introduced. Since colorectal tumors
express carcinoembryonic antigen (CEA), antibody against
CEA is conjugated onto Fe

3
O
4
magnetic nanoparticles. The

characterizations, such as particle size, MR relaxivity, stabil-
ity and magnetization, of these magnetic nanoparticles are
examined.

2. Experimental Details

The protocol of synthesizing magnetic Fe
3
O
4
nanoparticles

was proposed by MagQu Co., Ltd. [23]. The flow chart for

Heating

Centrifuge

Chromatography
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Removing salt residue and large

Removing unbound dextran 

Antibody is bound to dextran 

Magnetic separation

Water-based antibody functionalized

Antibody

Removing unbound antibody

Mixing Fe+2, Fe+3
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Fe3O4 magnetic nanoaprticles

NaIO4

particles

Figure 1: Flow chart of synthesizing antibody functionalized mag-
netic nanoparticles dispersed in PBS solution.

the synthesis of antibody functionalized magnetic nanopar-
ticles is shown in Figure 1. A ferrite solution containing a
stoichiometric ratio of 1 : 2 ferrous sulphate heptahydrate
(FeSO

4
⋅7H
2
O) and ferric chloride hexahydrate (FeCl

3
⋅6H
2
O)

was mixed with an equal volume of aqueous dextran, which
acted as a surfactant for Fe

3
O
4
particles dispersed in water.

The mixture was heated to 70–90∘C and titrated with strong
base solution to form black Fe

3
O
4
particles. Aggregates and

excess unbound dextran were removed by centrifugation and
gel filtration chromatography to obtain highly concentrated
homogeneous magnetic fluid. The reagent (MF-DEX-0060,
MagQu) with desired magnetic concentration was obtained
by diluting the highly concentrated magnetic fluid with
pH-7.4 phosphate buffered saline (PBS) solution. To make
antibodies against carcinoembryonic antigen (CEA) for col-
orectal cancer, that is, anti-CEA (10C-CR2014M5, Fitzgerald;
AT-CEA,MagQu), bound to the dextran on the outmost shell
of magnetic nanoparticles, NaIO

4
solution was added into

the magnetic solution to oxide dextran, which was then used
to create aldehyde groups (–CHO). Then, dextran can react
with anti-CEA via the linking of –CH=N–.Thus, anti-CEA is
bound covalently to dextran. Through magnetic separation,
unbound anti-CEA was separated from the solution.

The size distribution of Fe
3
O
4
magnetic nanoparticles

biofunctionalized without/with anti-CEA was analyzed by
using dynamic laser scattering (Nanotrac 150, Microtrac).
Themorphology of anti-CEA functionalized Fe

3
O
4
magnetic

nanoparticles is analyzed by using a scanning electronic
microscope (JSM-6700F, Jeol). The relaxivity of MR for the
reagent is measured by 3-TMR imaging instrument (Biospec
System, Bruker).

To check the immunoreactivity of anti-CEA functional-
ized Fe

3
O
4
magnetic nanoparticles, the technology so-called

immunomagnetic reduction is used [24–26]. The working
principle of immunomagnetic reduction (IMR) is illustrated
in Figure 2. In IMR, antibody functionalized magnetic nano-
particles are under the actions of multiple ac magnetic fields.
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Figure 2: Illustration for the mechanism of immunomagnetic
reduction.

Thus, magnetic nanoparticles exhibit an ac magnetic suscep-
tibility𝜒ac. As the antibody functionalizedmagnetic nanopar-
ticles are mixed with a solution with target biomolecules.
Via the antibodies on magnetic nanoparticles, nanoparticles
associate with target biomolecules. Before the association,
magnetic nanoparticles exhibit an ac magnetic susceptibility,
denoted by 𝜒ac,o in Figure 2(a). After the association, some
magnetic nanoparticles become larger, which results in the
reduction in the ac magnetic susceptibility. The ac magnetic
susceptibility of magnetic nanoparticles after biomolecule-
particle association is denoted by 𝜒ac,𝜙 in Figure 2(b). 𝜒ac,𝜙 is
smaller than 𝜒ac,o. The reduction percentage in 𝜒ac of mag-
netic nanoparticles due to the biomolecule-particle associa-
tion is defined as IMR signal as follows:

IMR (%) =
(𝜒ac,o − 𝜒ac,𝜙)

𝜒ac,o
× 100%. (1)

The ac magnetosusuceptometer (XacPro-E, MagQu) is used
to monitor the time dependent 𝜒ac of the anti-CEA func-
tionalized Fe

3
O
4
magnetic nanoparticles after mixing with

CEA solution. A significant reduction in the ac magnetic
susceptibility of magnetic nanoparticles can be found once
CEA molecules bind with active anti-CEA on magnetic
nanoparticles. Furthermore, more reduction in ac magnetic
susceptibility is obtained for more CEA molecules. That is,
the sample with higher CEA concentrations shows higher
IMR signals. On the other hand, the activity of anti-CEA on
magnetic nanoparticles fails; no significant IMR signal can be
observed.

For implanting the colorectal tumors, the injections of
the CT-26 cell line were processed through the skin on the
backs of 8-week-old mice. Three weeks later, 0.06 emu/g and
100 𝜇L of anti-CEA magnetic reagent were injected into the
tail veins of five mice. Two groups of mice are used for
examinations ofMR imaging andPrussian blue (PB) staining,
respectively, as tabulated in Table 1. Group 1 formed with two
mice, numbered as mouse 1 and mouse 2, is examined using
MR imaging instrument. The MR examination schedule was
at the 0th, 18th, 30th, 48th, 72nd, and 96th hours for mouse
1 and at the 0th, 12th, 24th, and 46th hours for mouse 2.
Here, 0th hour represents the time just before injection.
Proving that the anti-CEA Fe

3
O
4
magnetic nanoparticles

were bound to the tumor tissue required determining the
Fe using Prussian blue (PB) staining to examine the tumor
tissue of Group 2, which is formed with mouse 3, mouse 4,

Table 1: Two groups of mice used for the examinations ofMR imag-
ing and PB staining.

Group Mouse number Experiment
1 1 and 2 Magnetic resonance (MR) imaging
2 3, 4, and 5 Prussian blue (PB) staining

and mouse 5, which were euthanized at the 0th, 24th, and
98th hours, respectively. The tissue staining was processed
(Laboratory Animal Center, National Taiwan University,
Taipei, Taiwan), and the ×400 magnification of the optical
images was observed using a light microscope.

The 3-T MR imaging (Biospec System, Bruker) and a
volume coil were used for T

2
-weighted images. In parallel

with the arrangement of the anesthetized mouse, a long tube
filled with deionized (DI) water was inserted as the intensity
reference to dismiss the instrument drift at various times.
Producing the coronal images of each entire mice body at
2mm intervals required nearly 2 hours.

3. Results and Discussion

Thedistribution of particle diameter of dextran-coated Fe
3
O
4

magnetic nanoparticles is analyzed using dynamic laser scat-
tering. The results are shown in the upper part of Figure 3(a)
with the schematically illustration of dextran-coated Fe

3
O
4

magnetic nanoparticle.Themean diameter of dextran-coated
Fe
3
O
4
magnetic nanoparticles was found to be 42.80 nm.

After immobilizing anti-CEA on the dextran-coated Fe
3
O
4

magnetic nanoparticles, the distribution of particle diameter
is analyzed, as shown in the lower part of Figure 3(a). In
the inset, the Ys on the dextran-coated Fe

3
O
4
magnetic

nanoparticle denote anti-CEA. The mean diameter of anti-
CEA functionalized Fe

3
O
4
magnetic nanoparticles was found

to be 51.3 nm, which is larger than that of dextran-coated
Fe
3
O
4
magnetic nanoparticles by 8.5 nm. Hence, the thick-

ness of anti-CEA on the outmost layer of Fe
3
O
4
magnetic

nanoparticles is around 4.25 nm. The shapes of the antibody
functionalizedmagnetic nanoparticles are examined by using
scanning electronicmicroscope and are shown inFigure 3(b).
It is obvious that each particle is almost identical. Hence, the
homogeneity of particle size is high.

To investigate the stability of the suspension of antibody
functionalized Fe

3
O
4
magnetic nanoparticles in PBS solu-

tion, the storing-period dependent mean diameter of nano-
particles is explored. In case of low-stability suspension, the
magnetic nanoparticles initially suspended in individual in
PBS solution agglomerate with each other as time goes by.
An increase in the mean diameter of nanoparticles will be
observed. On the other hand, if the mean diameter of nano-
particles was observed to be unchanged, the stability of sus-
pension of magnetic nanoparticles in PBS solution was high.
The experimental results are shown in Figure 4. The reagent
of antibody functionalized Fe

3
O
4
magnetic nanoparticles is

stored at 2–8∘C. It is clear in Figure 4 that the mean diameter
of antibody functionalized Fe

3
O
4
magnetic nanoparticles in

PBS solution remains around 50 nm for 7.7-month storage.
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Figure 3:Analysis of particle diameter for Fe
3
O
4
magnetic nanopar-

ticles (a) without (upper) and with (lower) antibodies suspended in
PBS solution using dynamic laser scattering and (b) with antibodies
using scanning electronic microscope.

The results evidence the high-stability suspension of antibody
functionalized Fe

3
O
4
magnetic nanoparticles in PBS solu-

tion.
It is important to check the immunoreactivity of anti-

CEA as conjugated onto dextran-coated Fe
3
O
4
functional-

ized magnetic nanoparticles. One of methods for this check
is to observe the association between the anti-CEA function-
alized Fe

3
O
4
magnetic nanoparticles and CEA molecules in

PBS solution.Themethod used in this experiment for observ-
ing the nanoparticle-CEA association is so-called immuno-
magnetic reduction [24–26].The timedependent acmagnetic
susceptibility 𝜒ac of the reagent mixing with 5 ng/mL CEA
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Figure 4: Storing-period dependent mean diameter of antibody
functionalized Fe

3
O
4
magnetic nanoparticles.
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Figure 5: Time dependent ac magnetic susceptibility of reagent
reacting with CEA in PBS solution of various CEA concentrations.

solution was recorded and shown with dots in Figure 5.
It was found that 𝜒ac of the reagent keeps unchanged
just after mixing with the CEA solution, as labeled with
𝜒ac,o in Figure 5. After one hour, the 𝜒ac of the reagent
starts to reduce. The reduction in 𝜒ac of the reagent is
not terminated until 3.8 hours after the mix of the reagent
and the CEA solution. The IMR signal via (1) was found
to be 1.68%. The reduction in 𝜒ac of the reagent proves
the association between the anti-CEA functionalized Fe

3
O
4

magnetic nanoparticles and CEA molecules. As the CEA
concentration is increased, say 1000 ng/mL, the reduction
in 𝜒ac of the reagent is enhanced, as presented with cross
symbols in Figure 5. The IMR signal for 1000 ng/mL CEA
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Figure 6: Storing period of time dependent relaxivity 𝑅
1
of MR for

the solutions of dextran-coatedmagnetic nanoparticles stored at 4∘C
and 25∘C, respectively.

solution is found to be 3.17% via (1). The observed reduction
in the 𝜒ac of the reagent in Figure 5 demonstrates that the
anti-CEA functionalized Fe

3
O
4
magnetic nanoparticles are

capable of binding with CEA molecules.
To examine theMR stability of the Fe

3
O
4
magnetic nano-

particles suspended in PBS solution, the time-evolution
relaxivity of MR, for example, 𝑅

1
, is detected. It is worth

noting that the solution of dextran-coated Fe
3
O
4
magnetic

nanoparticles is separated into two groups stored at 4∘C and
25∘C, respectively. The measured relaxivity 𝑅

1
of MR as a

function of the storing period of time is shown in Figure 6.
It was found that 𝑅

1
is around 145mM−1s−1 for the solution

of dextran-coated magnetic nanoparticles. Furthermore, the
𝑅

1
keeps unchanged for six months no matter the solution

of dextran-coated magnetic nanoparticles is stored at 4∘C
or 25∘C. This means that the magnetic stability of dextran-
coated Fe

3
O
4
magnetic nanoparticles can be six months at

least.
The anti-CEA functionalized Fe

3
O
4
magnetic nanopar-

ticles with high-stability magnetism and suspension are
injected into mice implanted with colorectal tumor cells, CT-
26. The time-evolution MR images of the tumor are taken
after the injection into mouse 1, as shown in Figure 7. The
tumor is circled and indicated with an arrow. The brightness
of the images at a certain instant is normalized to that ofwater.
The normalized brightness is referred to as image contrast.
The image contrast of the circled tumor is analyzed at every
image-taking instant. Then, the image contrast of the circled
tumor at 0 h is used as a reference value. The ratio in the
images contrast of the circled tumor at every image-taking
instant to that at 0 h is calculated and shown with dots in
Figure 8. The cross symbols in Figure 8 correspond to the
time dependent image contrast for mouse 2. The results for
both mice definitely show that the image contrast of the
colorectal tumor becomes the most significant at around 20
hours after the injection. According to the data shown in

Water
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Tumor

Tumor
Tumor

0h 18h
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Figure 7: Temporal 3-T MR images after the injection of anti-
body functionalized Fe

3
O
4
magnetic nanoparticles into a mouse

implanted with tumor (CT-26) from 0 hour (0 h) to 96 hours (96 h).
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Figure 8: Time dependent MR image contrast of the implanted col-
orectal tumor in mice after the injection of anti-CEA functionalized
Fe
3
O
4
magnetic nanoparticles.

Figure 8, the brightness of the tumor is reduced by 22% at 20 h
as compared to that at 0 h. The brightness of the colorectal
tumor recovers after 50 hours after the injection.

The reduction in the brightness of MR image for the
colorectal tumor is deduced to be due to the association
of anti-CEA functionalized Fe

3
O
4
magnetic nanoparticles

with the tumor. To prove this deduction, the biopsy of
the colorectal tumors in other mice injected with anti-CEA
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Figure 9: Temporal images of Prussian blue staining for the tumor
tissue after the injection of antibody functionalized Fe

3
O
4
magnetic

nanoparticles into a mouse implanted with tumor (CT-26) at 0 hour
(0 h), 24 hours (24 h) and 96 hours (96 h).

functionalized Fe
3
O
4
magnetic nanoparticles is inspected

with tissue staining. To investigate the existence of Fe in
the tissue, Prussian blue staining is processed. The results of
the Prussian blue staining for tumor tissues taken at various
instants after the injection of anti-CEA functionalized Fe

3
O
4

magnetic nanoparticles are shown in Figure 9. Before the
injection of magnetic nanoparticles, there is no Fe-spot in
the tumor tissue. The brightness of MR image of the tumor
should remain unchanged; that is, image contrast = 1. This
coincides with the results shown in Figure 8. However, lots
of Fe-spots can be found in the tumor tissue at 24 hours
after the injection, as labeled with arrows. This implies that
the brightness of the MR image of the tumor is obviously
reduced; that is, image contrast < 1, which is consistent with

the result in Figure 8. At 98 hours after the injection, Fe-spot
in the tissue disappears. The brightness of the MR image of
the tumor should recover, as found in Figure 8. The results
in Figure 9 prove that the reduction in the brightness of MR
image of the colorectal tumor is due to the association of anti-
CEA functionalized Fe

3
O
4
magnetic nanoparticles with the

tumor.
Through the careful inspection of Figure 8, significant

reduction in the brightness of MR image of the colorectal
tumor happens from 20 hours to 40 hours after injecting
anti-CEA functionalized Fe

3
O
4
magnetic nanoparticles into

mice. This means that the anti-CEA functionalized mag-
netic nanoparticles stay on the tumor for almost 20 hours.
Therefore, the suitable time widow for MR imaging of the
tumorwith an aid of antibody functionalized Fe

3
O
4
magnetic

nanoparticles is from 20 hours to 40 hours after the tail-vein
injection.

4. Conclusions

High-stability antibody functionalized Fe
3
O
4

magnetic
nanoparticles are synthesized for the use of contrast medium
of MR imaging. By injecting these nanoparticles into mice,
target MR imaging, such as imaging colorectal tumor, is
demonstrated. It is further clarified that the suitable time
window for MR imaging for the target tumor is from 20
hours to 40 hours after the tail-vein injection.
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