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In the last years, due to the rapid progress of technology,
new materials at nanometric scale with special properties
have become a flourishing field of research in materials
science. The unique physicochemical properties of materials
induced by various parameters such as mean size, shape,
purity, crystallographic structure, and surface can generate
effective solutions to challenging environmental and biomedical problems. As a result of this approach a large number
of techniques were developed that enable obtaining novel
materials at nanometric scale with specific and reproducible
properties and parameters. Below will be highlighted studies
on promising properties on the applicability of new materials
that could lead to innovative applications in the medical field.
Therefore, this special issue is focused on expected advances
in the area of functionalized materials at nanometric scale.
Due to multidisciplinarity of this topic, this special issue is
comprised of a wide range of original research articles as well
as review papers on the design and synthesis of functionalized
nanomaterials, their structural, morphological, and biological characterization, and their potential uses in medical and
environmental applications.
H. Mendoza-Nava et al. reported a study introducing
177
Lu-labeled nanoparticles conjugated to biomolecules as
a new class of theranostic radiopharmaceuticals. In their
paper, Mendoza-Nava et al. described the synthesis of 177 LuDendrimer- (PAMAM-G4-) Folate-Bombesin with gold
nanoparticles (AuNPs) in the dendritic cavity and evaluated
their potential use in targeted radiotherapy as well as in
the simultaneous detection of folate receptors (FRs) and
gastrin-releasing peptide receptors (GRPRs) overexpressed
in breast cancer cells. Their luminescence results emphasized

that the presence of AuNPs in the conjugate increased
the fluorescence intensity, thus creating a multifunctional
system suitable for being used as an optical and nuclear
imaging agent in targeted radiotherapy and for breast tumors
overexpressing GRPRs and FRs.
In their study, N. T. Vo et al. present the conjugation of
E. coli O157:H7 antibody on highly luminescent CdSe/ZnS
core/shell structures. The authors reported the synthesis
of CdSe quantum dots by a chemical green method and
their conjugation using E. coli O157:H7 antibody. The FTIR,
Zeta potential, TEM, and PL investigations presented in
their study have revealed the successful substitution and
bioconjugation of E. coli O157:H7 antibody on CdSe/ZnS
core/shell structures. The results presented by N. T. Vo et al.
offered a new approach in applications for the detection of
different bacterium.
C. L. Popa et al. reported the synthesis and physicochemical and biological properties of zinc doped hydroxyapatite
(ZnHAp) nanoparticles and their potential use in biological
applications. The results presented by the authors showed that
the synthesized ZnHAp nanoparticles have slightly elongated
morphologies with average diameters between 25 nm and
18 nm and a uniform and homogeneous distribution of the
constituent elements. Furthermore, the cytotoxicity assay of
the studied samples on both E. coli and HepG2 cells revealed
that the toxicity of the particles was size dependent. The
study underlined that zinc doped hydroxyapatite nanoparticles could be promising candidates for various biomedical
applications.
In their study R. Sánchez-Sánchez et al. describe the
development of a Collagen Type 1/Chitosan/Dexamethasone
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hydrogel and its anti-inflammatory activity. The results
presented by the authors in this study highlighted that
human adipose-derived mesenchymal stem cells (hADMSC)
can be cultured in the hydrogel without having affected
their viability or their proliferation. Furthermore, the
results showed that hADMSC secrete the anti-inflammatory
cytokine Interleukin-10 (IL-10) but not the inflammatory
cytokine tumor necrosis factor-alpha (TNF-𝛼).
The review conducted by B. G. Kim features various
methods such as nonthermal atmospheric pressure plasma,
ultraviolet, low level of laser therapy, of surface functionalization of Ti dental implant using nanotopography. The authors
acknowledge on-site surface functionalization as a promising
strategy for osseointegration enhancement, stating that, in
the future, immune or osteoinductive-suppressed patients
with diseases such as diabetes mellitus and other genetic
disorders could benefit from the promising biological effects
of using on-site surface functionalized Ti dental implants.
S. Huang et al. reported the use of poly(1-amino-5chloroanthraquinone) (PACA) nanofibrils as novel nanoadsorbents for highly toxic mercury removal from aqueous
solutions. The authors described the obtaining of PACA
nanofibrils by one-pot synthesis method. Their results
showed that PACA nanofibrils were highly recyclable and had
a great affinity towards Hg(II) ions. Furthermore, they have
demonstrated that PACA could be used more than 5 times
in adsorption experiments without losing their efficiency in
removing Hg(II) from aqueous solutions making them low
cost and sustainable adsorbents for water purification.
In their paper S. L. Iconaru et al. reported the obtaining
of Ag:HAp-PDMS composite layers by thermal evaporation
technique and their structural, morphological, and biological
properties. The SEM and EDS studies presented by the
authors proved that the Ag:HAp-PDMS composite layers
are homogeneous and continuous and present the chemical elements and structure of the Ag:HAp-PDMS coating.
Furthermore, the authors demonstrated that Ag:HAp-PDMS
composite layers exhibited great antimicrobial properties
against S. aureus 0364, E. coli ATCC 25922, and C. albicans
10231 microbial strains suggesting that they can be suitable
for being used as antimicrobial coatings.
X. Cao et al. described the synthesis of bentonite supported (N/Fe) comodified TiO2 nanoparticles composite (BN/Fe-TiO2 ) using a sol-gel method. They have demonstrated
that bentonite significantly enhanced the dispersion of TiO2
nanoparticles and increased the specific surface area of the
catalysts. The authors have also highlighted that B-N/FeTiO2 presented an increased photocatalytic efficiency for
contaminant degradation under visible light.
C.-C. Negrila et al. presented a complex study regarding
the depth chemical composition profile analysis of AuGeNi
layer on cleaved n-GaAs (110) using in situ XPS combined
with Argon ion sputtering techniques. The authors showed
that gold, germanium, and nickel were uniformly distributed
in the metallic layer. The XPS measurements revealed that
both Ga and As diffuse to the surface, Ga diffusion being
the most pronounced. The formation of Au-Ga alloy has also
been shown, indicating a good impact on the quality of ohmic
contacts.
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In their study N. T. Vo et al. present the synthesis and
functionalization of CdSe/ZnS core/shell quantum dots by
replacing the phosphine group of the TOP molecule with
the carboxyl group of MPA and MSA. The authors have
emphasized the substantial enhancement of the luminescence efficiency of CdSe/ZnS compared to that of the CdSe
core and have also put into evidence the high stability of
CdSe/ZnS-MPA and CdSe/ZnS-MSA using zeta potential
measurements. Their results brought relevant information
for conjugating biological agents with quantum dots for
biomedical applications.
In their work, U. Cottino et al. present a review which
highlights the use of tantalum in revision total hip replacement. The authors have emphasized that the osteoinductive
properties of tantalum are of great importance on the long
term in hip replacements. Moreover, they concluded that
tantalum provides a good and reliable substitute of bone,
proving that it is a very effective material in orthopedic
surgery, especially in revision surgery. Furthermore, the
authors have evidence that tantalum’s properties such as great
ductility, biocompatibility, osteoinductivity, high porosity,
elasticity, and bioactivity make this material the best choice
for orthopedic implants.
N. Ma et al. in their study present the obtaining of
nanostructured WC-Co/Al using WC-12Co powder and
pure Al powder by mechanical alloying (MA). The authors
highlighted that ball milling time played an important role
in the average WC grain size. On the other hand, N. Ma
et al. showed in their study that, using the same spraying
parameters, ball-milled WC-Co/Al powders were easier to
spread around than the initial WC-12Co powders and that
the porosity of the WC-Co/Al coating decreased compared
to that of the WC-12Co coating.
S. Miyake et al. studied the improvement of the friction
durability of magnetic head-disk interfaces using lubricant
films. The authors presented a nanowear and viscoelastic
evaluation of the lubricant films on magnetic disk to obtain
information about the retention and replenishment. Furthermore, they have investigated the behavior of the lubricant films by load-increase-and-decrease friction tests. The
authors demonstrated that the A20H and Z-tetraol samples
exhibited good durability and that the friction coefficients
of the A20H-coated disk were stable and exhibited superior
friction durability.
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An Ag:HAp (𝑥Ag = 0.5) powder was deposited by thermal evaporation technique as coating on a silicon substrate previously covered
with a polydimethylsiloxane (PDMS) layer. The Ag:HAp-PDMS layers were characterized by Scanning Electron Microscopy (SEM),
Energy Dispersive X-ray Spectroscopy (EDS), and Fourier Transform Infrared Spectroscopy (FT-IR). By infrared spectroscopy
analysis, the phase composition of the Ag:HAp-PDMS layers was investigated. The antimicrobial activity of Ag:HAp-PDMS layers
was tested against Escherichia coli, Staphylococcus aureus, and Candida albicans microbial strains. The microbial activity decreases
significantly for the surveyed time intervals on Ag:HAp-PDMS layers.

1. Introduction
During the last decades the need for newly and improved
materials with application in the medical field has increased
due the constant and rapid progress of modern medicine [1,
2]. Each year new metallic implant systems are designed to be
tested and accredited for clinical use. Therefore, the attention
of researchers worldwide has been focused on developing
novel materials which could serve as biocompatible coatings, combining nanotechnology and materials science [3–
5]. In the present day, metal prostheses are successfully
used in orthopedic surgeries and dentistry. For that purpose,
various hybrid materials have been investigated in order
to be used as biocompatible surface coatings for metallic
implants. The most representative class of materials often
applied to increase the biocompatibility of prostheses and
implants is those based on calcium phosphate, in particular hydroxyapatite (HAp). Having the molecular formula
Ca10 (PO4 )6 (OH)2 , HAp is known to be both biocompatible
and bioactive and hydroxyapatite coatings are now used
in various biomedical applications in orthopedic surgeries,

dental surgeries, and craniomaxillofacial reconstructions [6,
7]. One of the major problems encountered in the case
of implants are postoperatory infections. The apparition of
infection could cause serious problems and if not treated
properly could call for reopening the surgery which is
both risky and uncomfortable for both the patients and the
doctors.
Various bacteria such as Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus) are a major concern to
the patients’ well-being. Also, a frequent cause of infection
acquired in hospitals is contamination with fungi, especially with Candida albicans (C. albicans) [8–10]. This lifethreatening fungus is considered in United States to be
the fourth most frequently encountered cause of systemic
infections acquired from hospitals [8–11]. It is responsible
for deep tissue and mucosal infections being associated with
biofilm growth [12]. Thus, the solutions for fighting against
bacteria and fungi are imperatively necessary.
In order to avoid postoperatory infections, the use of
biomedical devices with good antimicrobial properties is
very important. The most studied element for its excellent
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antimicrobial properties is silver. It has been extensively
used as an antimicrobial agent in many medical devices
such as wound dressings, cardiac prostheses, bone cements,
catheters, and orthopedic fixation pins [13–15]. Although
HAp is a bioactive material, an approach to improve the
osseointegration, the mechanical properties, and the antimicrobial activity is to chemically modify HAp by doping it with
low levels of beneficial elements. Various substitutions with
elements such as Ag, Cu, Zn, or Si in the HAp lattice play an
important role in its biological activity, influencing solubility, antimicrobial properties, surface chemistry, and particle
morphology of this material. One of the proposed solutions
for preventing the development of postoperatory infections
was to embed silver ions (Ag+ ) in the structure of HAp and
then use the silver doped hydroxyapatite nanoparticles as
coatings for the metallic implants.
Even though several different deposition techniques such
as magnetron sputtering, pulsed laser deposition, electrohydrodynamic spray deposition, and biomimetic routes have
been investigated in recent years in order to obtain thin
coatings, there are still many examination to be made
regarding the bioactivity, osteoconduction, and mechanical
strength of the coatings. Recent studies showed that the
use of polydimethylsiloxane (PDMS) as interfacial layers can
substantially increase the adhesion, strength, and resistance
of HAp coatings [16–20].
PDMS is an elastomer with proven biocompatibility
properties frequently used for biological studies [21] being
preferred as soft substrate for culturing different types of cells
due to its nontoxicity and biodegradability [22]. It presents
chemical and thermal stability (due to the strength of the
Si-O bonds [23–26]), low surface energy, hydrophobicity
(mainly due to the methyl groups present in its structure),
and physiological inertness [23, 24]. It is used in various
biomedical implants since the 1960s [25].
In our previous papers we showed that the use of PDMS
as an interlayer between a HAp coating and a substrate
may improve the delamination of HAp layers even when the
substrate is rough [18, 20]. It was shown that the polymer
acts as a matrix in which the HAp is incorporated. The
hardness (𝐻) of the composite layer increased while its
Young’s modulus (𝑌) decreased [19]. In the physicochemical
analysis of these layers, respectively, the XRD measurements
showed that the crystalline form of the HAp is maintained in
the composite layer [18]. It is important to notice that these
results were obtained using a Ag:HAp nanopowder treated
thermally at 800∘ C [19].
On the basis of previous results, in this paper we
report the generation and characterization of the silver
doped hydroxyapatite with PDMS (Ag:HAp-PDMS) layers
obtained by thermal evaporation technique starting from
Ag:HAp nanopowders not previously thermally treated. As
the absence of the thermal treatment of the Ag:HAp powder
can influence the physicochemical properties of the Ag:HAp
coatings, in this paper we investigate the morphological and
structural properties of the deposited layers by Scanning
Electron Microscopy, Energy Dispersive X-ray Spectroscopy
(EDS), and Fourier Transform Infrared Spectroscopy (FTIR). In comparison with our previous studies regarding the
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Ag:HAp and Ag:HAp-PDMS layers antimicrobial activity
against C. albicans [19], the present work presents not only
the antifungal activity against C. Albicans strain but also the
antibacterial activity against S. aureus and E. coli strains of the
Ag:HAp and Ag:HAp-PDMS layers.

2. Experimental
2.1. Deposition of PDMS Polymer Layer on Commercially Pure
Si Disks. The experimental set-up described in [27] consists
in a point to plane corona discharge electrode configuration.
The deposition of PDMS polymer layers on commercially
pure Si disks has been performed in agreement with Groza
et al. [28].
2.2. Silver Doped Hydroxyapatite (Ag:HAp) Nanoparticles.
In order to synthesize the silver doped hydroxyapatite
(Ag:HAp), precursors of calcium nitrate [Ca(NO3 )2 ⋅
4H2 O, Aldrich, USA], ammonium hydrogen phosphate
((NH4 )2 HPO4 (Wako Pure Chemical Industries Ltd.)), and
AgNO3 (Alpha Aesare, Germany, 99.99% purity) were used.
The method of silver doped hydroxyapatite nanopowder
generation was presented in detail in [29].
2.3. Deposition of Ag:HAp Nanoparticles on a Silicon Substrate
Previously Coated with a PDMS Layer. The Ag:HAp (𝑥Ag =
0.5) powder has been deposited by thermal evaporation
technique on a silicon substrate previously coated with
a PDMS layer. The Ag:HAp nanoparticles are evaporated
in vacuum. A HOCH VACUUM Dresden installation was
used under environmental 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 120 sec. The Ag:HAp
powder evaporation temperature was 1100∘ C.
The evaporation time measured during deposition is situated in the range of 20 sec for a maximum current intensity
of 𝐼 = 75 A and in the range of 15 sec for an 80 A maximum
current. Taking into account the deposition characteristics
such as the total amount of HAp deposited (in mg) and the
substrate-boat distance, the calculated evaporation velocities
are V1 = 0.167 mg/s or V1 ∼ 8.3 nm/s.
In the presence of the PDMS layer, which partially
covers (on a circular surface with 10 mm in diameter) the Si
substrate (with a diameter of 20 mm), the evaporated Ag:HAp
nanoparticles diffuse into the polymer during their travel
to the substrate. When the Ag:HAp particles stop into the
polymer layer they transfer their energy to the polymer. Thus,
the local temperature increases and, as the polymer is heated,
the thermal condition of a new compound generation is
assured.
2.4. Samples Characterization. The morphology of the material was studied using a Quanta Inspect F Scanning Electron
Microscope (SEM) equipped also with an EDAX/2001 device.
Elemental compositional analysis was done using energy
dispersive X-ray spectroscopy (EDS).
The IR spectra of the Ag:HAp-PDMS composite layers
formed on silicon substrates have been obtained using an IR
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Figure 1: SEM images of Ag:HAp layer (a); PDMS layer (b); and Ag:HAp-PDMS composite (c) layer deposited on Si substrates.

Perkin Elmer SP 100 spectrometer equipped with a variable
angle specular reflectance accessory. The FT-IR spectra of
the Ag:HAp, PDMS and Ag:HAp-PDMS layers presented in
this paper were registered at an incident angle of the light
on the samples of 30∘ . In order to highlight the presence of
PDMS and Ag:HAp specific IR bands into the IR spectrum
of Ag:HAp-PDMS composite layer, in the 500–800 cm−1
and 800–1200 cm−1 spectral ranges was performed a peak
fitting analysis applying the following procedure [30]: (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.
2.5. Antimicrobial Assay. The antimicrobial assays of the
C. albicans, S. aureus, and E. coli were performed using
microtiter twofold serial dilutions method and were quantified after 24 and 48 hours, respectively, [31–35]. The microbial
suspensions densities were measured spectrophotometrically
at 492 nm and 620 nm [31–35].

3. Results and Discussions
The microstructure and the morphology of the thin films
were investigated by Scanning Electron Microscopy. In
Figure 1 is presented the microstructure of the obtained thin
films ((a) Ag:HAp layer; (b) PDMS layer; and (c) Ag:HApPDMS composite layer) on Si substrates. It is obvious that

the thin films are continuous and that the polymer layer
acts as a matrix for the Ag:HAp nanoparticles. Also, it could
be observed that the layers are homogeneous. The obtained
results are in good agreement with the previous studies
conducted by Iconaru et al. [36].
The EDS spectra of Ag:HAp coating in the presence,
respectively, and the absence of the PDMS layer are presented
in Figures 2(a) and 2(b). In both spectra can be identified
the Ag, P, and Ca elements specific to Ag:HAp coatings. In
Figure 2(b), the Si, O, and C peaks associated with the PDMS
layer are also present. The presence of the PDMS polymer
does not affect the structure of Ag:HAp coating.
The functional groups present in the prepared samples were revealed by FT-IR measurements performed in
the absorbance mode. In Figure 3 is shown the spectrum recorded for the silver doped hydroxyapatite sample
deposited on a Si substrate in the range 500–2000 cm−1 .
The peaks observed in the regions 450–650 cm−1 and
950–1100 cm−1 prove that the studied sample has a wellcrystallized apatitic phase. The peaks registered at 603 and
568 cm−1 are characteristic to the ]4 mode of the PO4 3−
group. Moreover, previous studies [36–38] have shown that
the separation of these two peaks proves the presence of a
highly crystallized apatitic phase. Also, the peaks from 1037
and 1097 cm−1 are attributed to the ]3 mode of the PO4 3−
functional group [39, 40]. The presence of CO3 2− group is
manifested by the peaks found in the region 1400–1600 cm−1
and at around 870 cm−1 [39].
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Figure 3: FT-IR spectrum of silver doped hydroxyapatite sample
deposited on a Si substrate in the range 500–2000 cm−1 .

The polymer has been deposited on a Si plate and
its structure has been also studied by FT-IR spectroscopy
(Figure 4). After analyzing the obtained spectrum, it has been
observed the presence of different functional groups. Thus,
the bands registered at 1254 and 1400 cm−1 are attributed to
the symmetrical and asymmetrical deformation of the CH3
bond from the Si-CH3 group [41]. Furthermore, the presence
of the Si-C stretching vibration from the same functional
group is evidenced by the 784 cm−1 and 860 cm−1 absorption
bands. The IR band observed at 620 cm−1 corresponds to the
asymmetric stretching vibration of Si(CH3 )2 group [42]. The
presence of the Si-O-Si vibrations associated with the siloxane
bonds is related to the bands from 1004 and 1071 cm−1 [42].
The large band at around 1650 cm−1 can be assigned to the
OH groups.
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Figure 4: FT-IR spectrum of PDMS deposited on a Si plate.

The structure of the Ag:HAp-PDMS composite layer
deposited on the Si substrate has also been evidenced by
FT-IR measurements. In Figure 5 is shown the obtained
spectrum where peaks attributed both to the PDMS polymer
and to silver doped hydroxyapatite can be observed. The
peaks found in the region 500–660 cm−1 are characteristic to
the PO4 3− group and the those observed in the region 1400–
1600 cm−1 are associated with the ]3 asymmetric stretching
vibration of the carbonate functional group [39], both present
in the Ag:HAp nanocomposite [36, 43]. On the other hand,
the band found at 695 cm−1 indicates the presence of a
crystalized SiO2 based material [18, 44]. Also, the bands from
around 800 cm−1 and those observed in the region 900–
1200 cm−1 prove the presence of SiO4 4− functional group in
the studied sample [18, 44]. The peak observed at around
870 cm−1 is determined by an overlapping of two distinct
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Figure 5: FT-IR spectrum of Ag:HAp-PDMS layer.

bands (the band from 862 cm−1 attributed to Si-O bonds
[45] from the PDMS polymer and the band from 870 cm−1
associated with the carbonate functional group found in the
Ag:HAp nanocomposite [36, 46]). The strong peak from
1254 cm−1 is characteristic to the CH3 bond present in the
structure of the polymer [42]. The large band at around
1650 cm−1 is assigned to the water lattice present in the
samples.
A peak fitting analysis of the IR spectrum of the Ag:HApPDMS layer from Figure 5 has been performed in the range
of 500–800 cm−1 and 800–1150 cm−1 , the results being presented in Figure 6. In this way, the contribution of each PDMS
and HAp IR specific bands to the overall spectrum of the
Ag:HAp-PDMS layer is better evidenced. In Figure 6(a), the
IR bands from 568, 603 and 647 cm−1 correspond to the PO vibrations into the PO4 3− group. The deconvoluted band
from 659 cm−1 was previously assigned to HAp [47] and the
one from 695 cm−1 is specific to SiO2 [44]. The overlapping
of the bands from 740 cm−1 (Si-O/Si-CH3 [48]), around
770 cm−1 (Si-O [44]) and 784 cm−1 (Si-C/Si-O-P [18]), could
be an indication of the Si based structures incorporation
into the Ag:HAp [49, 50]. The deconvoluted spectrum from
Figure 6(b) also indicates the overlapping of the IR bands
specific to HAp and PDMS. Thus the bands from 903, 964,
and 1040 cm−1 correspond to P-O vibrations in PO4 3− [18]
while those from 1004, 1071, and 1120 cm−1 are specific to SiO-Si, respectively, Si-O bonds [18].
Various factors such as certain bacterial strains of pneumococcus, meningococcus type B, “Haemophilus influenza”
or bacterial proteins with enzymatic activity (e.g., protease,
hyaluronidase, neuraminidase, elastase, and collagenase) can
facilitate the invasion of microbial infections when there are
defects in defence mechanisms or low resistance to microbial
agents. Numerous microorganisms have mechanisms that
impair antibody production by inducing suppressor cells.
More than that, the adherence of microbial molecules to the

surface plays a role in the development of microbial strains.
The immediate immune response to bacterial infection is
affected by a defect in the phagocytic system and can
produce the development of severe pneumonias or recurrent
abscesses. The binding of certain Gram-positive organisms
(e.g., staphylococci) is favoured by host receptors such as
cell surface proteins or cell surface sugar residues. Bacteria
such as Escherichia coli possess distinctive adhesive organelles
called fimbriae or pili that allow them to attach to almost all
human cells including neutrophils and epithelial cells in the
genitourinary tract, mouth, and intestine. On the other hand,
S. aureus is a type of bacteria commonly found on hair, skin,
noses, and throats of people and animals and it multiplies
rapidly at room temperature. S. aureus can cause serious food
poisoning. Moreover, it is one of the most common causes of
infections in the hospitals and may cause diseases.
The fungal infections are divided into different groups
depending on the type of fungus involved. C. albicans is a
common fungus that often lives in mouth, stomach, skin,
women’s vaginas, or rectum. Usually, it does not cause any
problems. However, C. albicans can displace through the
blood stream and affect the throat, intestines, and heart
valves. When there is some change in the body environment,
this fungus can be a threat, becoming an infectious agent.
Firstly, the microbial activity of the silver doped hydroxyapatite-polydimethylsiloxane (Ag:HAp-PDMS) layers
against S. aureus 0364, E. coli ATCC 25922, and C. albicans
10231 was evaluated (Figures 7(a) and 7(b)).
We can see that the obtained Ag:HAp-PDMS layer on Si
substrate proved to exhibit superior resistance to S. aureus
0364, E. coli ATCC 25922, and C. albicans 10231 as compared
to Si substrate or PDMS layers deposited on Si substrate
(Si-PDMS). The antimicrobial activity gradually decreased
when it was measured after 24 h and 48 h, respectively, as
demonstrated by the lower absorbance values obtained after
48 h for Ag:HAp-PDMS layers (Figure 7(b)) compared to
those obtained after 24 h (Figure 7(a)). On the Si-PDMS layer
and Si substrate the antimicrobial activity was not observed
and no significant differences were noticed neither after 24 h
nor after 48 h.
Secondly, we have chosen to assess the antibiofilm activity
of the Ag:HAp-PDMS layers on Si substrate, PDMS layers on
Si substrate (Si-PDMS), and Si substrate (Si) against S. aureus
0364, E. coli ATCC 25922, and C. albicans 10231 (Figures 8(a)
and 8(b)).
It can be observed that the inhibition of the microbial
biofilm development is gradually increasing from 24 h to 48 h.
The Ag:HAp-PDMS layers on Si substrate proved to exhibit
superior resistance to microbial colonization as compared
with Si-PDMS layers and Si substrate (Si) against S. aureus
0364, E. coli ATCC 25922, and C. albicans 10231. Moreover,
on the Si-PDMS and Si substrate, no important distinction
was observed for the biofilms developed after 24 h and 48 h,
respectively. The results of Ag:HAp-PDMS composite layers
against S. aureus 0364, E. coli ATCC 25922, and C. albicans
10231 showed great inhibition after 24 h and 48 h.
Recent studies performed by Ciobanu et al. [51] on
silver doped hydroxyapatite nanoparticles have proven a
good antimicrobial activity for all the studied concentrations
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of silver in the samples. Moreover, recent studies on
hydroxyapatite doped with samarium and europium have
also demonstrated a good antimicrobial activity [39]. We
could thus say that Ag:HAp-PDMS layers could be used
for covering the surface of implantable medical devices.
Future studies will be focused on creating a new substrate
such as europium and samarium doped hydroxyapatite and
PDMS layers that prevent the development of microbial
strains.

4. Conclusions
In this paper, the results concerning the structural, morphological, and biological properties of Ag:HAp-PDMS composite layers are presented. The Ag:HAp-PDMS nanocomposite
layers were deposited on commercially pure Si disks by thermal evaporation technique using an Ag:HAp nanopowder
not thermally treated. The SEM studies proved that the prepared thin films are homogeneous and continuous, the PDMS
polymer acting as a matrix for the Ag:HAp nanoparticles.
The EDS and FT-IR spectral analysis of the investigated
layers revealed the chemical elements and structure of the
Ag:HAp-PDMS coating. The IR spectrum of the Ag:HApPDMS layer comprise bands characteristic to both Ag:HAp
and PDMS and evidenced the Si-O-P interlink bonds
formation.
Biological investigations were performed on various
antimicrobial strains. To this end, some of the most commonly bacterial and fungal strains were selected. The microbial activities of S. aureus 0364, E. coli ATCC 25922, and
C. Albicans 10231 on Ag:HAp-PDMS composite layer were
studied. It was demonstrated that the Ag:HAp-PDMS coating
exhibited superior resistance to S. aureus 0364, E. coli ATCC
25922, and C. albicans 10231 as compared to Si substrate or
PDMS layers deposited Si substrate (Si-PDMS). On the other
hand, the inhibition of the microbial biofilm development
was assessed for the Ag:HAp-PDMS composite layer against
the studied microbial strains. The results of this assay proved
that the Ag:HAp-PDMS composite layers showed great inhibition after 24 and 48 h against S. aureus 0364, E. coli ATCC
25922, and C. albicans 10231.
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The depth composition of the thin layer alloy, AuGeNi, devoted to acting as an ohmic contact on n-GaAs(110) has been investigated
by in situ XPS combined with Argon ion sputtering techniques. The fresh cleaved surfaces, supposed to be free of oxygen, were
usually deposited with a 200 nm metallic layer in high vacuum conditions (better than 10−7 torr), by thermal evaporation, and
annealed at a 430–450∘ Celsius temperature for 5 minutes. About 18 sessions of ion Ar surfaces etching and intermediate XPS
measurements were performed in order to reveal the border of the metal/semiconductor interface. The atomic concentrations of
the chemical elements have been approximated. Au4f, Ga3d, Ga2p, As3d, As2p, Ni2p3/2 , Ge3d, O1s, and C1s spectral lines were
recorded. The Au, Ge, and Ni have a homogenous distribution while Ga and As tend to diffuse to the surface. Oxygen is present in
the first layers of the surface while carbon completely disappears after the second etching step. The existence of an Au-Ga alloy was
detected and XPS spectra show only metal Ni and Ge within the layer and at the interface. We tried to perform a study about the
depth chemical composition profile analysis of AuGeNi layer on cleaved n-GaAs(110) by X-Ray Photoelectron Spectroscopy (XPS)
technique.

1. Introduction
Gallium arsenide has been for a long time considered as
one of the most important semiconductor materials besides
silicon due to its attractive intrinsic electrical properties:
direct energy and wider bandgap, higher carrier mobility, and
high power and operating temperature [1]. A key element in
GaAs devices technology consists in obtaining high quality
ohmic contacts because the surface of this compound is often
covered with a chemically unstable oxide layer. Developed on
a trial-and-error basis, the AuGeNi alloyed ohmic contacts
remain the most widely used for n-GaAs devices manufacturing. This metallization system is characterized by low
contact resistance, good thermal stability both during device
fabrication and device operation, strong adhesion, and low
metal sheet resistance [2].
In this system Au promotes Ga vacancies in n-GaAs due
to high solubility of Ga in Au. Ge acts as a dopant element,
diffusing into the lattice sites vacated by Ga, creating in
this way a heavily doped n-type intermediate semiconductor
layer that allows the tunneling mechanism which leads

to the ohmic behavior. Ni acts as a catalyst during the
alloying procedure to improve the uniformity, thermal and
mechanical stability, and reduction of surface roughness [3].
The quality of the contact is affected however by diffusion
and chemical reactions that take place during alloying, by
extensive interactions between chemical components and
n-GaAs substrate. There have been tremendous efforts for
correlating between the electrical properties and microstructures of AuGeNi ohmic contact materials. Extensive studies
by X-Ray Diffraction (XRD), Secondary Ion Mass Spectroscopy (SIMS), Auger Electron Spectroscopy (AES), and
Transmission Electron Spectroscopy (TEM) techniques combined with the electrical properties characterization have
been carried out in the past [4–6].
Until now, there are no studies about the depth profile
chemical composition of AuGeNi layer and the AuGeNi/
GaAs interface by X-Ray Photoelectron Spectroscopy (XPS).
Therefore, our research effort was to provide an extensive analysis for AuGeNi contacts on GaAs by using XPS
combined with Ar+ sputtering to obtain depth profile
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information for the metallic layer and for the AuGeNi/GaAs
interface. The main goal is to determine the chemical composition and interdiffusion processes in AuGeNi film and nGaAs at the interface.

Samples were prepared by thermal evaporation of AuGeNi
alloy (Au 84%-Ge 12%-Ni 4%) from filament on a nGaAs(110) cleaved surface. The 84% Au, 12% Ge, and 4% Ni
mass proportions translate to the nearest 65% Au, 25% Ge,
and 10% Ni atomic concentrations. This conversion is useful
since the XPS technique measures atomic concentrations.
The thickness of the n-GaAs wafer and thus the width of
the deposited surface were 1 mm. The n-GaAs surface has
been cleaved prior to metal evaporation in a high vacuum
chamber maintained at 10−7 mbar. The deposition has been
carried out in the same conditions, on the cleaved edge of
the wafer. The thickness of the metallic layer was estimated
at 200 nm, an usual value for n-GaAs electronic devices. A
thermal annealing followed; the sample has been heated at
430∘ C for 5 minutes in a conventional furnace maintained
at 10−2 mbar pressure. The chemical composition of AuGeNi
layer and metal/semiconductor interface was examined by
XPS measurements in a high vacuum Specs installation. The
X-ray source was a monochromatic XR50M source operated
at 300 W, 15 kV with a radiation energy of 1486.6 eV (Al
K𝛼 ) and a FWHM (Full Width at Half Maximum) of 0.3 eV.
The X-ray spot is smaller than the analyzed surface. The
spectrometer is based on a PHOIBOS 150 hemispherical
analyzer with an ultimate resolution of 0.44 eV (defined as
FWHM of recorded Ag3d5/2 spectral line). The C1s, O1s,
Ga3d, Ga2p, As3d, As2p, Au4f, Ge3d, and Ni2p spectra have
been recorded with a Pass Energy of 20 eV and a step of
0.05 eV. Each XPS measurement session has been followed
by a 5-minute Ar+ etching stage, using an IQE11/35 ion gun
operated at 3 kV accelerating voltage. The etching rate was
estimated at 15 Å/minute. A total of 18 etching steps have
been carried out. Spectra were processed using Spectral Data
Processor v.2.3 (SDP) software. The spectra fitting was made
using Voight functions and Shirley background subtraction
method. For quantitative analyses, the sensitivity factors
provided by the spectrometer manufacturer have been used.

3. Results
The chemical composition of the metallic layer has been
determined using solely XPS technique. The surface has been
analyzed before Ar etching and adventitious carbon and oxygen have been found, besides smaller quantities of Au and Ge.
The Ga and As are present at the surface, the concentration
of Ga being unexpectedly high. This is explainable, however,
due to the long time of thermal annealing. This favors the
Ga diffusion at the surface. In the first layers, Ga is almost
completely oxidized. Large amounts of oxide were found in
the case of As and Ge also. However, the metallic components
of these two elements are much larger than that of Ga. Gold

Cps

2. Experimental

1600

800

0
295

290

285
BE (eV)

280

Figure 1: XPS spectra of C1s before etching.

is found as metal while Ni does not diffuse in the superficial
layers of the sample.
The sample exhibits large quantities of adventitious carbon and oxygen at the surface with atomic concentrations
of 22.4% and 34%, respectively. The XPS spectrum of C1s
line can be fitted with three Gaussian curves (Figure 1): one
corresponding to C-C and C-H bonding located at 284.8 eV,
another one located at higher binding energy (286.6 eV)
corresponding to C-O bonding [7], and the last with a
binding energy of 289.1 eV corresponding to more complex
bonds like O-C-O and C=O. After the first two ion etchings
it is obvious that C does no longer exist at the surface.
From this point it is difficult to assess the correct charge
neutralization, since Au might show a chemical shift, due
to the presence of Ga. In this respect, ensuring a good
electrical contact between the sample and the ground of the
spectrometer and the charge neutralization with a flood gun
with a very low energetic electron beam of only 0.1 eV were
found particularly useful.
The O1s spectrum (Figure 2) is very well fitted with four
components centered at 533 eV, 531.05 eV, 531.6 eV, and 531 eV.
The component located at 533 eV is usually associated
with adsorbed water [8] while the other three designate
metallic oxides: the peak located at 531 eV is attributed to
Ga2 O3 [9], that located at 531.6 eV to As2 O3 [10], and that at
532 eV to GeO2 [11]. The peak located at 531.6 eV may be also
associated with C-O and -OH bonding [12].
After the first sputtering session, only the peak associated with gallium oxide remains visible and oxygen starts
to decrease gradually. The metal-semiconductor interface
is found to be revealed after approximately 17 sputtering
sessions. The bulk metallic layer displays as a mixture of Ga,
As, Au, Ge, and Ni. Figure 3 presents the atomic relative
concentrations of Au, Ge, and Ni. It can be seen that all
three components have constant behavior, one relative to the
others, and that the homogeneity has been achieved.
After etching step number 15, the metal/GaAs interface
started to reveal. The concentrations of Au and Ge begin to
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Figure 3: Relative atomic concentrations of Au, Ge, and Ni within
the layer; solid lines are theoretical concentrations.

decline sharply compared with that of Ni. The presence of Ni
at the interface is desirable since Ni acts as a wetting agent. Its
diffusion in GaAs produces a reduction in its Gibbs potential
which in turn leads to an enhanced diffusion of Ge in GaAs.
Ni also enhances the homogeneity and uniform alloying of
the metallic layer.
Figure 4 presents the depth profile of AuGeNi layer and
the interface with the n-GaAs semiconductor. From this
figure it can be seen that while the As concentration tends
to grow steadily, the Ga concentration varies in a different
manner: it is greater in the first layers; then it starts to
decrease to a minimum of 35% and then is growing once
more. This last growing is explained through the decrease of
Au concentration which is more aggressively removed from

0

0

10

20

Etching steps

Figure 5: Ga/As ratio within the metallic layer.

the surface by ion sputtering. This indicates that both Ni and
Ge diffuse deeper in the n-GaAs semiconductor.
The Ga/As ratio is displayed in Figure 5 and it can be
seen that close to the interface and after, this ratio becomes
close to 1.5 rather than stoichiometric value of 1. This has
been found in other experiments of GaAs ion etching and
is a result of the fact that As is removed preferentially from
the surface [13, 14]. We suppose that another possible loss of
As may be due to evaporation during the thermal annealing.
Despite the fact that this leads to a higher value of Ga/As
ratio, the measurements still show an aggressive diffusion of
Ga towards the surface of the metallic layer. Responsible for
this are a high value of the diffusion coefficient of Ga in Au
(10−12 cm2 /sec) and the gettering effect of Au over Ga [15].
Both Ga3d and Ga2p spectral lines have been recorded
in order to investigate the chemical behavior of Ga. Close
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Figure 6: XPS spectra of Ga3d spectral line during experiment: (a)
before etching, (b) after 3rd etching step, and (c) at the interface.

Figure 7: XPS spectra of As3d spectral line before etching (a) and
at the metal/semiconductor interface (b).

to Ga3d line there is the O2s spectral line, bringing a bit of
difficulty in spectra interpretation. Figure 6 shows the spectra
for Ga3d line during measurements. At first Ga is almost
completely oxidized, but after sputtering the surface with
Ar+ ions, the metallic component seems to grow and oxide
component seems to decrease, until only the metallic state
remains visible.
The peaks situated at 20.3 eV binding energy clearly shows
the presence of Ga2 O3 while the peaks situated at 18.4 eV are
attributed to Ga metal [12]. In the upper layers is improbable
the existence of GaAs semiconductor compound, but at the
interface and in the last sputtering stages, the binding energy
of Ga3d shifts to higher values of 19.1–19.2 eV corresponding
to pure GaAs subjected to ion bombardment, as found in the
literature [16]. Ga is mainly responsible for fixing the oxygen
deep in the layer’s structure. Most probably the oxidation
of Ga occurs during thermal annealing, and the presence
of gallium oxide is observable in the first third of deposited
layer’s thickness.
As in the case of Ga, both As2p and As3d spectral
lines have been recorded. Before sputtering, the As is found
in both metallic state and as oxide. The As2p3/2 spectrum
indicates only the presence of the As2 O3 compound, while the
As3d spectra indicate similar proportions of both metal and
oxide. This difference appears because the photoelectrons of
As2p3/2 orbital have low kinetic energies and consequently
they come from the first two or three atomic layers of
the surface, in which the As is fully oxidized. After the
first sputtering session, the oxide is no longer visible in
the As3d spectra. Close to the interface (Figure 7(b)) the
binding energy of the As3d is 40.8 eV, corresponding to GaAs
semiconductor whereas in the layer the binding energy is
41.1 eV corresponding to a metallic state or alloy [17]. The As
behaves uniformly during the measurements and shows no
other state than metallic.
Ge behaves in the same manner as the other metals.
Before sputtering, the Ge3d spectrum is composed of two

peaks: one situated at 29 eV binding energy and the other at
32.2 eV binding energy.
The first component, representing 32% from total peak
area, is attributed to elemental Ge, while the second component, containing the rest of 68% from peak area, is
undoubtfully attributed to Ge2 O3 specie [18]. Even after
the first sputtering session, the oxide completely disappears,
with only the Ge metal component remaining. During the
measurements, Ge showed a steady stability for both binding
energies and FWHM of peak lines (Figure 8). Binding energy
ranged between 28.9 eV and 29 eV, whereas FWHM was
at 1.5 eV ± 0.05 eV. No other chemical components have
been found for Ge. It is widely accepted that the formation
of GeAs2 and Ni3 Ge chemical compounds could inflict
higher contact resistance and degradation of ohmic contact
parameters. Those two components have binding energies
at 29.7 eV and 29.1 eV, respectively [19]. However, neither of
these components has been identified during the experiment.
Attempting to fit the Ge3d spectra with more than one peak
provided unsatisfactory results.
Ni is missing within the first layers of the surface. The
Ni2p3/2 spectral lines have been recorded. Throughout the
experiment the maximum of the Ni2p3/2 peak remained stable in a very small energy interval centered around 852.65 eV.
This binding energy corresponds to a metallic state of Ni [20].
Absence of shake-up satellites indicates once more that there
is no Ni oxidized present in the layer. However, close to the
interface, the shape of the peak tends to become larger, from a
FWHM of 1.6 eV to 1.9 eV. This could be explained by the fact
that an amount of Ni interacts directly with GaAs substrate
in the semiconductor “wetting” process for which Ni role
is intended. The formation of Ni(Ge)As is also possible, but
the chemical shift is too small to be observable by XPS. The
presence of Ni even at the interface is beneficial for ohmicity
of contacts in that it reduces the lateral diffusion of gold and
holds the Au-Ge melt in intimate contact with GaAs substrate
during thermal annealing.
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Figure 9: XPS spectrum of Au4f spectral line at the metal/semiconductor interface.

For gold, the 4f doublet has been recorded. The presence
of gold is visible from surface to the interface. Figure 9 shows
Au spectrum at the interface. Spectra fitting of 4f7/2 line was
made with two peaks: one situated at 83.65 eV binding energy
and another one having a 84.8 eV binding energy. The first
peak is attributed to the metallic gold, while the second is
attributed to an alloy of Ga and Au [20]. The area of the
second peak is less than a quarter of the total area. The AuGa alloy was much more investigated previously by high
resolution XPS, in various relative proportions of Ga and Au.
The results indicated that the chemical shift of Au4f7/2 tends
to be growing with the proportion of Ga, from 0.45 eV for
𝛼-Au0.88 Ga0.12 to 0.65 eV for 𝛽-Au0.78 Ga0.22 , 0.95 eV for 𝛾Au9 Ga4 , 1.25 eV for Au-Ga, and 1.55 eV for AuGa2 [21]. The
chemical shift of 1.15 eV found in our experiment indicates
more gold than Ga in the alloy. The Ga 3d and 2p core levels
shifts much less, with a maximum of 0.3 eV for AuGa2 , so they
are unresolvable in the recorded spectra.

(carbon and oxygen). However, there seems to be a quantity
of oxygen in the first layers of the sample in the form of
gallium oxide. After 20 minutes of Ar sputtering, the oxygen
is already absent within the layer. The formation of AuGa alloy has been detected, having a good impact over the
quality of ohmic contacts. Other components, those who
bring negative effects over contacts’ ohmicity, like Ni3 Ge
and GeO2 , were searched and investigated but not identified
in the XPS spectra. Nickel and germanium are both found
within the layer and at the interface. They remain in the same
proportions at the interface even after the gold concentration
begins to decrease. This proves the appropriate diffusion of
Ge in the n-GaAs substrate and the wetting of semiconductor
surface by Ni.
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4. Conclusions
An experimental procedure consisting in the combination
of XPS and in situ Ar+ ion sputtering methods was used
as an efficient technique for chemical characterization of
AuGeNi/n-GaAs surfaces and interfaces. Information on
chemical compounds of the contact layer deposited on nGaAs, diffusion processes, and atomic concentrations of
elements has been obtained. The ohmic contact was produced
in a new in situ device dedicated for metallic deposition on
cleaved semiconductor surfaces.
The depth profile of AuGeNi layer deposited on n-GaAs
semiconductor has been evaluated by XPS measurements and
by the use of Ar+ ion sputtering technique. Gold, germanium,
and nickel are uniformly distributed in the metallic layer.
The XPS measurements show that both Ga and As diffuse
to the surface, with a more pronounced Ga diffusion. The
cleavage technique provides a contaminants-free interface
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Titanium (Ti) has been the first choice of material for dental implant due to bonding ability to natural bone and great
biocompatibility. Various types of surface roughness modification in nanoscale have been made as promising strategy for
accelerating osseointegration of Ti dental implant. To have synergetic effect with nanotopography oriented favors in cell attachment,
on-site surface functionalization with reproducibility of nanotopography is introduced as next strategy to further enhance cellular
bioactivity. Extensive research has been conducted to investigate the potential of nanotopography preserved on-site surface
functionalization for Ti dental implant. This review will discuss nonthermal atmospheric pressure plasma, ultraviolet, and low
level of laser therapy on Ti dental implant with nanotopography as next generation of surface functionalization due to its abilities
to induce superhydrophilicity or biofunctionality without change of nanotopography.

1. Introduction
Titanium (Ti) has long been used as an implant material in
dentistry due to its remarkable corrosion resistance of its Ti
oxide layer and powerful physical load [1]. In order to
improve biological functions of Ti implants, various techniques of Ti surface modification such as surface roughness,
chemistry, topography, and electrical charge have been suggested, focusing on the biological performance of Ti surface
properties [2]. These surface modifications at the micrometer
or nanometer scale have effectively promoted biological performance of Ti implants such as cell growth and functions in
vitro [3, 4] and osseointegration in vivo [5] when compared
to untreated surfaces.
Recently, nanostructures of Ti implant surface have been
shown to further mimic the natural bone structure, possibly
considering the biological pertinence of nanotopography for
osteoblast or stem cells to attach, proliferate, or differentiate
to achieve osseointegration [6–8]. For this, various methods

for surface nanotopography of Ti implants have been developed at the nanoscale, such as lithography [9], crystal deposition [10], acid etching [11], sandblasting [12], and their combinations [13, 14]. Although these techniques physically or
chemically are known to obtain optimal surface characteristics for accelerating osseointegration in the field of
basic research, reactivating surface functionality on aged Ti
implants may be issued in a clinical setting, probably leading
to clinical failure in dental implants [15]. In addition, rough Ti
surfaces are generally hydrophobic and have high tendency to
bacteria attachment, which can cause high risks of peri-implantitis, consequently failing in dental implant cases [16, 17].
To overcome these, several nanotopography preserved
on-site surface functionalizations for Ti implants have been
suggested: nonthermal atmospheric pressure plasma, ultraviolet, and laser [18–21]. On-site surface functionalizations are
one of the alternative strategies to existing surface modifications and can maintain nanotopographical surfaces of Ti
implants due to the chair-side applicability, sustainability of
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Figure 1: On-site applicable and nanotopography preserved surface functionalization methods for Ti dental implant (UV, ultraviolet, NTAPP,
nonthermal atmospheric pressure plasma, and LLLT, low level of laser therapy).

functionalized effects with their enhanced biological potential before implant surgery, and no-damaged surface roughness. This review covers and suggests possible on-site applicable surface functionalization methods for Ti dental implant
(Figure 1).

2. Nonthermal Atmospheric Pressure Plasma
Plasmas are defined as “the 4th state of matter” and contain
a large amount of highly reactive species including ions, free
radicals, electrons, and electronically excited atom or neutrals
[22]. When plasma is produced at atmospheric pressure and
the temperature of excited gas is at 300 K around, nonthermal
atmospheric pressure plasma (NTAPP) is produced and can
be treated onto the surface of implants for functionalization
by the controllable plasma reactive species [23].
Once being exposed to plasma, the surface properties
of the biomaterials can be functionalized as a result of the
“bombing” of these reactive species. NTAPP treatment on
biomaterials has been used to improve surface properties and
to induce decontamination [24]. Because NTAPP has several
advantages, such as induction of an increase in surface energy

with very short treatment time, being on-site applicable,
preservation of nanotopography, relatively low price, and
simple fabrication process compared to vacuum-based plasma [25], NTAPP treatment has gained attention for Ti dental
implant functionalization with preserving nanotopography
[26, 27]. For instance, cell size of human osteoblastic cells
adherent on argon-based-NTAPP-pretreated specimen was
significantly larger than that on nontreated surfaces irrespective of surface topography, which supported spreading of
osteoblastic cells and thereby could accelerate osseointegration [28]. In terms of osteoblastic-differentiated gene expression, Nitrogen or air-based NTAPP-treated TiO2 nanotubes
exhibited higher osteogenic gene expressions level depending
on the working gas without changes in nanotopographical
morphology [29].
In an additional example, nitrogen-based NTAPP-treated
sandblasting with large-grit sand particles and acid etching
subsequently (SLA) treated dental implant, which is clinically
accepted golden Ti surface with microtopography/nanotopography, improved cellular activity on treated surface as well
as wettability. Preosteoblast attachment and its proliferation
were increasingly observed on NTAPP-treated SLA dental
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implant due to increased wettability and decreased hydrocarbon contamination without topographical changes. Both
studies opened the possibility of application for enhancing
osseointegration of Ti dental implants in a way of nanotopography preserved state [27].
Additionally, NTAPP treatment can be applied for
increasing success of Ti dental implant by increasing soft
tissue healing and preventing peri-implantitis. Human keratinocytes and HGFs on NTAPP-treated Ti implants showed
an increase in proliferation or migration, which is beneficial
for increasing implant-soft tissue sealing [30]. Additionally,
direct NTAPP treatment to adherent human gingival fibroblasts (HGFs) on machined Ti substrates revealed possible
application for gingival tissue healing due to an increase in
intracellular reactive oxygen species (ROS) and upregulation
of three migration-related genes (EGFR, PAK1, and MAPK1)
and EGFR activation [21]. Recently, NTAPP treatment onto
Ti dental implants has shown antifouling effects to oral bacteria related to peri-implantitis. Roughened Ti surfaces including SLA have hydrophobic characteristics, leading to inducing bacteria attachment and consequently failing in implants.
Investigation of the effects by NTAPP treatment on the
Ti dental implant surfaces for the inhibition of two common
pathogens (Streptococcus mutans and Staphylococcus aureus)
was carried out and showed that there was a reduction of
adherent bacteria and the significant change in morphology of bacteria. These results were attributed to increased
hydrophilicity on the surface of NTAPP-treated Ti implants
[20].
NTAPP has been applied for enhancing success of dental
implant restoration with sustaining topographical characteristics in the nanoscale, but there are still limitations in terms
of clinical application. NTAPP-produced radicals, which play
a major role to modify surface characteristics, are easily influenced by even tiny change in humidity and gas composition,
which do not guarantee reproducibility of NTAPP equipment
in clinical situation. Moreover, safety issues from exposed
radicals to air could be raised because they can react with
sensitive normal tissues such as eyes. With regard to prevention of possible exposure to eye and other exposed tissues,
high volume suction should be accompanied to evacuate
any radical plume created during plasma production, and
protective eyewear should be worn for operator, patients,
and other assistant people. In terms of osseointegration
by NTAPP treatment, in vivo or preclinical study has not
been performed to show possibility of clinical application.
For overcoming above limitations, accurate NTAPP machine
with controlled working gas injector is needed to set up
reproducibility of NTAPP-induced radical, and in vivo study
using rabbit or adult dog to investigate osseointegration is
necessary.

3. Ultraviolet
Ultraviolet (UV) photofunctionalization to Ti implants can
alter physicochemical properties of the surface, such as generation of superhydrophilicity and pollutant-degrading, antifogging, antibacterial, and stain-proofing properties [31, 32].
Enhancement of biologic capabilities without topographical
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change was able to be observed on the surface of UV-treated
TiO2 semiconductor [33].
In terms of biologic ability from UV treatment, bone
morphogenesis around UV-treated Ti implants was distinctly
improved compared with untreated control implants, leading
to rapid and complete establishment of osseointegration with
nearly 100% bone-to-implant contact in an animal model, as
opposed to less than 55% for untreated implants [33]. A series
of in vitro studies demonstrated considerable enhancement
of attachment, proliferation, differentiation, and subsequent
functional cascades of osteogenic lineages from animals and
humans after UV treatment [34]. Basically, UV treatment is
known to convert Ti surfaces from hydrophobic to superhydrophilic due to removal of unavoidably contaminated
hydrocarbons [35]. In this model, UV treatment creates more
expression of Ti4+ sites on outer Ti surface, which is favorable
for dissociative water or adhesive protein adsorption. In addition, UV-treated Ti surfaces manifest a unique electrostatic
status and thereby act as direct cell attractants without the
help of ionic and organic bridges, which induces a novel
physicochemical functionality to Ti [36]. Other advantages
of UV treatment are simplicity of treatment devices and treatment methods, low cost, portability, and diverse applicability
for all types of Ti alloys (Ti6Al4V and Ti-Ag) and Ti surfaces
tested such as machined surfaces, SLA, and Ti nanotube
formed and micro-arc oxidation surface [37–40].
When SLA surface, most promising Ti surface among
commercially available dental implants, including nanopits
and micropits was treated by UV, it induced superhydrophilicity, tailored mesenchymal stem cells into osteoblastic lineage, and accelerated attachment, proliferation, and
migration without change of surface architectures [36, 41].
The attachment, spreading, settling, proliferation, and alkaline phosphate activity of bone marrow-derived osteoblasts
were promoted on Ti or apatite-coated Ti after photofunctionalization compared to nontreated counterpart, which
induced high bone-implant contact to reduce peri-implant
stress [42]. Most of the upregulated biofuctionalities by UV
photofunctionalization were revealed due to an increase in
protein adsorption such as fibrinogen and other attachable
proteins [43].
UV-mediated photofunctionalization is effective to
enhance bone tissue formation on the Ti mesh [44]. In addition, UV photofunctionalization accelerated and enhanced
levels of osseointegration and overcame impaired osseointegration even in type 2 diabetes using a rat model [45]. In a
clinical study, implant stability and osseointegration speed
of immediately loaded implants were increased through UV
treatment. Additionally, UV irradiation reduced the attachment and biofilm formation of wound pathogens on various
topographical Ti surfaces [46]. The mechanism might involve
superhydrophilicity and carbon elimination on the surface.
These data suggest that UV photofunctionalization can be a
novel, effective measurement to improve implant therapy for
mal-regenerative patients in the dental and orthopedic fields.
Besides, UV treatment is able to overcome time-related
degrading bioactivity of Ti, which means UV on-site treatment on Ti has a potential to restore the possible adverse
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effects of Ti aging in terms of osseointegration [35, 47].
From manufacturer, UV-pretreated dental Ti including SLAtreated Ti has been distributed in market with being immersed into CaCl2 and NaCl2 solution to avoid Ti aging. However, future research will be needed to validate these promising aspects using in vivo or clinical studies in terms of
enhanced osteoconductivity [34].
Even though UV treatment has been applied for enhancing success of dental implant restoration without change of
topographical characteristics, there are still limitations in
clinical applications. UV treatment requires relatively long
exposure time compared to NTAPP and thereby cannot apply
for on-site treatment in clinical situation. Whether specific
type of dental implants is set to be exposed to UV treatment
according to the anatomical data from digital images, they
can be changed into another type depending on the bone
width, height, and density on surgery day for Ti implantation.
Moreover, safety issues from photofunctionalized Ti surface
could be raised because the surface can react with stem
cells and may activate various biological signaling in an
unexpected way, which can adversely affect osseointegration.
In addition, interplay with osteoclast, macrophage, and other
important cell types for osseointegration is still under investigation. Even though, in terms of osseointegration by UV
treatment, in vitro, in vivo, or preclinical study has been
performed to show possibility of clinical application, biological mechanisms of cells on photofunctionalized Ti surface
and safety issues are still remaining under consideration. For
overcoming above limitations, UV machine with high performance is needed to be developed for decreasing treatment
time for on-site application of nanotopographical Ti implants
and more in vitro studies for revealing cellular mechanisms
and long term in vivo or clinical studies are necessary to
investigate promising and safety usages of UV treatment for
successful osseointegration.

4. Low-Level Laser Therapy
The term “laser,” which is an abbreviation for “Light Amplification by the Stimulated Emission of Radiation” was firstly
applied in dentistry by Maiman in 1960 and has been used
for hard and soft tissue applications especially for removing
or cutting certain part of them [48]. For example, in hard
tissue application, the laser is used for cutting bone, bleaching, restorative removal, and cavity preparation as well as
caries prevention and dentinal hypersensitivity, whereas soft
tissue application includes removal of soft tissue to uncover
impacted or partially erupted tooth or photostimulate herpetic lesion or malignancies [49]. In the United States, the use
of lasers was first approved by the Food and Drug Administration in around 1990s on the gingival soft tissue, and use on
hard tissue such as teeth or the bone of the mandible gained
approval in 1996 [50]. In the last decade, there has been an
explosion of research investigations in laser application on
Ti implant surface due to many advantages of laser such as
great specificity, on-site applicability with currently used laser
device, and cost-efficiency [51].
Several variants of dental lasers are in use with different
wavelengths and these mean they are better optimized for
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different applications. There are two types: on one hand there
are hard lasers such as Er:YAG laser and Er,Cr:YSGG laser,
whereas, on the other hand as cold or soft laser, there are carbon dioxide lasers, Nd:YAG laser, and light-emitting diodes,
which are compact, low-cost devices, and they are termed
as low-level laser therapy (LLLT) or “biostimulation” [52].
Hard lasers and other soft lasers except LLLT have limitation
in applying for nanotopography preserved on-site surface
functionalization for Ti dental implants due to surface
roughness changes as well as high costs [53]. Even though
above laser-treated surfaces induced an increase in biologic
response with bone marrow stem cells and many types of
osteoblastic lineages and may lead to improved bone-toimplant contact due to high surface energy and the macrostructures/microstructures of Ti implant [54, 55], topographical characteristics could not be preserved in nanoscale.
Therefore, LLLT pretreatment on Ti dental implants and its
effects for osseointegration will be discussed in this section.
LLLT including diode laser, gallium-aluminum-arsenide
(GaAlAs) diode, and helium-neon laser have been introduced
to have biostimulating potentials on Ti without surface morphology changes, therefore accelerating the healing process
[56]. The area of effect is larger than that in the high-energy
hard laser ones and therefore the heat is dispersed well, which
may not result in alterations of the surface topography in the
nanoscale. Therefore, most studies with LLLT in implantology were focused on an acceleration of osseointegration on Ti
implants. There exist many articles analyzing the potential
effects of these therapies on the osseointegration of Ti dental
implants. The results in the group irradiated with LLLT on
Ti implants reported beneficial effects from the microscopic
point of view: increased bone-implant contact, better bonding ability to natural bone, greater percentage of calcium,
phosphates, and hydroxyapatite composition in healing site,
an increase in osteoblast differentiation related gene expression such as osteoprotegerin, receptor activator of nuclear
factor kappa-B ligand, and no effect on bone resorption [57–
62]. Above in vitro data suggest that LLLT irradiated Ti has a
potential to induce faster bone maturation, improves bone
healing, and increases the cellular activity, including proliferation and attachment, in Ti material with increased activity
of alkaline phosphatase compared to the control group [62].
Besides, the use of LLLT can be applied for treating
chronic periodontitis, hypersensitivity, oral mucositis, and
orthodontic pain as well as decreasing infections around
dental implants [63–66].
Even though LLLT treatment has been applied for dental
implant restoration without change of topographical characteristics, there are still limitations for clinical application.
LLLT treatment also requires more than 24 hours, which
is relatively long exposure time compared to NTAPP and
cannot be applied for on-site treatment in clinical situation.
Even though a specific type of dental implant is exposed to
LLLT treatment in clinic, dimensions of Ti implant can be
changed. Although optimized time of LLLT did not induce
changes in topology, there is still a chance of alteration in the
nanoscale when treatment time is increasing. In addition, in
terms of rationale to link LLLT-treated Ti and osteoblastic
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Table 1: Advantages and disadvantages of on-site surface functionalization for Ti dental implant.

NTAPP

UV

LLLT

Advantages

Disadvantages

Superhydrophilicity
Preservation of microtopography/nanotopography
Short treatment time (less than 1 minute)
Decontamination effect
Antifouling effect
Increase of periodontal tissue healing and sealing with implant
A lot of in vitro data
Hydrophilicity, superhydrophilicity depending on the
treatment time
Preservation of microtopography/nanotopography
Relatively good clinical safety
Decontamination effect
Antifouling effect
A lot of in vitro and in vivo data

Safety issues
Lack of in vivo and clinical data for help of osseointegration
Lack of safety data

Hydrophilicity
Preservation of microtopography/nanotopography
Great clinical safety with safety instrument

Long treatment time (few hours)
Lack of data for help of osseointegration
Lack of cellular mechanism

(a)

Long treatment time (few hours)
Lack of clinical data as on-site treatment method
Possible damage to soft tissue

(b)

(c)

Figure 2: On-site dental titanium implant fixture functionalization method for clinical application. (a) Surgical preparation in missing
tooth site before dental titanium fixture implantation with opening periodontal soft tissue from alveolar bone. (b) On-site functionalization
treatment (i.e., LLLT) on dental titanium fixture. (c) Dental titanium fixture implantation on alveolar bone.

lineage, there is insufficient proof at the moment. Safety
issues from LLLT treatment also remain because certain
precautions should be taken to ensure safety [49]. First and
foremost risk factor is eye damage from laser to anyone such
as operating doctor, assistants, and patient during procedure.
It should be advised to wear protective eyewear for preventing
potential eye damage. Additionally, accidental exposure to
nontarget biomaterial or normal tissues such as surrounding
tissue or finger of operator can be prevented by the use of
protective ware and limiting access to the equipment and
operating environment to minimize the unwanted effects
from reflective laser. In terms of osseointegration by LLLT
treatment, more in vitro, in vivo, or preclinical studies are
necessary to show possibility of clinical application and
to optimize protocol (power, time, and type) to induce
increase of biological activity of osteoblastic lineages without
topographical changes because only few in vitro and animal
studies have shown a positive effect on osseointegration of Ti
implants.

5. Concluding Remarks
Table 1 shows advantages and disadvantages of on-site surface
functionalization method for Ti dental implant. Among three
potential nanotopography preserved functionalizing methods, NTAPP seems to be the best due to short treatment time
and high efficiency to induce superhydrophilicity. UV treatment mostly used in clinics is also convenient except long
period for treatment, which is the reason why UV treatment is
only performed in manufacturer. With the drawback in terms
of long treatment time, LLLT treatment using various types of
lasers has the longest history and may be acceptable due to its
early introduction to dental application for modifying surface
characteristics on Ti surface. However, it is still unclear to
understand biological mechanisms to link the bridge between
LLLT-treated Ti and cells as well as clinical study.
On-site surface functionalization is considered as a promising strategy to enhance osseointegration due to synergetic
advantages from reproducibility of topography and surface
bioactivity from on-site treatment (Figure 2). In the future,
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for the immune or osteoinductive-suppressed patients who
suffer from complications of drug use and systemic diseases
such as diabetes mellitus and other genetic disorders, the
promising biological effects from on-site surface functionalized Ti dental implant with nanotopography can be applied
for enhancing success of osseointegration of Ti dental
implant. However, in vivo and preclinical studies are insufficient to show promising effects for clinical application.
Additionally, bacterial resistance effect on roughened Ti in
the nanoscale from surface functionalization remains still
under investigation. Further preclinical and clinical studies in
terms of osseointegration and bacterial resistance are needed.
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Revision Total Knee or Hip Arthroplasty is challenging procedures for surgeons usually characterized by bone loss. There are
different options available to treat those bone losses. However, there is still a concern on the stability of bone-implant interface,
which is mandatory to achieve good long-term results in prosthetic implants. Recently, porous tantalum has been introduced, with
the aim of improving the bone-implant interface fixation and implant primary stability. Different solutions for the treatment of bone
defects in both revision Total Knee and Hip Arthroplasty have been proposed. In revision Total Hip Arthroplasty (THA) tantalum
shells can be used to treat Paprosky type III defects also, because of their mechanical properties. Similarly, trabecular metal has
been proposed in revision Total Knee Arthroplasty (TKA), being considered a viable option to treat severe type 2 or 3 defects. The
aim of this paper is to review the mechanical properties and characteristics of tantalum. Furthermore, we will discuss its role in
treating bone defects in both revision THA and TKA, as well as the outcome reported in literature.

1. Introduction
Osteointegration in orthopedic implants can be compared
to bone healing in fractures. Stability at the bone-implant
interface is mandatory for implant’s success. Excessive micromovements result in fibrous attachment fixation with a
collagen structure throughout the porous network [1], while
bigger movements can even produce a pseudocapsule [2]
surrounding the implant that can lead to early failure. The
limits for implant integration have been established in some
studies [2, 3] showing bone ingrowth for movements smaller
than 50 microns, pseudoligamentous healing from 50 to 150
microns, and pseudocapsule formation for movements bigger
than 150 microns. However, a small mechanical stimulation
at the interface can enhance implant healing in the first phase
after surgery.
Another important aspect in implant integration is pore
size; recent studies by Bobyn and associates [3] showed the
relationship between pore size and bone ingrowth rate. This
may be related to different microenvironments present within
different sizes pores and their effect on osteogenesis [4].

Traditionally, orthopedic implants have been produced
with titanium, stainless steel, and cobalt-chromium (CoCr). However, the limits of these materials in porosity,
high elastic modulus, and low frictional characteristics have
pushed researchers to develop new materials with better
performances. One of the answers to this search is tantalum,
firstly introduced by Zimmer (Warsaw, IN). The excellent
resistance to erosion-corrosion and high frictional characteristics associated with its bioactivity make tantalum a
promising material for orthopedic implants.

2. Basic Science
Tantalum is an elemental metal with great characteristics of
biocompatibility, corrosion resistance, and a porous geometry. Tantalum has a uniform and continuous structure that
allows for greater strength, lower stiffness, higher volumetry
porosity, and a higher coefficient of friction compared to
other porous metals [5].
Porous tantalum structure is produced by pyrolysis of
thermosetting polymer foam; it creates a low-density vitreous
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In addition, tantalum is relatively inert in vivo and can
be compared to titanium; by the way, tantalum can produce
occasional macrophage reaction at the implant-tissue interface [14]. At our knowledge, there are no studies reporting
inflammatory reaction to tantalum.

3. Treatment of Bone Deficiency in
Revision Total Hip Arthroplasty
Figure 1: Porous structure of the trabecular metal.

carbon skeleton characterized by a repeating dodecahedron
that produces a regular structure with interconnecting pores
[6]. Tantalum is then deposited on this structure by vaporization or infiltration [7–9]. The production process usually
produces coverage that ranges between 40 and 60 𝜇m in
thickness. However, designers and engineers can vary all
parameters of implants regarding shape and pores dimension
acting on the skeleton production and metal apposition.
For these reasons, tantalum mechanical properties can be
changed varying the thickness covering the polymer skeleton
(Figure 1).
In common orthopedic application, tantalum pore
dimension ranges from 400 to 600 𝜇m resulting in a 75%
to 85% porosity. At the end of the process, 99% of weight
is due to tantalum and 1% to the skeleton [6]. The porous
structure has higher porosity than other materials used in
orthopedic implants like sintered beads (30–35%) and fiber
metal (40–50%) [8], providing a great increase in elasticity
and making porous tantalum mechanical properties very
close to those of the subchondral bone.
The great number of pores and their dimension positively
affects stability of the implant, increasing friction coefficient,
up to even three times higher than sintered beads materials
[10].
In the long period, primary stability is enhanced by
tantalum bioactivity that produces a stable oxide component
(Ta2 O5 ) on the surface forming a bone-like apatite layer [11].
These characteristics represent a great improvement compared to conventional materials. Classically, implants’ bioactive coatings applied to the surface of the implant grant bone
integration. The effect is to bond bone; however, they showed
to degrade over time and debond from the implant surface
with possible loosening.
Tantalum morphology provides a scaffold for bone
growth and osteoblast interaction [2, 7, 12, 13], producing a
bone ingrowth that has been measured to be 0.2 to 2 mm in
4 weeks [12]. For these reasons, pullout tests demonstrated
that tantalum could resist doubled shears forces, compared
to conventional materials (18.5 MPa versus 9.3 MPa of the CoCr sintered beads) [3, 7, 12]. Complete incorporation into the
bone is usually achieved around 16 weeks after implant and
no major variations can be observed at one year [7].
The association of great friction rate and the subsequent
osteointegration makes tantalum the perfect material for
bone loss managing and defect filling.

The number of Total Hip Arthroplasties (THA) is increasing,
as well as life expectancy. Consequently, the number and
complexity of revision THA continue to increase, with a
further increase expected in 2030 of 137% compared to 2005
[15]. Revision THA are usually challenging for surgeons,
particularly on the acetabular side, which is more commonly
characterized by bone loss. In socket revisions, the surgeon
has to manage bone defects and provide a stable construct; in
these cases an accurate preoperative planning is mandatory
to achieve good results [16].
Different classification systems have been used for acetabular defects to describe the severity of bone losses. Paprosky
et al. developed a classification evaluating the acetabular
defect type, size, and location, pointing at the appropriate
reconstructive options’ selection. The classification is based
on four radiographic measures obtained through an anteroposterior radiograph of the pelvis: (1) superior hip center
migration, (2) ischial osteolysis, (3) position of the implant
relative to the Kohler (ilioischial) line, and (4) teardrop
osteolysis (Table 1) [17].
Bone losses are consequently classified depending on
the support for the new acetabular cup of the acetabulum:
completely supportive (type I), partially supportive (type II),
or unsupportive (type III). The reconstruction options for
acetabular revision include hemispherical cementless cup,
jumbo cup, structural or morselized allograft, custom or
triflanged implants, and antiprotrusio cage [18]. Trabecular
metal implant or augments can be useful to treat major bone
defects, allowing for increased biological fixation, primary
stabilization, and easier surgical technique, also when compared to structural allograft.
3.1. Reconstructive Options Using Trabecular Metal. Highly
porous metal components are popular options for both primary and revision THA. Conversely to titanium components,
which require at least 50% of supporting bone stock, these
cups can be used also in Paprosky type III defects, because of
their mechanical properties [18, 19]. Using trabecular metal
cups allows for good osteointegration and primary stability
of the system [20]. There are two types of tantalum cups: with
incorporated locking mechanism for the polyethylene insert
or predisposed for cementation of the polyethylene insert.
The second option allows a greater malleability of implant by
positioning it in the area of the defect not considering its position and orientation that can be compensated by reorienting
the insert at the time of cementation [18]. When less than
50% of bone stock is available, structural allograft or metal
augments may be required to allow stability of the cup. Porous
metal augments can be assembled intraoperatively acting as
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Table 1: The Paprosky classification.

Defect type
I
IIA
IIB
IIC
IIIA
IIIB

Superior hip center migration
Minimal
Mild
Moderate
Mild
Severe
Severe

a structural allograft. The surgical technique includes securing the augments to the pelvis with multiple screws and then
securing the revision shell to the augment with bone cement.
The shell is then secured to the pelvis with multiple screws
[6, 21, 22]. When the augment is secured to the acetabular
shell, the surface area of the cup available for bone ingrowth
can be raised up to 30 or 40% of the surface more than
the implant with no augments [16]. However, care should
be used implanting trabecular metal cups: Springer et al.
detected 7 transverse acetabular fractures in a series of 37
trabecular metal cup revisions; all fractures likely occurred
intraoperatively [23].
Trabecular metal augments can be also useful for type
III defect; in presence of massive contained or uncontained
defects involving more than 50% of the acetabulum, a protective cage may be necessary. Particularly, if morselized or
structural grafts are used and the necessary amount of contact
is not achievable, the bone graft should be protected by a cage
[24]. These cages have different advantages: they can be used
as a template for bone stock restoration and they allow placing
the hip center in an anatomic position independently by the
cage position. However, the surgical technique is demanding
and the cages do not allow for bone integration [24]. Different
authors reported poor results using cages, with a high failure
rate, particularly in those cases with insufficient column or
superior dome bone stock to support the cage and the graft
or in case of pelvic discontinuity [16, 25, 26]. For this reason,
different authors proposed using trabecular metal in these
cases as well. Some authors proposed to use a “cup-cage”
system. The trabecular metal cup, because of its properties,
allows for a better healing environment for the graft. If an
adequate amount of bone is not available, a cage can protect
the cup. The cage protects the cup until bone graft remodeling
is complete, and then the stress leaves off the cage and is
transferred on the trabecular metal cup [16, 24, 27, 28].
When the anterior and posterior walls are insufficient in a
pelvic discontinuity, trabecular metal cups and augments can
be used to restore acetabular ring integrity. The augments are
placed in the inferior and superior aspect of the acetabular
defect, secured to the bone with screws, and the cup is then
inserted press-fit into the contained bone defect of host bone.
To provide rigid fixation, multiple screws can be placed in
both the superior and inferior hemipelvis. This construct
can be used as an internal plate to stabilize discontinuity
[25, 28, 29].
3.2. Clinical Outcomes. Different studies focused on clinical
outcomes of trabecular metal constructs in revision THA
(Table 2). Given that most of these studies are characterized

Ischial osteolysis
None
Mild
Mild
Mild
Moderate
Severe

Kohler line
Intact
Intact
Intact
Disrupted
Intact
Disrupted

Teardrop
Intact
Intact
Intact
Moderate lysis
Moderate lysis
Severe lysis

by short-term follow-up or small population, good clinical
and radiological outcomes are reported, despite a considerable complication rate related to the complexity of the surgery
[19–21, 25, 28–41].
Van Kleunen et al. in 2009 [42] reported 90 patients with
Paprosky type 2 or more acetabular bone defects, treated with
revision shell associated with metal augments. There were 8
cases of infection and one revision for dislocation. No revisions for aseptic loosening were detected. The authors concluded that revision shells associated with metal augments
are a viable option to treat moderate to severe bone losses in
acetabular revision. Jafari et al. [43] compared the outcomes
of titanium and tantalum cup in 283 hip revisions with mixed
acetabular bone defects; the authors concluded that there was
a higher failure rate in massive bone deficiency for titanium
cups compared to tantalum cups, which showed radiographical better fixation. Similarly, Fernández-Fairen et al. [44] evaluated 263 patients treated with monoblock or revision tantalum shell, with 85.9% subjective satisfaction, and no aseptic
loosening at 73-month follow-up. Skyttä et al. [45] evaluated
827 patients treated with trabecular metal shell in revision
hip arthroplasty with patterns of bone loss, representing
the biggest population described in literature. The authors
observed a 92% overall survivorship at 3-year follow-up, with
2% of aseptic loosening. Furthermore, each additional year
in age decreased the risk of revision by 2.4%. Recently, Long
et al. [46] evaluated 599 revision shells at a minimum of 24
months of follow-up reporting 7.8% of reoperation, with 2.3%
of removed cup but without any case of aseptic loosening.
In the recent years, some authors described their experience using cup-cage constructs. Abolghasemian et al. [47]
evaluated 26 patients affected by pelvic discontinuity and
treated with cup-cage construct and 16 patients treated using
standard cages. The authors reported a reduced complication
and revision rate in the cup-cage group, with a higher
pelvic discontinuity healing-rate compared to the standard
cages. Recently, Amenabar et al. [48] described their results
on 64 patients affected by Paprosky types 3 and 4 defects
with 61% of pelvic discontinuity and treated using cup-cage
constructs. The 5- and 10-year cumulative survivorship was,
respectively, 93% and 85%. The authors concluded that cupcage constructs are a viable option in the treatment of major
acetabular bone losses.

4. Treatment of Bone Deficiency in Revision
Total Knee Arthroplasty
Similar to THA, also the number of revision Total Knee
Arthroplasties (TKA) is increasing [15]. Revision TKA can
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Table 2: Results for revision THA using porous tantalum acetabular components (THA: Total Hip Arthroplasty, N/A: not reported).
Author

Year

Number of
cases (F/M)

Average age
(SD)

The Paprosky
classification of
bone defect

Nehme et al. [30]

2004

16

N/A

2 and 3

Unger et al. [31]

2005

60

N/A

N/A

12 (versus 12
patients
reconstructed
with cage)

61

3 (all pelvic
discontinuity)

Paprosky et al. [25] 2005

Sporer and
Paprosky [32]

2006

28

64

3A

Sporer and
Paprosky [33]

2006

13

N/A

3B (pelvic
discontinuity)

Weeden and
Schmidt [29]

2007

43

N/A

3A, 3B (10 pelvic
discontinuity
cases)

Malkani et al. [34]

2009

25 (16/9)

71.7 (10.5)

2 or 3

Flecher et al. [35]

2008

23

58.2

3A, 3B (8 pelvic
discontinuity
cases)

Van Kleunen et al.
[42]

2009

90 (50/40)

59

Minimum 2A

Siegmeth et al. [21] 2009

34 (19/15)

64

2, 3 (2 pelvic
discontinuity
cases)

Lakstein et al. [36]

53 (24/29)

63

Less than 50% of
contact

2009

Follow-up
months Outcome
(SD)
No implant had evidence of
migration or loosening
Revision shell
Good clinical and
and modular
31.9
radiological outcomes at early
augments
follow-up; 1 revision for pelvic
discontinuity, 1 dislocation, 1
sciatic nerve palsy
Tantalum cup
7 cases of dislocation and 1
42
with screws
case of aseptic loosening
11 patients with no or
Trabecular
moderate pain in tantalum
metal cup
group versus 8 patients in
with or
25.2
cage group; 1 aseptic
without
loosening case in the
augments
tantalum group versus 8 cases
in the cage group
Trabecular
All hips radiographically
metal cup
37.2
stable; no revision; good
plus superior
clinical outcome
augment
1 possible radiographic
Revision shell
loosening; no revision surgery
31.2
with/without
Reliable and reproducible
augments
short-term results in pelvic
discontinuity
Trabecular
metal cup
1 septic loosening case
with or
33.6
98% success rate; excellent
without
option in revision TKA
augments
21 well-fixed and functioning
Revision shell
implants, with ingrowth along
with/without
39 (11) the tantalum surface; no
augments
dislocation or aseptic
loosening
No mechanical failure
Revision shell
Suitable options for type III
with or
35
defects and alternative
without
options to bone graft and
augments
cages
Revision shell
with/without
8 revisions for infection and 1
augments; 2
45
case for instability; no
antiprotrusio
revision for aseptic loosening
cage cases
Trabecular
2 aseptic failures; good
metal shell
clinical and radiological
with
34
outcomes at short-term
augments
follow-up
and screws
2 failed cup cases (4%); other
2 cups with radiological signs
Trabecular
45
of aseptic loosening; 4
metal cups
dislocation cases, 1 sciatic
nerve palsy case
Type of
implant
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Table 2: Continued.

Author

Year

Number of
cases (F/M)

Average age
(SD)

The Paprosky
classification of
bone defect

Jafari et al. [43]

2010

283 (128/155)

69

Mixed

Flecher et al. [37]

2010

71 (41/30)

60

Mixed

Fernández-Fairen
et al. [44]

2010

263 (150/113)

69.5

Mixed

Lachiewicz and
Soileau [19]

2010

37 (19/18)

65.1

3

Ballester Alfaro
and Sueiro
Fernandez [27]

2010

19 (12/7)

63

3A and 3B

Skyttä et al. [45]

2011

827 (522/447)

69.1

N/A

Davies et al. [38]

2011

46 (24/22)

66.7

2C or 3

Del Gaizo et al.
[39]

2012

36

60

3A

Gehrke et al. [40]

2013

46 (28/18)

65

2B, 3A

24

67

3, 4

Batuyong et al. [28] 2014

Follow-up
months Outcome
(SD)
Failure rate: titanium 8%,
tantalum 6%
Tantalum cup
Higher failure rate in
(79) versus
43.6
massive bone deficiency for
titanium cup
titanium cups
(207)
Radiographically better
fixation for tantalum cups
No radiolucent lines, 3
Tantalum cup
revisions for instability
with/without
48
Good restoration of
augments
rotation center of the hip
Monoblock
85.9% of satisfied patients
or revision
All cups were stable, no
shell with or
73.6
revision, no radiolucent
without
lines
augments
97% of well-fixed
Tantalum
component; 1 mechanical
cups and
39.6
failure; 7 revisions
augments
(dislocation, infection,
periprosthetic fracture)
No mechanical failures
Buttress tantalum
Cup-cage
augments, with cup-cage
26
constructs
construct for severe bone
defects can be a viable
option
The 3-year overall
survivorship was 92%; 2%
Trabecular
revision for aseptic
metal
36
loosening; each additional
revision shell
year in age decreased the
risk of revision by 2.4%
Tantalum
1 infection, 2 dislocations,
cups with or
and 1 arterial bleeding
without
50
Good clinical outcomes; no
augments or
loosening
buttress plate
One aseptic loosening; 7
revisions (dislocation,
Tantalum
infection, periprosthetic
cups and
26
fracture)
augments
Reasonable function with
low rates of loosening at
midterm follow-up
4 hips of dislocation; 2
revisions because of early
Tantalum
loosening; tantalum
cups and
46
implants were
augments
radiographically stable and
osteointegrated
Trabecular
metal shell
92% osteointegration; 2
with/without
37
failures for septic loosening
augments
and cage
Type of
implant
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Author

Year

Number of
cases (F/M)

Average age
(SD)

The Paprosky
classification of
bone defect

Moličnik et al. [20]

2014

25 (11/14)

69.7

Minimum 2A

Abolghasemian et
al. [47]

2014

26 (20/4)
versus 19
(18/1) treated
with cage

65

All pelvic
discontinuity

Long et al. [46]

2015

599 (345/254)

65.5

N/A

Amenabar et al.
[48]

2016

64 (50/14)

66

3 and 4 (61% of
pelvic
discontinuity)

be a demanding procedure for both the patients and the
surgeons. Usually, the surgeons have to deal with bone losses,
ligamentous deficiencies, and loss of adequate fixation. Engh
and Ammeen [49] proposed the “Anderson Orthopaedic
Research Institute” (AORI) classification of bone defects.
Femoral and tibial bone losses are classified into three types,
according to the extent and severity of the defect. Type 1
defects are characterized by intact metaphyseal bone stock,
without subsidence of the components nor osteolysis. In type
2 defects the metaphyseal bone is damaged in one (A) or both
(B) condyles. On the femoral side these defects are usually
distal to the epicondyles, and on the tibial side they are up to
or below the fibular head. Type 3 defects include major bone
losses, generally associated with ligamentous insufficiency,
proximal to the epicondyle in the femur and distal to the tibial
tuberosity at the tibia.
Furthermore, bone defects can be divided into cavitary
or segmental, depending on the status of the cortical ring
surrounding the defect [50]. The bone defects should be
reclassified after removal of the components, as their amount
usually increases much during surgery. A minimum defect
theoretically involves less than 50% of a single condyle, with
a depth of less than 5 mm. A moderate defect involves 50%
to 70% of a single condyle with a depth of 5 to 10 mm. An
extensive defect involves more than 70% of a condyle with
a depth over 10 mm. Finally, a massive cavitary defect is
characterized by the total disruption of one or both femoral
condyles and can be either associated with an intact cortical
rim or not [50].

Follow-up
months Outcome
(SD)
No aseptic loosening; 1
Trabecular
revision for traumatic
metal shell
dislocation; it is a suitable
20.9
with/without
option in revision THA
augments
with good short-term
outcomes
4 major complications in
cup-cage group versus 9 in
the cage group; all
Cup-cage
discontinuity healed in
82
construct
cup-cage group, only 3 in
versus cage
the cage group; 3 early
migrations in the cup-cage
group
7.8% of reoperations; 2.3%
of cup removal (12/14 for
Revision shell
24
septic loosening); no
revision for aseptic
loosening
93% and 85% of,
respectively, 5 and 10 years
Cup-cage
74
of cumulative survivorship;
construct
it is a suitable option in
pelvic discontinuity
Type of
implant

In this scenario, obtaining a stable fixation of the revision
implant is mandatory. Morgan-Jones et al. [52] recently
defined the “zonal fixation” concept. The femur and tibia can
be divided into three zones: the joint surface or epiphysis, the
metaphysis, and the diaphysis. The authors suggest that solid
fixation should be achieved in at least two out of the three
zones.
4.1. Surgical Options Using Trabecular Metal and Techniques.
Available options to treat bone defects are bone cement,
autograft, morselized or structural allograft, metal augments,
cones, and sleeves [53]. The chosen technique depends on
patient age, life expectancy, bone loss classification, need for
diaphyseal fixation, and ligamentous insufficiency. Radnay
and Scuderi [51] developed an algorithm to deal with bone
losses (Table 3). If the defects are small and cavitary and
involve less than 1/4 of the cortical rim, they can be filled
using cement or bone grafts. Conversely, if the defect involves
more than 1/4 of the cortical rim or it is segmental, metal
augments must be considered. Metal augments should also
be considered if more than 40% of the implant interface is
not supported by host bone. Metal augments resulted to be
particularly useful in 5 to 10 mm type 2 defects. Major bone
defects, particularly type 3 defects, are the most demanding
to treat. Allograft, metal augment, hinged implant, and long
stems may turn out to be useful in obtaining adequate fixation
and stability in these cases. Trabecular metal is indicated in
treating major bone loss, providing adequate fixation and
stability. Trabecular metal has been proposed in revision TKA
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Table 3: Radnay’s algorithm for bone loss treatment in revision TKA [51].

Type 1 defects
Cement
Morselized bone graft
Metal augment

Type 2 defects

Type 3 defects

Defects < 5 mm: cement

Unicondylar: metal augments
Bicondylar: metal augments, tantalum cones, structural
allograft, hinge/tumor prosthesis

Defects 5–10 mm: metal augment
Defects > 10 mm: structural allograft or metal augments

Figure 2: Tibial bone defect at the end of the preparation for
implanting a tantalum cone.

Figure 3: Preparation with rasp for a femoral tantalum cone.

because of its properties, such as increased osteointegration
and structural stability. Tantalum cones can be a viable option
to treat severe type 2 or 3 bone defects and can be used
in association with tantalum augments to increase primary
fixation [50]. Stepped cones are also available when the bone
defect is greater on one side of the tibial plateau compared to
the other [51].
4.1.1. Tantalum Cones’ Surgical Technique. Bony surfaces
have to be completely debrided from necrotic bone and
residual cement, and the bone defect is sized. The residual
bone has to be prepared for the tantalum cones. Dedicated
instrumentation with trial is available. Once the surgeon has
chosen the size of the cone, the defect is prepared using high
speed burr, to reach the shape of the cone (Figure 2). On
the femoral side, dedicated rasp can be used, but carefully
in order to avoid fracturing the impacted bone (Figure 3).
Both on the tibial and on femoral side, care should be taken
not to overresect the bone, because the cones have to be
inserted with a tight press-fit. If there is still a defect between
the cone and the host bone, it can be filled using morselized
grafting (Figure 4). Once the cone is impacted into the host
bone, the final tibial or femoral component is cemented into
the cone. Association of a tibial or femoral stem is useful
to guarantee better stability and fixation of the construct
(Figure 5) [50, 51, 54, 55].
Trabecular metal has also been proposed to treat severe
patellar bone defect in revision TKA. Porous tantalum patellar component allows for implantation of a polyethylene
patellar component. However, using a patellar tantalum component as an alternative to bone grafting requires sufficient

Figure 4: Tibial tantalum cone implanted. The blue arrow shows the
filling of the remaining defect with morselized bone.

blood supply to allow for the incorporation of the new
component in the residual patellar bone [56].
4.2. Clinical Outcomes. Considering the recent introduction
of tantalum materials, only short-term follow-up studies are
available (Table 4) [54, 57–63].
Most of these studies reported good clinical and radiological outcomes with low revision rate for aseptic loosening
(0.9%), despite an increased revision rate for infection (2.2%)
[55].
Howard et al., in 2011 [66], reported 24 femoral cones
used to fill type 2 or 3 femoral bone defects. The authors
reported a high reoperation rate, but without any aseptic
loosening or mobilization of the tantalum cone at short-term
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Table 4: Results for revision TKA or patellar replacement using porous tantalum components (TKA: Total Knee Arthroplasty, N/A: not
reported).
Author

Year

Number of cases
(femoral/tibial)

Average
age
(SD)

Bone defect
classification
(AORI)

Nelson et al. [64]

2003

20

70

N/A

Nasser and Poggie
[65]

2004

11

66

N/A

Meneghini et al. [57]

2008

Long and Scuderi [58] 2009

Type of
implant
Porous
tantalum
(PT) patellar
components
Porous
tantalum
(PT) patellar
components
Femoral and
tibial
tantalum
cones

Follow-up
months Outcomes
(SD)
Good or excellent results in
17 patients; 3 polar patellar
23
fractures postoperatively;
no sign of loosening
32

15

68.1

Types 2 and 3

16 (all tibial)

66.1

2 T2A, 3 T2B, 4
T3A, 7 T3B tibial
bone defects

Tantalum
tibial cones

31

34

Howard et al. [66]

2011

24 (all femoral)

64

Types 2 and 3

Femoral
tantalum
cones

33

Lachiewicz et al. [59]

2012

33 (9/24)

64.6

N/A

Femoral or
tibial cone

39.6

N/A

Porous
tantalum
(PT) patellar
components

92.4

Types 2 and 3

Femoral and
tibial
tantalum
cones

36

Types 2 and 3

Femoral and
tibial
tantalum
cones

37

Kamath et al. [56]

Villanueva-Martı́nez
et al. [60]

Schmitz et al. [61]

2012

2013

2013

23

21 (18/11)

44

62

73.3

72

All implants stable, high
patients’ satisfaction
All cones were
osteointegrated at the
follow-up; no loosening or
migration
2 cases of reinfections; in
the remaining cases no
reoperations and no signs
of loosening; good
short-term results were
achieved in complex
revisions, with these new
cones
21% required
subsequent
surgery (no aseptic
loosening); all femoral
cones appeared well-fixed
radiographically, with no
evidence of complications
related to the cone
2 cones removed for
infection at 12 months, 1
revision for loosening
Metaphyseal fixation with
tantalum cones can be
achieved
All patellae had less than
10 mm residual thickness;
in 2 cases direct sutures to
the tendons; 4 revision
surgeries; 83% of
survivorship; failures were
associated with avascular
necrosis of the residual
bone and direct suture to
the extensor apparatus
All metaphyseal cones
showed evidence of stable
osteointegration; good or
excellent results in 17 cases
2 rerevisions for aseptic
loosening; favorable clinical
and radiological outcomes
using tantalum cones in
managing significant bone
losses in revision TKA
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Table 4: Continued.

Author

Year

Number of cases
(femoral/tibial)

Average
age
(SD)

Bone defect
classification
(AORI)

Type of
implant

Rao et al. [62]

2013

29

72

Types 2 and 3

Femoral and
tibial
tantalum
cones

Jensen et al. [67]

2014

36 (all tibial)

69

Types 2 and 3
(75%)

Tantalum
tibial cones

Derome et al. [63]

2014

29

70

Types 2 and 3

Boureau et al. [54]

2015

7 (all femoral)

65

Types 2 and 3

De Martino et al. [68]

2015

26 (13/13)

Femoral and
tibial
tantalum
cones
2-tantalumcone
technique

Follow-up
months Outcomes
(SD)
No radiolucent lines; good
osteointegration one year
36
after surgery; no evidence
of collapse or loosening
4 rerevisions (2 infections, 1
aseptic loosening, 1
47
hyperextension); 27
patients had no radiological
loosening
33

17

73

Types 2 and 3

Femoral and
tibial
tantalum
cones

Femoral and
tibial
tantalum
cones

40

Tibial
tantalum
cones

70

Brown et al. [69]

2015

83

69

Types 2 and 3
(primary and
revision surgery)

Kamath et al. [70]

2015

66

67

Types 2 and 3

follow-up; this has to be considered a good outcome in a
cohort of patients with a lot of comorbidities and enhances
the good integration properties of this material. Recently,
Jensen et al. [67] reported their results using tantalum cones
to treat major tibial bone losses; at a short-term follow-up
only 1 revision for aseptic loosening was necessary, while
most of the patients showed well integrated cones. In 2015
three papers with considerable population and midterm
follow-up were published. De Martino et al. [68] described
their results with 26 (both femoral and tibial) cones at 72
months of follow-up. No evidence of loosening of the cones

72

No evidence of loosening
or migration of the
constructs; no complication
No complication; no
migration of the femoral
cones
2 reoperations for infection,
but cones were
osteointegrated; no
evidence of loosening;
tantalum cones for
reconstruction of massive
bone defects provided
secure fixation and
outcomes at average
follow-up of 6 years
12% revision (one aseptic
loosening); of the
unrevised knee, 99% had
complete osteointegration
45% experienced at least
one complication
Improvement of mean
Knee Society Score; one
patient had progressive
radiolucent line; 3 cones
were revised: 1 infection, 1
aseptic loosening, 1
periprosthetic fracture;
revision-free survival of the
tibial cone component was
>95% at the time of the
latest follow-up

was detected, and the authors stated that tantalum cones
for reconstruction of massive bone defects provided secure
fixation and outcomes at average follow-up of 6 years. Brown
et al. [69] described one of the biggest populations of femoral
and tibial cones at short-term follow-up, reporting a 12% revision rate, but only one case of aseptic loosening. 99% of the
remaining unrevised knees had complete osteointegration.
Kamath et al. [70] recently reported a midterm followup (70 months) of tibial tantalum cones used to fill major
bone defects in revision TKA. The authors described one case
of progressive radiolucent line, with a revision-free survival
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thanks to the great ductility of the material and its intrinsic
characteristics. High porosity, elasticity, bioactivity, biocompatibility, and osteoinductivity are of paramount importance
in orthopedic implants and tantalum is actually the state of
the art for all these aspects.
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Figure 5: Postoperative X-ray showing (a) lateral view of a revision
TKA with a tibial tantalum cone and (b) anteroposterior view of a
revision TKA with a tibial tantalum cone.
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in the first phase after surgery.
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A. Moličnik, M. Hanc, G. Rečnik, Z. Krajnc, M. Rupreht, and S.
K. Fokter, “Porous tantalum shells and augments for acetabular
cup revisions,” European Journal of Orthopaedic Surgery &
Traumatology, vol. 24, no. 6, pp. 911–917, 2014.
A. Siegmeth, C. P. Duncan, B. A. Masri, W. Y. Kim, and D.
S. Garbuz, “Modular tantalum augments for acetabular defects
in revision hip arthroplasty,” Clinical Orthopaedics and Related
Research, vol. 467, no. 1, pp. 199–205, 2009.
J. B. Stiehl, “Trabecular metal in hip reconstructive surgery,”
Orthopedics, vol. 28, no. 7, pp. 662–670, 2005.
B. D. Springer, D. J. Berry, M. E. Cabanela, A. D. Hanssen,
and D. G. Lewallen, “Early postoperative transverse pelvic
fracture: a new complication related to revision arthroplasty
with an uncemented cup,” The Journal of Bone & Joint Surgery—
American Volume, vol. 87, no. 12, pp. 2626–2631, 2005.
A. E. Gross and S. B. Goodman, “Rebuilding the skeleton:
the intraoperative use of trabecular metal in revision total
hip arthroplasty,” The Journal of Arthroplasty, vol. 20, no. 4,
supplement 2, pp. 91–93, 2005.
W. G. Paprosky, M. O’Rourke, and S. M. Sporer, “The treatment
of acetabular bone defects with an associated pelvic discontinuity,” Clinical Orthopaedics and Related Research, no. 441, pp.
216–220, 2005.
S. Goodman, H. Saastamoinen, N. Shasha, and A. Gross,
“Complications of ilioischial reconstruction rings in revision
total hip arthroplasty,” Journal of Arthroplasty, vol. 19, no. 4, pp.
436–446, 2004.
J. J. Ballester Alfaro and J. Sueiro Fernandez, “Trabecular Metal
buttress augment and the Trabecular Metal cup—cage construct
in revision hip arthroplasty for severe acetabular bone loss and
pelvic discontinuity,” Hip International, vol. 20, supplement 7,
pp. S119–S127, 2010.
E. D. Batuyong, H. S. Brock, N. Thiruvengadam, W. J. Maloney,
S. B. Goodman, and J. I. Huddleston, “Outcome of porous
tantalum acetabular components for paprosky type 3 and 4
acetabular defects,” Journal of Arthroplasty, vol. 29, no. 6, pp.
1318–1322, 2014.

11
[29] S. H. Weeden and R. H. Schmidt, “The use of tantalum porous
metal implants for Paprosky 3A and 3B defects,” Journal of
Arthroplasty, vol. 22, no. 6, supplement 2, pp. 151–155, 2007.
[30] A. Nehme, D. G. Lewallen, and A. D. Hanssen, “Modular porous
metal augments for treatment of severe acetabular bone loss
during revision hip arthroplasty,” Clinical Orthopaedics and
Related Research, no. 429, pp. 201–208, 2004.
[31] A. S. Unger, R. J. Lewis, and T. Gruen, “Evaluation of a porous
tantalum uncemented acetabular cup in revision total hip
arthroplasty: clinical and radiological results of 60 hips,” Journal
of Arthroplasty, vol. 20, no. 8, pp. 1002–1009, 2005.
[32] S. M. Sporer and W. G. Paprosky, “The use of a trabecular
metal acetabular component and trabecular metal augment for
severe acetabular defects,” Journal of Arthroplasty, vol. 21, no. 6,
supplement 2, pp. 83–86, 2006.
[33] S. M. Sporer and W. G. Paprosky, “Acetabular revision using
a trabecular metal acetabular component for severe acetabular
bone loss associated with a pelvic discontinuity,” Journal of
Arthroplasty, vol. 21, no. 6, supplement 2, pp. 87–90, 2006.
[34] A. L. Malkani, M. R. Price, C. H. Crawford III, and D. L.
Baker, “Acetabular component revision using a porous tantalum
biomaterial: a case series,” The Journal of Arthroplasty, vol. 24,
no. 7, pp. 1068–1073, 2009.
[35] X. Flecher, S. Sporer, and W. Paprosky, “Management of severe
bone loss in acetabular revision using a trabecular metal shell,”
The Journal of Arthroplasty, vol. 23, no. 7, pp. 949–955, 2008.
[36] D. Lakstein, D. Backstein, O. Safir, Y. Kosashvili, and A. E. Gross,
“Trabecular Metal cups for acetabular defects with 50% or less
host bone contact,” Clinical Orthopaedics and Related Research,
vol. 467, no. 9, pp. 2318–2324, 2009.
[37] X. Flecher, W. Paprosky, J.-C. Grillo, J.-M. Aubaniac, and J.N. Argenson, “Do tantalum components provide adequate
primary fixation in all acetabular revisions?” Orthopaedics and
Traumatology: Surgery and Research, vol. 96, no. 3, pp. 235–241,
2010.
[38] J. H. Davies, G. Y. Laflamme, J. Delisle, and J. Fernandes,
“Trabecular metal used for major bone loss in acetabular hip
revision,” The Journal of Arthroplasty, vol. 26, no. 8, pp. 1245–
1250, 2011.
[39] D. J. Del Gaizo, V. Kancherla, S. M. Sporer, and W. G. Paprosky,
“Tantalum augments for paprosky IIIA defects remain stable at
midterm followup,” Clinical Orthopaedics and Related Research,
vol. 470, no. 2, pp. 395–401, 2012.
[40] T. Gehrke, Y. Bangert, B. Schwantes, M. Gebauer, and D.
Kendoff, “Acetabular revision in THA using tantalum augments
combined with impaction bone grafting,” HIP International,
vol. 23, no. 4, pp. 359–365, 2013.
[41] R. G. Clement, A. G. Ray, D. J. MacDonald, F. A. Wade, R.
Burnett, and M. Moran, “Trabecular metal use in paprosky type
2 and 3 acetabular defects: 5-year follow-up,” The Journal of
Arthroplasty, vol. 31, no. 4, pp. 863–867, 2016.
[42] J. P. Van Kleunen, G.-C. Lee, P. W. Lementowski, C. L. Nelson,
and J. P. Garino, “Acetabular revisions using trabecular metal
cups and augments,” Journal of Arthroplasty, vol. 24, no. 6, pp.
64–68, 2009.
[43] S. M. Jafari, B. Bender, C. Coyle, J. Parvizi, P. F. Sharkey, and W.
J. Hozack, “Do tantalum and titanium cups show similar results
in revision hip arthroplasty?” Clinical Orthopaedics and Related
Research, vol. 468, no. 2, pp. 459–465, 2010.
[44] M. Fernández-Fairen, A. Murcia, A. Blanco, A. Meroño, A.
Murcia, and J. Ballester, “Revision of failed total hip arthroplasty

12

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

Journal of Nanomaterials
acetabular cups to porous tantalum components. A 5-Year
Follow-Up Study,” Journal of Arthroplasty, vol. 25, no. 6, pp. 865–
872, 2010.
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177

Lu-labeled nanoparticles conjugated to biomolecules have been proposed as a new class of theranostic radiopharmaceuticals.
The aim of this research was to synthesize 177 Lu-dendrimer(PAMAM-G4)-folate-bombesin with gold nanoparticles (AuNPs) in
the dendritic cavity and to evaluate the radiopharmaceutical potential for targeted radiotherapy and the simultaneous detection of
folate receptors (FRs) and gastrin-releasing peptide receptors (GRPRs) overexpressed in breast cancer cells. p-SCN-Benzyl-DOTA
was conjugated in aqueous-basic medium to the dendrimer. The carboxylate groups of Lys1 Lys3 (DOTA)-bombesin and folic acid
were activated with HATU and also conjugated to the dendrimer. The conjugate was mixed with 1% HAuCl4 followed by the addition
of NaBH4 and purified by ultrafiltration. Elemental analysis (EDS), particle size distribution (DLS), TEM analysis, UV-Vis, and
infrared and fluorescence spectroscopies were performed. The conjugate was radiolabeled using 177 LuCl3 or 68 GaCl3 and analyzed
by radio-HPLC. Studies confirmed the dendrimer functionalization with high radiochemical purity (>95%). Fluorescence results
demonstrated that the presence of AuNPs in the dendritic cavity confers useful photophysical properties to the radiopharmaceutical
for optical imaging. Preliminary binding studies in T47D breast cancer cells showed a specific cell uptake (41.15 ± 2.72%). 177 Ludendrimer(AuNP)-folate-bombesin may be useful as an optical and nuclear imaging agent for breast tumors overexpressing GRPR
and FRs, as well as for targeted radiotherapy.

1. Introduction
Dendrimers are hyperbranched polymeric structures varying
in their initiator core, repeating units, terminal functionality,
charge, and solubility profile. A drug can be entrapped
either within the internal cavities or conjugated to peripheral functional groups of the dendrimer. Polyamidoamine
(PAMAM) dendrimers are spherical macromolecules composed of repeating polyamidoamine units which are known
to have low biological toxicity, good biocompatibility, and in
vivo stability [1, 2].
Gold nanoparticles (AuNPs) conjugated to peptides or
biomolecules with target-specific recognition produce stable

multimeric systems with target-specific molecular recognition. Plasmonic AuNPs can be fluorescent when they are
prepared by thermal reduction procedures or when they are
designed to absorb in the near infrared region; therefore,
AuNPs can also function as optical imaging agents [3, 4].
Over the last two decades, several experimental evidences
have suggested that the gastrin-releasing peptide (GRP)
and other bombesin-like peptides act as growth factors in
many types of cancer [5]. Overexpression of gastrin-releasing
peptide receptors (GRPR) is present in 96% of breast cancer
tissues [6]. Different bombesin analogues with high affinity
for GRPR have been evaluated in preclinical studies for
receptor-specific imaging and therapy [5]. Clinical studies
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in women using radio-bombesin derivatives have shown
successful radionuclide imaging of breast tumors [7–10]. In
particular, the GRPR is highly expressed in T47D human
breast cells, and that is the reason why these cells have been
used as tumor models to evaluate new bombesin probes
[6, 11–13].
Folate receptor-𝛼 (FR𝛼) is a membrane-bound protein
with high affinity for binding and transporting folate into
cells. Folate is a basic component of cell metabolism and
DNA synthesis and repair. Cancer cells, which rapidly divide,
have an increased requirement for folate to maintain DNA
synthesis, an observation supported by the widespread use of
antifolates in cancer chemotherapy [14, 15].
The overexpression of FR𝛼 protein has been confirmed
in all clinical breast cancer subtypes, comprised of estrogen receptor-positive (ER+), progesterone receptor-positive
(PR+), human epidermal growth factor receptor-positive
(HER2+), and triple negative (ER−, HER2−, and PR−)
tumors [16–18]. Recent polymerase chain reaction studies
confirmed that FR𝛼 is highly expressed in T47D cells [19].
An in vivo theranostic approach combines the potential of both diagnosis and therapy in the same targeting
molecule by labeling with either a diagnostic or a suitable
therapeutic radionuclide. Theranostic radiotracers provide
patients with targeted and personalized treatment options,
thereby improving the current clinical treatment options
at the same time. In the field of nuclear medicine, 177 Lulabeled AuNPs conjugated to different peptides have been
proposed as a new class of theranostic radiopharmaceuticals
[20]. These multifunctional systems contain the chelator
DOTA, able to complex both 68 Ga and 177 Lu, which could
be useful for the identification of malignant tumors, and
monitoring of treatment (SPECT/NIR fluorescence optical
imaging), for targeted radiotherapy (𝛽-particle-energy delivered per unit of targeted mass), and for photothermal therapy
(localized heating). Therefore, a multifunctional system of
DOTA-dendrimer-AuNP conjugated to bombesin and folate
is expected to improve both the recognition of breast cancer
cells positive to FR and GRPR and its theranostic properties
when labeled with 68 Ga and 177 Lu.
The aim of this work was to synthesize 177 Lu-DOTA-dendrimer-folate-bombesin with gold nanoparticles in the dendritic cavity (177 Lu-DenAuNP-folate-bombesin) and to evaluate the radiopharmaceutical potential for targeted radiotherapy and the simultaneous detection of FRs and GRPRs
overexpressed in T47D breast cancer cells. In order to probe
the theranostic potential, the labeling of DenAuNP-folatebombesin with 68 Ga was also accomplished.

2. Materials and Methods
2.1. Materials. G4-PAMAM-(NH2 )64 dendrimer (10% wt. in
methanol, density 0.813 g/mL) [dendrimer] and folic acid
were purchased from Sigma-Aldrich Chemical Co. (St.
Louis, Missouri, USA). H2 N-Lys1 Lys3 (DOTA)-bombesin (1–
14) peptide [bombesin] with a purity of >90% (HPLC)
was obtained from piChem Laboratory (Graz, Austria). The
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bifunctional chelating agent S-2-(4-Isothiocyanatobenzyl)1,4,7,10-tetraazacyclododecane tetraacetic acid (p-SCN-BnDOTA) [DOTA] was obtained from Macrocyclics (Dallas,
TX, USA). All other chemicals were also purchased from
Sigma-Aldrich Chemical Co. and used without additional
purification.
2.2. Synthesis and Chemical Characterization
2.2.1. Conjugation of DOTA to the Dendrimer. Fifty microliters of dendrimer (0.3 𝜇mol) in methanol was dried under
vacuum and redissolved in 0.5 mL of 0.2 M sodium bicarbonate buffer, pH 9.5. The above solution was then incubated with
DOTA (5.38 𝜇mol; 3.7 mg in 0.5 mL of 0.2 M sodium bicarbonate buffer, pH 9.5) at 37∘ C during 1 h (DOTA/dendrimer
molar ratio of 18/1). The final reaction mixture was washed
three times with type I water by ultrafiltration to remove
bicarbonate buffer (Ultrafree-PFL Filters, MWCO 10,000,
polysulfone membrane, Millipore) and finally lyophilized.
2.2.2. Activation of Carboxylate Groups of Folic Acid and Bombesin. Folic acid (2.27 𝜇mol; 1 mg) and bombesin (0.55 𝜇mol,
1.1 mg) were dissolved in 200 𝜇L of dimethylformamide
(DMF) and were added to a mixture containing 100 𝜇L of
0.2 M diisopropylethylamine (DIPEA, to provide a basic
medium) (114.83 𝜇mol; 14.84 mg in 300 𝜇L of DMF) and
100 𝜇L of the carboxylate activating agent HATU (O-(7azabenzotriazol-1-yl)-N,N,N ,N -tetramethyluronium-hexafluoro phosphate), (15.78 𝜇mol, 6 mg in 100 𝜇L of DMF).
The reaction mixture was incubated for 15 min at room
temperature (20∘ C).
2.2.3. Conjugation of Bombesin and Folic Acid to the Amine
Groups on the Dendrimer. The lyophilized DOTA-dendrimer
(0.35 𝜇mol) was dissolved in 100 𝜇L of DMF and added to the
above activated carboxylate folate-bombesin solution. The
mixture was incubated during 1.5 h at room temperature. The
obtained precipitate was washed with DMF and dried under
vacuum. The molar ratio of dendrimer to folate was 1 : 6.5 and
1 : 1.5 for dendrimer to bombesin.
2.2.4. Synthesis of DenAuNP-Folate-Bombesin. To an aqueous
solution of Den-folate-bombesin (1.4 mg/mL, 0.1 𝜇mol) 1%
HAuCl4 (170 𝜇L, 5 𝜇mol) was added under vigorous stirring. After 60 min, 0.56 mL of an ice-cold NaBH4 solution
(1 mg/mL, 15 𝜇mol) was added to the gold dendrimer mixture
under stirring. Within a few seconds, the reaction mixture
turned deep-red and the stirring process was continued for
2 h to complete the reaction. The final product was purified by
ultrafiltration (Ultrafree-PFL Filters, MWCO 10,000, polysulfone membrane, Millipore) and finally lyophilized to obtain
DenAuNP-folate-bombesin. For comparative purposes the
DenAuNP compound was also prepared under the same
procedure.
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2.3. Chemical Characterization
2.3.1. IR Spectroscopy. IR spectra of dendrimer, folate,
Lys1 Lys3 (DOTA)bombesin (1–14), p-SCN-Bn-DOTA, Denfolate-bombesin, and Den(AuNP)-folate-bombesin, in solid
state, were obtained on a Perkin-Elmer System spectrometer
(Spectrum 400) (Waltham, MA, USA) with an attenuated
total reflection platform (Diamond GLADIATOR, Pike Technologies; Madison, WI, USA), from 500 to 4000 cm−1 .
2.3.2. Transmission Electron Microscopy (TEM). TEM was
performed using a JEOL-EMDSC-U10A instrument (JEOL,
Japan) operating at 200 kV. The samples of each compound
(DenAuNP or DenAuNP-folate-bombesin) were analyzed
stained and unstained. The samples were dropped onto a
carbon-coated copper grid and allowed to evaporate under
vacuum before measurements. Some samples of both compounds were then stained with an aqueous solution of
phosphotungstic acid (2% w/w) and dried.
2.3.3. Dynamic Light Scattering (DLS) and Zeta Potential
Measurement. The DLS and Zeta potential measurement
were performed using a Nanotrac Wave (Model MN401,
Microtract, FL, USA). The temperature of the cell housing
was set to 22.6∘ C. The data was acquired from DenAuNP and
DenAuNP-folate-bombesin samples diluted in MilliQ water
(𝑛 = 3). The hydrodynamic diameter and Zeta potential were
obtained for each sample.
2.3.4. Scanning Electron Microscopy (SEM) and X-Ray Analysis. The multifunctional DenAuNP-folate-bombesin was
visualized by scanning electron microscopy (SEM). The
sample was mounted on an aluminum stub using doublesided tape. The coated sample was examined using an electron
acceleration voltage of 20–25 keV (JEOL JSM-5900 Low
Vacuum, USA). The X-ray analysis was obtained from a
selected area of the sample using the above system.
2.3.5. Fluorescence Spectroscopy. Emission fluorescence spectra of DenAuNP-folate-bombesin, Den-folate-bombesin, and
dendrimer samples in solid state (powder) at 291 K were
recorded on a Perkin-Elmer LS-55 low-resolution luminescence spectrometer, from 200 to 900 nm. The best results
were obtained using an excitation wavelength (𝜆 exc ) of
222 nm, emission filter of 290 nm, and excitation and emission slits of 5 nm for the three samples.
2.4. Preparation of 68 Ga-/177 Lu-DenAuNP-Folate-Bombesin.
Radiolabeling with 177 Lu was carried out by adding 177 LuCl3
solution (20 𝜇L, 1.1 GBq, 3 TBq/mg, ITG, Germany) to the
DenAuNP or DenAuNP-folate-bombesin conjugate (50 𝜇g in
a solution of 200 𝜇L of 0.25 M acetate buffer, pH 5.5) and
incubating it at 37.5∘ C for 20 min. For 68 Ga labeling, 68 GaCl3
was obtained from a 68 Ge/68 Ga-Generator (ITG, Germany)
eluted with 0.5 M HCl to which (1 mL) 50 𝜇g of DenAuNPfolate-bombesin conjugate was added in a solution of 1 mL of
0.5 M acetate buffer, pH 4.0, incubating it at 90∘ C for 10 min.
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The radiochemical purity was determined using a radioHPLC size-exclusion system (ProteinPak 300SW, Waters,
1 mL/min, NaHCO3 0.2 M, pH 9.5). Chromatographic profiles were obtained using two different detectors, the UV-Vis
detector and a radiometric detector. The sample first passed
through the UV-Vis detector (photodiode array) and after
0.5 min (0.5 mL, 1 mL/min), it passed through the radioactivity detector. The retention times in this system were 𝑡𝑅 = 7.80
and 8.31 min in the chromatogram and radiochromatogram,
respectively. Correspondence in retention times of the peaks
of interest in the chromatogram is commonly accepted as a
proof of the chemical identity of the radiopharmaceutical.
For comparative studies, 177 Lu-folate-bombesin was also
prepared as previously reported by Aranda-Lara et al. [21].
2.5. In Vitro Studies
2.5.1. Stability in Human Serum. To determine the stability
of 177 Lu-DenAuNP-folate-bombesin in serum, 200 𝜇L of
radiotracer was diluted at a ratio of 1 : 10 with fresh human
serum and incubated at 37∘ C. Radiochemical stability was
determined with a 100 𝜇L sample taken at 24 h for radioHPLC size-exclusion analysis (ProteinPak 300SW, Waters,
1 mL/min, PBS).
2.5.2. Cell Culture. A T47D human breast cancer cell line
(obtained from ATCC, USA) was grown at 37∘ C with 5% CO2
and 85% humidity in folate-free RPMI-1640 culture medium
supplemented with 10% fetal bovine serum and 1% antibiotics
(streptomycin and penicillin).
2.5.3. Cell Uptake Studies. T47D cancer cells suspended
in fresh medium were diluted to 4 × 106 cells/tube with
PBS at pH 7.4 or pH 5.3 (mimicking the acidic conditions within tumors) and incubated with 20 𝜇L (0.9 MBq)
of 177 Lu-DenAuNP-folate-bombesin, 177 Lu-DenAuNP, or
177
Lu-folate-bombesin in triplicate at 37∘ C for 1 h. The test
tubes were centrifuged at 2500 rpm for 5 min and washed
with phosphate-buffered saline. Radioactivity in the cell
pellet represents both membrane-bound and internalized
radiopharmaceutical and was measured in a crystal scintillation well-type detector (Auto In-v-tron 4010, NML, Inc.). The
membrane-bound activity was removed with 1 mL of 0.2 M
acetic acid/0.5 M NaCl solution added to the cell pellet. The
test tubes were centrifuged and the pellet activity, which was
considered as internalization, was measured. Blocking studies
were carried out in parallel. The cells were preincubated with
100 𝜇L of folic acid in 0.01 M NaOH (0.5 mM) or 100 𝜇L of
Lys3 -bombesin (0.5 mM) for 5 min before addition of the
radiopharmaceutical.
2.6. In Vivo Uptake
2.6.1. Animal Model. In vivo studies in mice were carried
out according to the rules and regulations of the Official
Mexican Norm 062-ZOO-1999. Athymic mice, 6-7 weeks old
and 18–20 g weight, were kept in sterile cages with sterile
wood-shaving beds, constant temperature, humidity, noise,
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Figure 1: Overall scheme of 177 Lu-DenAuNP-folate-bombesin.

and 12:12 light periods. Athymic mice were maintained on a
folate-free diet for 3 weeks before imaging studies.
2.6.2. Tumor Induction. Athymic female mice (6-7 weeks
old, 𝑛 = 4) were inoculated subcutaneously in the upper
back with 2 × 106 T47D cancer cells suspended in 0.1 mL of
phosphate-buffered saline. Injection sites were observed at
regular intervals for tumor formation and progression.
2.6.3. 177 Lu-DenAuNP-Folate-Bombesin Imaging. To verify
the in vivo radionanoconjugate retention in tumors, optical
images were acquired at 1 h and 96 h after 177 Lu-DenAuNPfolate-bombesin intratumoral administration (37 MBq) in
T47D tumor-bearing mice using a preclinical optical/X-ray
imaging system (in vivo X-Treme, Bruker BioSpin Corp.,

USA). Mice under 2% isoflurane anesthesia were placed in the
prone position and whole imaging was performed. Counts in
the tumor were quantified at 1 and 48 h after injections.

3. Results and Discussion
3.1. Synthesis and Chemical Characterization
Synthesis. The overall scheme of the theranostic radiopharmaceutical 177 Lu-DenAuNP-folate-bombesin is shown
in Figure 1. The DenAuNP-folate-bombesin conjugate was
obtained as a black solid with an overall yield of 72%.
IR Spectroscopy. The IR spectra of the dendrimer, bombesin,
DOTA, folic acid, DenAuNP, Den-folate-bombesin, and
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DenAuNP-folate-bombesin are presented in Figure 2. The IRspectrum of Den-folate-bombesin reveals some characteristic bands from the dendrimer, bombesin, DOTA, and folic
acid, which change in intensity and positions or disappear
because of the conjugation to the dendrimer. In agreement
with the IR spectra of bombesin and folic acid described
by Aranda-Lara et al. [22], the strong bands in the 1646–
1533 cm−1 region from the bombesin spectrum (Figure 2(b))
and 1687 cm−1 and 1637 cm−1 from folic acid (Figure 2(d))
which correspond to amide I and amide II vibrations disappeared or decreased in intensity in the Den-folate-bombesin.
A change of symmetry occurs in this supramolecule and
bands associated with the formation of new secondary
amides increase the absorbance of bands at 839 and 555 cm−1 ,
which correspond to a symmetrical C-N-C stretching vibration and to the bending motion of O=C-N group, respectively
[23]. In the dendrimer spectrum (Figure 2(a)), three weak
well-defined bands at 1152, 1130, and 1032 cm−1 are observed.
After conjugation (Den-folate-bombesin), the spectrum (Figure 2(f)) revealed two red-shifted bands (7 cm−1 and 5 cm−1 )
at 1171 and 1123 cm−1 , from bombesin: one band at 1033 cm−1
from the dendrimer and two semishoulders at 1100 and

1065 cm−1 , from DOTA (Figure 2(c)) and folic acid (Figure 2(d)). In the DenAuNP spectrum, two bands at 1146 and
1031 cm−1 , from the dendrimer, are observed and the pattern
of the spectrum changed (Figure 2(e)), which indicates the
encapsulation of the AuNPs with effect on the molecular
symmetry of the dendrimer. Structured new regions between
3900 and 3600 cm−1 (centered at 3747 cm−1 ), and between
2250 and 1700 cm−1 (centered at 2011 cm−1 ), are observed
and seem to correspond to weak hydrogen bonding between
the dendrimer amides as the result of the entrapped AuNPs.
The change in the spectrum of Den-folate-bombesin after
the encapsulation of AuNPs (DenAuNP-folate-bombesin)
(Figure 2(g)) suggests a new molecule with particular physicochemical properties. The weak bands between 1200 and
900 cm−1 observed in Den-folate-bombesin spectrum are
the most strong in that of DenAuNP-folate-bombesin. The
bands at 1157 and 1029 cm−1 are from the dendrimer and
those at 1102 and 1051 cm−1 (14 cm−1 red-shifted) are from
the molecules conjugated to the dendrimer (Figure 2(g)).
Their increase in absorbance seems to be the result of the
encapsulation of AuNPs in the dendritic cavity. The bands
observed between 1200 and 1000 cm−1 correspond to CN stretching vibrations from primary amides, secondary
amides, and tertiary aliphatic amines [23]. In particular, CN
vibrations from tertiary aliphatic amines are located between
1040 and 1020 cm−1 [23].
In the DenAuNP-folate-bombesin spectrum, two new
structured regions with two maximum bands at 3753 and
2015 cm−1 slightly blue shifted with respect to those of
the DenAuNP are observed, which demonstrates that the
entrapped AuNPs favored weak interactions in the dendrimer
cavity.
IR suggests that AuNPs are entrapped in the dendritic
cavity in Den-AuNPs and in Den-AuNP-folate-bombesin, but
in the former the bands of the dendrimer are not strong. In
contrast, the conjugation of bombesin, folic acid, and DOTA
to the dendrimer induces a particular structural arrangement
which allows the encapsulation of the AuNPs in the dendritic
cavity and affords a larger stability and an adequate symmetry
to the supramolecule, which is revealed in the particular
feature of the spectrum and the very strong bands associated
with the -C-N- groups.
Transmission Electron Microscopy. TEM images of DenAuNPfolate-bombesin (Figure 3(a)) show single units of the compounds as grayish round objects with a mean diameter of 5.6±
0.4 nm, which is slightly greater than that of DenAuNP (4.53±
1.33 nm, Figure 3(b)) because of the conjugation with folate
and bombesin. The increase in the hydrodynamic diameter
of DenAuNP-folate-bombesin by the conjugation effect was
observed by TEM as a halo around the compound due to
the poor interaction of the electron beam with the folate and
bombesin molecules (low electron density), in contrast to
the strong scattering of the electron beam when it interacted
with the metallic nanoparticles [24]. Each compound shows
small black dots that correspond to the gold nanoparticles
with approximate average diameter of 2.5±0.4 nm. According
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Figure 3: TEM image and size distribution (DLS) of (a) DenAuNP-folate-bombesin and (b) DenAuNP.

to the previous studies, the black dots indicate that gold
nanoparticles are in the dendritic cavity [25].
Particle Size and Zeta Potential. The hydrodynamic diameter
of DenAuNPs and DenAuNP-folate-bombesin by DLS was
5.00 ± 1.47 nm and 18.60 ± 8.00 nm, respectively (Figure 3).
The 𝑍 potential of the DenAuNP-folate-bombesin was 86.3 ±
3.8 mV, versus 28.6 ± 2.7 mV for the DenAuNPs, indicating
that the folate and bombesin conjugation confers a high
colloidal stability to the multifunctional system.
Scanning Electron Microscopy. The SEM image (Figure 4(a))
showed that the DenAuNP-folate-bombesin conjugate has
a granular and homogeneous structure. The qualitative elemental content determined by X-ray analysis for DenAuNPfolate-bombesin (Figure 4(b)) shows the presence of Au and
S as well as C, N, and O.
UV-Vis. The Den-folate-bombesin spectrum showed bands
associated with DOTA (shoulder at 258 nm), bombesin

(278 nm), and folate (284 nm and a shoulder at 340 nm) (Figure 5(a)), which were masked in the presence of the entrapped
AuNPs (Figure 5(b)). The DenAuNP-folate-bombesin spectrum exhibited a surface plasmon resonance as a shoulder
at approximately 510 nm (Figure 5(b)). The plasmon band
is associated with the average contribution of the entire
AuNP population, but only the AuNPs with diameters larger
than 2.5 nm significantly contribute to the plasmon band
absorption at 510 nm [25, 26]. Several groups have reported
the presence of intradendrimer encapsulated nanoparticles,
in which the nanoparticle resides within the interior void
space of the dendrimer, as well as interdendrimer-stabilized
nanoparticles, in which the nanoparticle surface is stabilized by multiple dendrimers through their terminal amine
groups. Intradendrimer nanoparticles are usually smaller
than 4.5 nm; in contrast, interdendrimer particles are always
larger than 5 nm [26]. In this research, the encapsulation of
2.1–2.9 nm diameter nanoparticles within single dendrimers
observed in TEM images suggests that formation of gold
interdendrimer particles did not occur, possibly due to the
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steric effect of bombesin, folate, and DOTA on the dendrimer
surface. The band at 290 nm is reproducibly observed during
the syntheses of AuNPs through the use of dendrimers as
templates [27]. This band and the plasmon band absorption
are also observed in the DenAuNPs spectrum (Figure 5(c)).
The surface plasmon resonance observed at 510 nm opens
the possibility for further studies related to plasmonic photothermal therapy [28]. Several trials have demonstrated
a significant improvement in the clinical outcome when
radiotherapy was conducted under hyperthermic conditions
in patients [29]. Hyperthermia increases the efficacy of
radiotherapy by improving tumor oxygenation and interfering with the DNA repair mechanisms. By exposing 177 LuDenAuNP-folate-bombesin to laser irradiation, it could be
possible to heat a localized area in the tumor without any
harmful heating of the surrounding healthy tissues.
Fluorescence Spectroscopy. Figure 6 shows the selected fluorescence emission spectra of the dendrimer, Den-folatebombesin, and Den-AuNP-folate-bombesin from the luminescence studies. Two important aspects are observed, the
enhanced luminescence of the DenAuNP-folate-bombesin
(Figure 6(A)) with respect to the dendrimer and Denfolate-bombesin, and the presence of new peaks at 761 and
843 nm. The high luminescence intensity is caused by the
encapsulated small AuNPs that induce the stabilization of the
molecule and the NIR emissions. This fact pointed to the
presence of NIR-emitting gold nanoclusters (NCs), possibly
in the form of (Au0 )50 -dendrimer-G4. Recent developments
in the NC field have demonstrated that metal NCs are
excellent luminescent materials [3, 30]. The luminescent
properties of the DenAuNP-folate-bombesin conjugate are

Figure 7: Size-exclusion HPLC chromatogram (220 nm; continuous
line) and HPLC radiochromatogram (dotted line) of the 177 LuDenAuNP-folate-bombesin theranostic radiopharmaceutical (flow
rate 1 mL/min). 68 Ga-DenAuNP-folate-bombesin showed the same
retention time (7.8 ± 0.2 min).

relevant because it could be used in animal imaging. Recently,
Wu et al. investigated tumor targeting of NIR-emitting BSAstabilized AuNCs, and the NIR fluorescence significantly
improved tissue penetration depth up to few millimeters [31].
Radiolabeling. The size-exclusion HPLC chromatogram and
radiochromatogram of the purified multifunctional system
(Figure 7) show that both 68 Ga- or 177 Lu-DenAuNP-folatebombesin were obtained with a radiochemical purity of
97 ± 2%, without postlabeling purification (𝑛 = 20).
After incubation of the 177 Lu-DenAuNP-folate-bombesin
radiopharmaceutical in human serum (24 h at 37∘ C), the
radio-HPLC chromatogram showed a radiochemical purity
of >90%, which demonstrates its high stability in serum.
3.2. T47D Cancer Cell Studies. Preliminary cell studies
showed an important uptake of 177 Lu-DenAuNP-folatebombesin in T47D cancer cells, which was significantly (𝑡student, 𝑝 < 0.05) inhibited by preincubation with cold
Lys3 -bombesin peptide or folic acid alone, indicating that the
multifunctional system has specific recognition for GRPRs
and FRs (Figure 8). The T47D cell uptake of 177 Lu-DenAuNP
was 9.84 ± 1.14%, mainly attributed to a passive uptake
mechanism [24], and significantly (𝑡-student, 𝑝 < 0.05)
lower than that of 177 Lu-DenAuNP-folate-bombesin (41.15 ±
2.72%).
At pH 7.4, the preincubation with cold Lys3 -bombesin
showed greater blocking effect on the multifunctional system
(62.14% less uptake) compared with that of the cold folic
acid (36.53% less uptake) (Figure 8). This difference in blocking effect is consistent with the GRP and folate receptors’
expression levels in T47D breast cancer cells [21, 22], which
suggest that the specific targeting of the 177 Lu-DenAuNPfolate-bombesin in T47D is mainly dominated by the specific
recognition of the bombesin moiety through GRP receptors.
It is important to mention that, at pH = 5.3 and in the presence
of cold bombesin or cold folic acid in blocking studies, the
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observed effect is an increase in the 177 Lu-DenAuNP-folatebombesin cell uptake (77.6 ± 9.5%) possibly related to the
dendrimer cellular adsorption [32].
The in vitro T47D cell uptake was higher for
177
Lu-DenAuNP-folate-bombesin (41.15 ± 2.72%) than
that reported for the 177 Lu-folate-bombesin conjugate
(33.27 ± 2.52%) [22]. This effect could be associated with the
multivalent ligand-receptor binding of the 177 Lu-DenAuNPfolate-bombesin, since the peptide-nanoparticle conjugate
provides a surface for simultaneous interactions with the
cell surface, giving rise to multivalent effects (defined as an
affinity enhancement) [24], as well as to the contribution of
dendrimer passive uptake [24]. Nevertheless, further studies
related to cell internalization and affinity must be carried
out.

Preliminary in vivo imaging studies demonstrated that
Lu-DenAuNP-folate-bombesin remained in the T47D
tumor up to 96 h after intratumoral radiopharmaceutical
administration, since in all mice the tumor intensity in the
optical imaging correlated with the radionuclide decay (e.g.,
at 1 h = 11354 photons/s/mm2 ; at 96 h = 6830 photons/s/mm2 )
with only 9 ± 5% of biological elimination (Figure 9).
Considering that one Becquerel (Bq) of Lu-177 produces
841558 disintegrations until total decay (total disintegra𝑡
tions = ∫0 𝐴(𝑡)𝑑𝑡) with a maximum 𝛽− -particle energy of
0.498 MeV, it is expected that, with the high 177 Lu-DenAuNPfolate-bombesin retention observed in tumors, the total radiation absorbed dose to the malignant tissue could easily reach
2 Gy per MBq [33]. However, further preclinical studies must

177
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be carried out in order to evaluate the toxicity, biokinetics,
and dosimetry of this radiopharmaceutical.
An important benefit of receptor-specific radiopharmaceuticals is their potential for use in targeted radiotherapy.
Multiple peptides, specific to target receptors that are overexpressed in breast cancer cells, appended to one nanoparticle and radiolabeled with an imaging and 𝛽− particleemitting radionuclide (177 Lu), act as a multifunctional system that could be useful in identifying malignant tumors
and metastatic sites (by single photon emission computed
tomography imaging, “SPECT”), for targeted radiotherapy
(high 𝛽-particle-energy delivered per unit of targeted mass),
and for thermal therapy (localized heating after laser irradiation). However, for therapeutic purposes, NPs should be
administered by intratumoral injection or into a selective
artery to avoid high uptake by organs of the reticuloendothelial system due to the colloidal nature of NPs [33].
Injection into a breast tumor would allow high uptake into a
tumor, possible micrometastases, or individual cancer cells.
Therefore, 177 Lu-DenAuNP-folate-bombesin has potential
application in medical diagnosis and therapeutic treatments
due to its unique combination of radioactive, optical, and
thermoablative properties. This study demonstrated that the
nanosystem exhibited chemical and physical properties that
are suitable for plasmonic photothermal therapy and targeted
radiotherapy in the treatment of breast cancer.

4. Conclusions
Elemental analysis and spectroscopy techniques showed that
folic acid, bombesin, and DOTA molecules were successfully
conjugated to one molecule of the PAMAM dendrimer.
Chromatographic studies showed that the 68 Ga- and 177 LuDenAuNP-folate-bombesin conjugate were obtained with
high radiochemical purity (>95%). Preliminary binding studies in T47D breast cancer cells indicated a specific cell uptake
and high retention in T47D-induced tumors in mice.
Luminescence results show that AuNPs in the conjugate
increase the fluorescence intensity, resulting in a multifunctional system that may be useful as an optical and nuclear
imaging agent for breast tumors overexpressing GRPRs and
FRs, as well as for targeted radiotherapy.
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Nanowear and viscoelasticity were evaluated to study the nanotribological properties of lubricant films of Z-tetraol, D-4OH, and
A20H, including their retention and replenishment properties. For A20H and thick Z-tetraol-coated disks, the disk surface partially
protrudes, and the phase lag (tan 𝛿) increases with friction. This result is consistent with replenishment of the lubricant upon tip
sliding. For the D-4OH-coated disk, the tan 𝛿 value decreases with tip sliding, similar to the case for the unlubricated disk. The
durability of the lubricant-coated magnetic disks was then evaluated by load increase and decrease friction tests. The friction force of
the unlubricated disk rapidly increases after approximately 30 reciprocating cycles, regardless of the load. The lubrication state can be
estimated by mapping the dependence of friction coefficient on the reciprocating cycle number and load. The friction coefficient can
be classified into one of four areas. The lowest friction area constitutes fluid lubrication. The second area constitutes the transition
to mixed lubrication. The third area constitutes boundary lubrication. The highest friction of the fourth area results from surface
fracture. The boundary lubricating area of the A20H lubricant was wide, because of its good retention and replenishment properties.

1. Introduction
Magnetic recording is accomplished by the motion of a
magnetic head relative to a disk. Higher recording densities
require that flying heights be as low as possible. High-bitcapacity magnetic disks require an extremely thin lubricant
film on the disk surface, but thin lubricant films are prone
to local damage during storage. This may lead to tribological
problems at the head-disk interface and therefore problems
with data reliability. Atomic scale wear and small friction fluctuations can degrade the performance of data storage devices
[1, 2]. Improving the tribological durability of magnetic disks
is important for the magnetic recording industry. Methods
for achieving extremely thin lubricants are therefore important for realizing more reliable magnetic storage devices [3].
The friction durability of the disk depends on the lubricants properties, such as its retention and replenishment [4].
Good retention enables the lubricant to stick firmly to the
surface, which allows a high load-bearing capacity. Good
replenishment enables the lubricant to reflow and cover areas

depleted after sliding contact between the head and disk. The
retention and replenishment of lubricants depend on their
interactions with the diamond-like carbon (DLC) film on
the surface of the disk [5, 6]. Perfluoropolyether (PFPE) is
a polymer consisting of carbon, oxygen, and fluorine. Functionalized PFPE lubricants have been investigated to improve
the retention and replenishment of the lubricant on DLC
films [7, 8].
Evaluating basic tribological properties on the nearatomic scale is becoming more important, because of the
narrower head-disk separation and thinner lubricant layers
employed in high-density recording. Lubricant films exhibit
low vapor pressure, good viscosity, high thermal stability, and
chemical inertness. These factors constitute attractive tribological properties for reducing friction and wear in rigid magnetic disks. These properties are dictated by the molecular
structure of the lubricant, including its amounts and chemical
states of carbon, fluorine, and oxygen. Polar hydroxyl groups
of the lubricant provide good adhesion to the DLC film, while
the hydrophobic PFPE backbone protects the DLC film [4–9].
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Figure 1: Model and molecular formula.

The durability of a magnetic disk upon sliding at the
head-disk interface is affected by the disks wear properties.
Decomposition mechanisms associated with contact sliding
have been extensively studied. Understanding the dynamic
behavior of lubricants on magnetic disks can clarify the
lubrication mechanism at the head-disk interface. Scanning
probe microscopies such as atomic force microscopy (AFM)
have proven useful for this purpose [10–14]. The lubricating
properties of lubricant-coated magnetic disks and dynamics
of the lubricants behavior can be evaluated by force modulation AFM [10–12]. Deformation before and after nanowear
testing and the state of the lubricant can also be evaluated
[13, 14]. Lateral force modulation friction testing can evaluate
the effect of a lubricant’s retention and replenishment on its
nanowear properties.
In the current study, nanowear and viscoelastic evaluation
tests were performed by AFM, to evaluate the behavior of
three lubricants. The durability properties of these lubricants on coated magnetic disks were then investigated. The
dependence of friction coefficient on load and reciprocating
cycle number were investigated by load increase and decrease
reciprocating friction tests. The friction coefficients were
classified into four areas, and the dependence of lubricant
behavior on durability was evaluated.

2. Materials and Methods
2.1. Lubricants. Four extremely thin lubricant-coated magnetic disks were used. The lubricants were Z-tetraol (Solvay
Solexis Co.), D-4OH (Moresco Co.), and A20H (Moresco
Co.) [15, 16]. Their chemical formulas are shown in Figure 1.
The thicknesses of these lubricant films were 1.6 nm. However, 1.6 nm thick and 2.6 nm thick Z-tetraol lubricants were
both tested, to clarify the effect of thickness on lubricant
behavior. The thickness of the bonding layer of these lubricants is ∼1.0 nm. The difference between the thicknesses of
the lubricant and bonding layers corresponds to that of the
free layer.
Z-Tetraol is based on a Fomblin Z-type backbone. It has
high polarity because of two hydroxyl units at each end, and it
strongly adsorbs to the DLC film. Z-Tetraol high polarity and
flexible main chain mean that it readily coils into random coil
shapes, which increases its molecular height.
D-4OH has a main chain with a repeating demnum
backbone structure (-CF2 CF2 CF2 O-)n and two hydrogen
radicals at each end. This arrangement realizes high adhesion
with a low molecular height. Many terminal OH groups of
D-4OH chains reside at the top of the film. A20H has a
phosphazene ring structure. The structure of A20H is similar
to that of Z-dol, except that one terminal group of Z-dol
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Figure 2: Method of force moderation test after nanowear test.

is replaced with a phosphazene unit. The terminal groups
of A20H possess phenoxy and p-methoxy-phenoxy units.
Phenoxy groups of A20H spontaneously adsorb on the DLC
film, because of interaction with the aromatic (graphitic) part
of the DLC film. It follows that attaching a phenoxy group
directly to the PFPE chain should result in its spontaneous
adhesion to the DLC [15, 16].
2.2. Nanowear and Viscoelasticity Evaluation. The molecular
motion of the lubricant on the DLC surface was investigated,
because of its importance in wear and corrosion resistance.
Nanowear tests of various lubricant-coated disks were performed using AFM, to evaluate the retention and replenishment of thin lubricant films. The AFM test setup is shown in
Figure 2 [17]. The surface viscoelasticity of the lubricant film
on the DLC layer was evaluated by dynamic force modulation
(DFM), after the nanowear test. A Berkovich diamond
indenter was used. It was shaped as an inverted three-sided
pyramid, and its tip radius was ∼200 nm. The wear test area
was 500 × 500 nm, and the measured scan area was 1000 ×
1000 nm. The wear depth was evaluated from the change in
the profile and was used to evaluate the viscoelastic properties
[18]. The indenter applied vibration in the vertical direction
and was scanned across the tested surface. The phase lag
(tan 𝛿) and displacement of the cantilever tip were calculated
from the response of the tip indenter, which had a transducer
controller. Viscoelastic properties including the storage modulus, loss modulus, and phase lag were determined. Tests were
performed with under loads of 10–50 𝜇N, an evaluation load
of 5 𝜇N, and a frequency of 300 Hz.
2.3. Load Increase and Decrease Reciprocating Friction Tests.
Load increase and decrease reciprocating friction tests were
carried out to evaluate the tribological properties of the thin
lubricant films. A friction tester (Shinto Scientific Co. Ltd.
Heidon HHS2000) was used, as shown in Figure 3. The
dependence of the friction coefficient on reciprocating cycle
number was evaluated at each load, which was then used
to evaluate the friction durability of the lubricant-coated
disk. Plots of friction coefficient dependence on load and
reciprocating cycle number were used to compare the behaviors of the lubricants. Tests were carried out under a 0–4 N

load cycle that was repeated 500 times. The reciprocating
distance was 10 mm.

3. Results and Discussions
3.1. Nanowear Tests. Figures 4–8 show the surface profiles
and dependence of tan 𝛿 on load, for samples with no lubricant, 1.6 nm thick Z-tetraol, 2.6 nm thick Z-tetraol, 1.6 nm
thick D-4OH, and 1.6 nm thick A20H after nanowear tests.
All samples exhibit protuberances and grooves. Protuberances are formed at the upper right side and grooves at the
bottom left side. The lubricants on the surfaces are moved by
friction. The maximum wear depths are all less than 1.6 nm
(i.e., the lubricant film thickness). This indicates that these
profiles are mainly formed by the movement of lubricant and
plastic deformation. Figures 5, 6, and 7 show protuberances
at the beginning of the wear test and grooves at the end,
for the A20H, D-4OH, and 1.6 nm thick Z-tetraol samples,
respectively. Figure 8 shows that the entire protuberance
profile for the 2.6 nm thick Z-tetraol sample is like a gently
sloping hill. The tan 𝛿 value can be obtained by dividing the
loss modulus by the storage modulus. A high tan 𝛿 value
means that the lubricant on the surface increases in viscosity.
The state of the lubricant can therefore be evaluated from its
profile and tan 𝛿 distribution.
Figure 4 shows that the sample without lubricant primarily contains a wear groove on the magnetic disk. The change
in the tan 𝛿 value of the test without lubricant is similar to
those of the lubricant-coated disks, because of the adsorbed
layer on the DLC film. However, the adsorption layer is
readily removed by friction, at which point tan 𝛿 quickly
decreases. The different behavior of the Z-tetraol films of
different thicknesses is shown in Figures 5 and 6. Under a
load of 10 𝜇N, the tan 𝛿 value of the 2.6 nm thick Z-tetraol
film increases, while the tan 𝛿 value of the 1.6 nm thick Ztetraol film changes a little. The former contains a thick layer
of free lubricant, and this layer is quickly restored following
movement of the lubricant by friction.
For the A20H lubricant, the tan 𝛿 value also increases
with friction. For the 2.6 nm thick Z-tetraol and A20H
samples, the tan 𝛿 values of areas containing protuberances
and wear grooves increase, compared to areas not subject
to friction. This is shown in Figures 6 and 8, respectively,
and demonstrates that the lubricant is replenished in the
nanowear area. The tan 𝛿 value of the 1.6 nm thick Z-tetraol
sample increases slightly, as shown in Figure 5. In contrast,
the tan 𝛿 value of the D-4OH sample decreases, as shown in
Figure 7. This sample also exhibits the smallest tan 𝛿 value for
the protuberance area, among the four tested samples. These
decreases in tan 𝛿 values are similar to that of the unlubricated
sample. This indicates that D-4OH is poorly replenishing and
is readily removed by friction.
The maximum groove depths at loads of 10, 20, and
30 𝜇N are shown in Figure 9. The maximum groove depth
for each sample is saturated at this loading. Only the sample
without lubricant is appreciably worn at a load of 40 𝜇N,
because it is subjected to the adsorption of water, oxygen, and
hydrocarbons. It is thought that the wear depth of all lubricant
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Figure 3: Load increase and decrease reciprocating friction test.
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Figure 5: Surface properties of Z-tetraol (1.6 nm) after nanowear test.

layers decreases in the presence of the mobile lubricant and
fixed layers on the DLC film.
At a load of 11 𝜇N, the wear depths of the 1.6 nm thick Ztetraol and D-4OH samples are ∼0.6 nm. The wear depths
of the samples without lubricant and with 2.6 nm thick Ztetraol are ∼0.8 nm. The wear depth of the A20H sample
(0.4 nm) is the smallest. This trend changes when the load
increases to 20 𝜇N. The 2.6 nm thick Z-tetraol sample has the
smallest wear depth (∼0.6 nm). The wear depth at the left of
the 2.6 nm thick Z-tetraol sample varies from 1.1 to 1.3 nm.
When the load increases to 30 𝜇N, the 2.6 nm thick Z-tetraol
sample exhibits the smallest wear depth of ∼0.8 nm, and that
of the A20H sample is 1.1 nm. Loads of 40–50 𝜇N result in
the 2.6 nm thick Z-tetraol sample exhibiting the smallest wear
depth. Wear depth is influenced by the transformation of the
mobile layer. This mobile layer is easily removed by friction
and then replenishes the sliding area. The 2.6 nm thick Ztetraol sample exhibits good wear resistance, because its thick
film readily replenishes the sliding area following friction. In
contrast, replenishing by 1.6 nm thick Z-tetraol is poor, and
that of the unlubricated disk is nonexistent, so these samples
exhibit increased wear depths.

3.2. Friction Properties of Lubricants Evaluated by Load
Increase and Decrease Reciprocating Testing. The dependence
of friction force on reciprocating cycle number and load was
then evaluated. The friction force of disks without lubricant
and with 1.6 nm thick Z-tetraol, 2.6 nm thick Z-tetraol, D4OH, and A20H is shown in Figures 10(a), 10(b), 10(c),
10(d), and 10(e), respectively. Friction force increases with
increasing load. In the absence of lubricant, the friction force
rapidly increases early in the test, reaching a peak of 2.3 N
after 27 reciprocating cycles at the maximum applied load of
4 N, at which point it becomes saturated. The friction force
of the 1.6 nm thick Z-tetraol sample increases from 72 cycles,
reaching a peak at 2.2 N after 98 cycles. The friction force
of the D-4OH sample increases from 184 cycles and reaches
2.3 N after 210 cycles. The friction force of the 2.6 nm thick
Z-tetraol sample increases from 227 cycles and reaches 2.1 N
after 265 cycles. Figure 10(e) shows that the A20H sample
exhibits low friction for a large number of cycles. The friction
force then increases after 393 cycles and reaches 2.3 N after
401 cycles. After the rapid increase in friction, the friction
forces of all lubricant-coated disks increase to ∼2.0–2.3 N
under a 4 N load, similar to the case without lubricant.
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Figure 6: Surface properties of Z-tetraol (2.6 nm) after nanowear test.

The changes in the friction coefficients of samples without
lubricant and with 1.6 nm thick Z-tetraol, 2.6 nm thick Ztetraol, D-4OH, and A20H are shown in Figures 11(a), 11(b),
11(c), 11(d), and 11(e), respectively. The friction coefficients of
the lubricant-coated disks are all low at early cycle numbers
and then rapidly increase at a certain load and cycle number.
The friction durability is determined by the number of
reciprocating cycles and load.
Figure 12 shows the dependence of friction coefficient
on reciprocating cycle number, at a load of 4 N. The friction
coefficient increases rapidly for each lubricant-coated disk.
The A20H-coated disk exhibits the best friction durability.
3.3. Evaluation of Lubricant Behavior from Changes in Friction
Coefficients. Figure 13 shows a detailed plot of the dependence of the friction coefficient on the load and number of
reciprocating cycles, from which the endurance of the disk
can be gauged. Figure 13(a) shows that the friction coefficient
of the unlubricated DLC disk is largely constant with cycle
number until 30 cycles, at which point it rapidly increases

to ∼0.25. The friction coefficient of the unlubricated disk is
largely independent of the load, except at very low load.
At low load and cycle number, the friction coefficient of
the D-4OH sample is lower than that without lubricant and
then gradually increases with increasing load and cycle number. The friction coefficient plateaus before rapidly increasing.
The friction coefficient increases with increasing load. The
change in the friction coefficient as a consequence of the
lubricant is clearly observed in Figure 13.
Figure 14 shows the different distributions of friction
coefficients for the 1.6 nm thick and 2.6 nm thick Z-tetraol
samples. The friction coefficient of the former is initially low
and then increases rapidly. The latter exhibits lower friction coefficients at higher cycle numbers, before increasing
rapidly.
The distribution of the friction coefficients of the A20H
sample is shown in Figure 15(a). A model of the friction
coefficient transitions and lubricant behaviors are shown
in Figure 15(b). The behavior of the lubricant can be estimated from the model of the friction coefficient transition.
The boundary lines where the friction coefficient changes
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Figure 7: Surface properties of D-4OH after nanowear test.

abruptly were then analyzed. The boundary lines A, B, and
C shown in Figure 15(a) define four distinct areas (I, II, III,
and IV). It is thought that line A represents the change in
mobile layer of the main lubricant area. Line B represents the
change from the transition area to the bonding layer and DLC
thin film. Line C represents the change from the bonding
layer and DLC, to the magnetic layer. The friction coefficient
increases rapidly after line C. SEM observations show that in
this area (area IV) the DLC film is fractured and the magnetic
layer is damaged. Line C therefore indicates the durability
of the lubricant-coated disk. The effect of the cycle number
of each lubricant varies with load, because of the lubricant
effect. However, the friction coefficient of the unlubricated
DLC increases rapidly with cycle number, regardless of load.
The friction coefficient dependence on load and cycle
number is divided into four areas (I, II, III, and IV), by the
three contour lines. These areas can be used to evaluate the
lubricating state. Figure 16 shows a contour map of each
lubricant. The behavior of the lubricant changes when the
friction coefficient surpasses a boundary line. Table 1 shows
the average, maximum, and minimum friction coefficients

of each area, for each lubricant. The friction coefficients of
the boundary lines for each lubricant are shown in Table 2.
The friction coefficients can be classified into one of four
areas. In area I, the friction coefficient is low because fluid
lubrication by free lubricant is dominant. In area II, the friction coefficient transitions from fluid lubrication to boundary
lubrication, which is defined as mixed lubrication. In area
III, the friction coefficient is saturated. Boundary lubrication
occurs from the fixed lubricant and the DLC film. In area IV,
the friction coefficient is high because of the removal of the
lubricant and DLC film.
Friction durability was evaluated from the boundary line
C between areas III and IV. Figure 17 shows the values of the
boundary lines for each lubricant. The A20H, 1.6 nm thick
Z-tetraol, and 2.6 nm thick Z-tetraol samples exhibit similar
trends. Cycle number is inversely proportional to load for
boundary line A. Boundary lines B and C show similar
trends, but the rate of change with load is smaller. The cycle
number of boundary line C decreases until 1.5 N, at which
point it becomes saturated. Boundary line C corresponds to
a rapid increase in friction coefficient at a given cycle number.
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The rapid increase in the friction coefficient at line C corresponds to DLC fracture without lubricant, as shown in
Figure 13(b).
For the A20H sample, the cycle number is large for
boundary line A under fluid lubrication by the mobile layer.

It changes from 90 cycles at 4 N to 390 cycles at 0.5 N. For the
A20H sample, the mobile layer greatly contributes towards
durability. For the D-4OH and 1.6 nm thick Z-tetraol samples,
line A changes from ∼10 cycles at a 4 N load to 90–110 cycles
at 1 N. The contribution of free lubrication is relatively small.
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Figure 10: Friction force of each magnetic disk.

Table 1: Average friction coefficient of each area.
Average friction
coefficient of each area
I

Average friction
coefficient of each area
II

Average friction
coefficient of each area
III

—

—

—

Average friction
coefficient of each area
IV
0.484

Z-Tetraol (1.6-nm)

0.135

0.174

—

0.426

Z-Tetraol (2.6-nm)

0.067

0.163

0.195

0.425

D-4OH

0.116

0.170

0.214

0.445

A20H

0.136

0.176

0.216

0.431

DLC
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Figure 11: Friction coefficient of each magnetic disk.
Table 2: Friction coefficient of each boundary line.

Z-Tetraol (1.6-nm)
Z-Tetraol (2.6-nm)
D-4OH
A20H

Boundary line A
0.15
0.14
0.15
0.16

Figure 18 shows the difference in reciprocating cycles for
each boundary line. These values correspond to the fluid
lubrication area (area I), transition area (area II), and boundary lubrication area (area III). These areas are defined by
line A, line B-line A, and line C-line B, respectively. The

Boundary line B
0.22
0.17
0.20
0.20

Boundary line C
0.25
0.25
0.25
0.25

2.6 nm thick Z-tetraol sample exhibits better durability than
the 1.6 nm thick sample. The cycle number of the 1.6 nm thick
Z-tetraol sample is low in the fluid lubrication, mixed lubrication, and boundary lubrication areas. The 2.6 nm thick Ztetraol sample exhibits a higher cycle number in the boundary
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lubrication area (area III) than that of the 1.6 nm thick Ztetraol sample. It can be deduced that free lubricant replenishes the friction area, and the state gradually changes from
fluid lubrication to boundary lubrication.
The effect of the supply of free lubricant is small for the
D-4OH sample. However, the boundary lubricant state is
effective, and lubricant is retained until reaching a high load.
This result is consistent with the previous nanowear results
showing good retention of the D-4OH lubricant, despite its
small replenishment. This suggests that the D-4OH lubricant
has excellent adhesion and high stiffness, because of the
properties of its main chain.
The A20H sample exhibits the best friction durability.
This is confirmed by the result that the change in friction
coefficient varies from 400 cycles at 4 N to 450 cycles at 0.5 N,
as shown in Figure 17(c). It is thought that its excellent friction
durability is because the fluid lubrication of the mobile layer
(area I) and boundary lubrication (area III) are very wide. The
A20H sample exhibits good durability, which is attributed to
the action of the mobile layer and bonding layer, as shown in
Figure 18.
The 2.6 nm thick Z-tetraol sample exhibits good wear
resistance in the nanowear test. Macroscopic examination
suggests that the durability of the 2.6 nm thick Z-tetraol
sample is inferior to that of the A20H sample. The difference
between the macroscopic examination and nanowear test
results reflects the test conditions. The AFM test involves a
small 500 × 500 nm sliding area, in which the lubricant is
easily replenished. The thick free lubricant layer of the 2.6 nm
thick Z-tetraol sample shows excellent nanowear resistance
because of this replenishment.

4. Conclusions
Nanowear and viscoelastic evaluation tests were performed
to study the retention and replenishment of lubricant films on
magnetic disks. The durability and behavior of the lubricant
films were then evaluated by load increase and decrease
friction tests. The main conclusions are as follows:
(1) The 1.6 nm thick A20H and 2.6 nm thick Z-tetraol
samples exhibit excellent nanowear properties, and
these lubricants are replenished following friction.
The supply of lubricant to the friction area decreases
the nanowear. In contrast, the 1.6 nm thick Z-tetraol
and D-4OH lubricants are easily removed by sliding.
The D-4OH lubricant exhibits poor replenishment
but excellent retention.
(2) Changes in the friction coefficient with lubrication
state can be estimated from friction coefficient maps.
The map of the friction coefficient dependence on
reciprocating cycle number and load can be divided
by three boundary lines, and these three lines define
four friction coefficient areas. Area I constitutes fluid
lubrication by the mobile layer. Area II is transition to
mixed lubrication. Area III is boundary lubrication.
Area IV has a high friction coefficient because of
fracture of the DLC surface.

(3) The rapid increase in the friction coefficient at certain cycle numbers and loads was evaluated. The
friction durability is determined by these conditions.
The A20H and 2.6 nm thick Z-tetraol samples exhibit
good durability, which is consistent with the nanowear results. The friction coefficients of the A20Hcoated disk are stable, and its friction durability is
superior to the samples. Areas I (fluid lubrication)
and III (boundary lubrication) of the A20H sample
are wide, because of its good retention and replenishment. The superior properties of the A20H sample are
consistent with AFM observations of the mobile and
bonding layers.
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Quantum dots have been considered to be promising candidates for bioapplications because of their high sensitivity, rapid response,
and reliability. The synthesis of high-quality quantum dots that can be dissolved in water and other biological media is a crucial step
toward their further application in biology. Starting with a one-pot reaction and the successive ionic layer adsorption and reaction
(SILAR) method, we produced the CdSe/ZnS core/shell structure. Through a ligand-exchange mechanism, we coated the asmade CdSe/ZnS structure with 3-mercaptopropionic acid (MPA) or mercaptosuccinic acid (MSA). Various techniques, including
photoluminescence (PL), ultraviolet-visible (UV-Vis) spectroscopy, transmission electron microscopy (TEM), X-ray diffraction
(XRD), and Fourier transform infrared (FTIR) spectroscopy, were utilized to characterize the ligand-coated CdSe/ZnS structure.
The results show enhanced luminescence intensity, CdSe surface passivation by ZnS, and successful coating with MPA and MSA.
The stability of quantum dots in solutions with different pH values was investigated by performing zeta potential measurements.
The results revealed that the quantum dots shifted from displaying hydrophobic to hydrophilic behavior and could be connected
with bioagents.

1. Introduction
Semiconducting quantum dots have been extensively studied
in recent decades because of their unique physical characteristics, which are superior to those of their bulk and
thin-film counterparts. In the II–VI semiconductor class of
compounds, CdSe has been the most thoroughly researched
material for both synthesis and application. CdSe quantum
dots have been intensely investigated and applied in many
different fields, including display devices, quantum dot solar
cells, quantum dot lasers, and biological applications. Because
of their high photostability, low photobleaching speed, and
strong photoluminescence (PL) under illumination, they
have great potential to replace the currently used organic dyes
and are also good candidate materials for biomedical applications. Numerous scientific works related to CdSe quantum
dots have been published in bioimaging and biosensing fields
[1–3].

Currently, the synthesis of quantum dots from metalorganic precursors remains the most effective method for
obtaining high-quality and high-luminescence nanoparticles.
However, the problems of unstable organic cover layers
and low quantum dot surface coverage (approximately 40–
60%) must be overcome [4]. Indeed, because of these issues,
abundant defects exist at the surface that decreases the dot
luminescence efficiency. Covering CdSe quantum dots with
outer inorganic shells with higher band-gaps not only helps
to passivate the dangling bonds at the core surface but
also creates a potential barrier for electron confinement and
reduces the effect of the surrounding environment. This, in
turn, enhances the dots chemical stability and luminescence
efficiency.
Several materials, such as CdSe (1.74 eV), CdS (2.49 eV),
ZnSe (2.69 eV), and ZnS (3.61 eV), are suitable for use in
shell coverage. Among these, ZnS consists of common, earthabundant elements. ZnS outer shell would also prevent the
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leakage of Cd2+ or Se2− ions into the surroundings, reducing
the toxicity associated with quantum dots [5].
However, this CdSe/ZnS core/shell structure cannot be
dissolved in water, and as a result, it cannot be applied directly
in biological studies. Thus, the surfaces of these materials
must be functionalized for bioapplications. This process shifts
the characteristics of quantum dots from hydrophobic to
hydrophilic and facilitates their connection with bioagents
[6, 7].
There are many different approaches to achieve surface
functionalization, such as the use of polymer coverage or
organic fibers. Although those materials maintain the dots’
hydrophobic characteristics and reduce their toxicity, their
use drastically increases the particle sizes. This leads to low
luminescence and reduces chemical stability. Meanwhile,
ligand-exchange methods are widely used because of their
simplicity and the small sizes of the final products. Mercaptopropionic acid (MPA) and mercaptosuccinic acid (MSA)
molecules comprising thiol and carboxylic functional groups
play highly important roles as suitable new ligands. They
help to reduce the dangling bonds at the surface, prevent
agglomeration, and connect the quantum dots with bioagents
[8–15]. Investigating the connections between quantum dots
and their surrounding molecules is extremely important,
which leads to better understanding of the effect of covering
molecules on the characteristics of quantum dots, especially
the optical characteristics crucial for biosensing applications.
In this report, we present the synthesis and characterization of the CdSe/ZnS core/shell structure and the functionalization of its surface with MPA and MSA. The properties
and structure of the quantum dots were characterized using
absorption and PL spectroscopy, X-ray diffraction (XRD),
transmission electron microscopy (TEM), and Fourier transform infrared spectroscopy (FTIR). We obtained high-quality
CdSe/ZnS core/shell structures with high-luminescence and
suitable crystal structures. Successful ligand exchange was
confirmed qualitatively and quantitatively. The durability
of CdSe/ZnS, CdSe/ZnS-MPA, and CdSe/ZnS-MSA was
compared using zeta potential measurements [15]. Based on
these fundamental results, in the future, we aim to utilize
CdSe/ZnS-ligands in bioimaging and the early biodetection
of diseases.

2. Experiment
2.1. Fabrication of CdSe and CdSe/ZnS Quantum Dots.
According to the literature [16–18], the colloidal method,
a widely used approach to synthesize CdSe quantum dots,
was employed for fabrication in this work. The procedure
was as follows: we first dissolved 0.133 g of cadmium acetate
dehydrates in 0.64 mL of oleic acid (OA) and 5 mL of diphenyl
ether (DPE). The obtained solution was stirred continuously
in nitrogen atmosphere and heated to180∘ C. Then, 0.5 mL of
1 M trioctylphosphine-selenide solution (TOP-Se) (0.66 g of
selenium powder and 8.36 mL of TOP) was injected rapidly
into the cadmium solution. After a certain reaction time, the
final solution was cooled to room temperature, subjected to
centrifugation several times, and finally dispersed in hexane
or toluene for long-term preservation.
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The CdSe/ZnS core/shell structure was synthesized by
the successive ion layer adsorption and reaction (SILAR)
method. We added 1.1 mL of CdSe, 0.5 g of octadecylamine
(ODA), and 2 mL of octadecene (ODE) into a three-necked
flask. The flask was evacuated and kept at 100∘ C in 30 minutes.
Then, it was filled with nitrogen gas and heated to 150∘ C.
For the shell covering, 0.65 mL of Zn2+ and 0.13 mL of S2−
were injected into the flask. The reaction time was 10 minutes
after each injection. The solution was then cooled to room
temperature. We thus obtained CdSe/ZnS quantum dots with
core/shell structure in ODE solvent. To collect clean quantum
dots, the solution was dispersed in 1 mL of hexane and 2 mL
of methanol and then centrifuged at 3500 rpm for 15 minutes.
This cleaning procedure was repeated at least 3 times. The
clean quantum dots were then dispersed in chloroform for
preservation and subsequent surface functionalization.
2.2. Ligand Exchange of CdSe/ZnS Quantum Dots with MPA
or MSA. After synthesis, the surfaces of the CdSe/ZnS
core/shell structure quantum dots were covered with the
phosphine groups of TOP molecules. These groups can be
replaced by carboxyl groups in their MPA or MSA counterparts in a procedure known as ligand exchange.
We added 1 mL of CdSe/ZnS dispersed in chloroform to a
sealed glass bottle, followed by 1 mL of toluene, 5 𝜇L of MPA,
and 1 mL of phosphate-buffered saline (PBS, pH 7.0). The
entire solution was then stirred for 24 to 48 hours at room
temperature to allow the ligand-exchange reaction to occur.
The solution was then dispersed into the buffer solution (pH
9.0) and centrifuged at 3500 rpm to eliminate excess MPA.
Finally, CdSe/ZnS-MPA quantum dots were redispersed in
the preferred buffer solution. The entire procedure was
repeated for MSA with a minor modification: 5 𝜇L of MSA
was added instead of 5 𝜇L of MPA.

3. Results and Discussion
The optical properties of CdSe and CdSe/ZnS were investigated by ultraviolet-visible (UV-Vis) absorption and PL
(Horiba Jobin Yvon) spectroscopy at an excitation wavelength
of 325 nm.
As shown in Figure 1, the absorption peak of the
CdSe/ZnS core/shell shifts toward longer wavelengths relative
to that of the CdSe core, confirming the formation of the shell
layer around the CdSe core, which increases the quantum dot
mass. This, in turn, enhances the absorption capability and
luminescence efficiency of the CdSe/ZnS core/shell structure,
as shown in Figure 2.
As shown in Figure 2, the PL peak of the CdSe core
is located at 538 nm; upon coating with ZnS, the peak
shifts toward longer wavelengths of 581 nm and 588 nm,
corresponding to the number of times SILAR repeated. The
PL spectra exhibit narrow and symmetric shapes, confirming
the particle size uniformity. Furthermore, the core/shell
luminescence intensities are greatly improved because of the
shell coating. However, as the shell thickness increases, the
intensity of the two-SILAR-cycle sample was lower than that
of the single-cycle case. This can be explained by the increased
number of surface defects. To determine the crystal structure
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Figure 1: UV-Vis absorption of CdSe and CdSe/ZnS.
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Figure 2: PL spectra of CdSe and CdSe/ZnS.

and stability of the ZnS layer, XRD was employed, and the
results are presented in Figure 3.
Three typical peaks of the CdSe core in zinc-blende structure are evident at 25.49∘ , 43.05∘ , and 49.73∘ and correspond
to the (111), (220), and (311) lattice directions, respectively.
After ZnS coating, all the main peaks are shifted to the righthand side. As the number of layers increases, the main peaks
gradually shift toward the typical ZnS zinc-blende structure
[4, 5]. To investigate the shape of the CdSe/ZnS particles,
TEM images were obtained, as shown in Figure 4.
This image shows sphere-like particles with diameters of
approximately 4.0 nm. No anomalously large particles were
found.
To examine the durability of the CdSe/ZnS quantum dots,
we performed zeta potential measurements (Zeta Sizer Nano
ZS, Malvern Instrument Ltd., serial number MAL1026429,

Figure 4: TEM image of CdSe/ZnS core/shell sample coated at
130∘ C.

DTS Ver. 5.10). The samples were measured in a folded
capillary Cell DTS (1070) at 25∘ C.
As shown in Figure 5, the value of the zeta potential
is approximately 40 mV. Thus, the surfaces of the quantum
dots synthesized with TOP as the surfactant are surrounded
by positive ions. Additionally, the quantum dots are well
dispersed in chloroform, the static repulsive force between
particles is fairly strong, and more importantly, the quantum
dots exhibit good durability [19–21].
Figure 6 shows the phase transformation of quantum dots
before and after successful surface modification. Prior to the
surface functionalization of the CdSe/ZnS quantum dots with
MPA, the solution was separated into two layers: the transparent upper layer is in a polar buffer environment, whereas the
lower red-orange layer consists of CdSe/ZnS quantum dots in
a nonpolar solution. After surface modification, the solution
separates into two layers: the colored upper layer contains
CdSe/ZnS quantum dots coated with MPA, confirming the
occurrence of a phase transformation in the buffer solution,
whereas the transparent lower layer consists of the initial
nonpolar solution of the CdSe/ZnS quantum dots.
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To investigate the effects of MPA and MSA ligands on the
properties of quantum dots, we employed absorption and PL
spectroscopy and TEM.
As shown in Figure 7, as the TOP molecule was replaced
by MPA, the absorption peak of CdSe/ZnS-MPA moved to
shorter wavelengths. This shift may be attributable to the
smaller size of the MPA molecule compared with TOP. We

also observed the same shift for CdSe/ZnS-MSA. The blue
shift was also observed in the PL results, as shown in Figure 8.
When TOP was replaced by MPA or MSA, the PL peaks
of CdSe/ZnS-MPA (or MSA) moved to shorter wavelengths,
and their intensities decreased drastically. This result matched
well with report [22].
MPA-conjugated quantum dots showed better luminescence intensity than MSA-conjugated ones. Although MSA
includes two carboxyl groups and has better bioconjugation
capability, MPA appears to be a more suitable ligand for TOP
substitution for bioapplications, such as biosensors.
The effect of the pH value on luminescence intensities
is clearly shown in Figure 9. Compared with CdSe/ZnS,
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Figure 9: PL spectra of CdSe/ZnS-MPA (a) and CdSe/ZnS-MSA (b)
solutions at different pH values.

CdSe/ZnS-MPA solutions with different pH values (6.5, 7.0,
and 8.0) exhibited shorter peak wavelengths and much lower
PL intensities. Additionally, the intensity of CdSe/ZnS-MPA
in neutral solution was lower than those in acidic and basic
solutions. In contrast, the PL intensities decreased gradually
as the pH value increased from 6.5 to 8.0.
The FTIR spectra of CdSe/ZnS-MPA and CdSe/ZnSMSA show three main peaks compared with CdSe/ZnS. The
carboxyl groups (-COOH) in MPA and MSA show strong
absorbance at 1700 ± 10 cm−1 , demonstrating that the TOP
surfactant on CdSe/ZnS was replaced by MPA or MSA

molecules. This ligand exchange occurs at the thiol groups (SH) that are attached to ZnS surface through disulfide (S-S)
bonds. This was confirmed by the disappearance of 1289 cm−1
peak corresponding to -SH bonding and the appearance of
peaks in 450–500 cm−1 wavenumber range corresponding to
S-S bonding in CdSe/ZnS-MPA (or MSA) samples. Additionally, the emergence of a strong hydroxyl (-OH) group
absorption peak at approximately 3303 cm−1 confirms the
good dispersion of the quantum dots in water and other
biological media. This ability and the existence of carboxyl
groups allow CdSe/ZnS-MPA (or MSA) quantum dots to
be conjugated with bioagents, enabling their application in
biosensor fabrication.
Figure 10 shows the zeta potentials of CdSe/ZnS-MPA
and CdSe/ZnS-MSA. Relative to that of CdSe/ZnS, after
ligand exchange with MPA or MSA, the zeta potentials of
the resulting materials shifted to the left-hand side, achieving values of −34.6 mV (CdSe/ZnS-MPA) and −27.0 mV
(CdSe/ZnS-MSA). These values indicate that the positive
ionic layers at the outer surfaces of CdSe/ZnS were replaced
by negative ionic layers and confirm that the ligand exchange
was successful and that the resulting structures are highly
durable. For the same quantum dot concentration and pH
value, the absolute zeta potential of CdSe/ZnS-MSA was
lower than that of CdSe/ZnS-MPA. Thus, CdSe/ZnS-MPA
exhibits much better dispersion in chloroform solvent, is
more durable, and is more suitable for further development
for bioapplications.
The effect of the pH value on the quantum dot stability was investigated further. Zeta potentials were measured to obtain the potential values for CdSe/ZnS-MPA and
CdSe/ZnS-MSA at different pH values (6.5, 7.0, and 8.0), as
shown in Figures 11 and 12.
At the same concentration but different pH values, the
quantum dot solutions show varied dispersion and diverse
stabilities as depicted in Figure 13. Low pH values facilitate
the protonation of carboxyl groups, the development of
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Figure 12: Zeta potentials of CdSe/ZnS-MPA at pH 6.5 (a) and pH 8.0 (b) and those of CdSe/ZnS-MSA at pH 6.5 (c) and pH 8.0 (d).

stronger interactions, and good dispersion of quantum dots
in water; additionally, because of the strong repulsive force
between the particles, the quantum dots exhibit very good
durability. However, excessive protonation can lead to poor
surface protection of the quantum dots. The low passivation
of dangling bonds and the poor reduction of trapping levels
can decrease the overall luminescence intensity. Based on
these results, we identified pH 7.0 as the most suitable value
for quantum dot dispersion and preservation.
TEM image of CdSe/ZnS-MPA is presented in Figure 14
and shows sphere-like nanoparticles with a uniform size,
which is smaller than that of the CdSe/ZnS nanoparticles
shown in Figure 4. This is in good agreement with the
spectroscopy results presented above.

4. Conclusion
We successfully synthesized CdSe/ZnS core/shell quantum
dots and functionalized their surfaces by replacing the phosphine group of the TOP molecule with the carboxyl group of
MPA and MSA. The properties of the synthesized quantum
dots were characterized by absorption and PL spectroscopy,
XRD, FTIR, and TEM. In the PL spectra, we observed the
strong enhancement of luminescence efficiency of CdSe/ZnS
by up to 70 times relative to that of the CdSe core. FTIR
revealed the solubility of the quantum dots in water and
biological media. The neutral pH value (7.0) resulted in
the best luminescence efficiency and is the most suitable
for attaching bioagents to quantum dots. Zeta potential
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Figure 14: TEM image of CdSe/ZnS-MPA quantum dots.

measurements revealed the high stability of CdSe/ZnSMPA and CdSe/ZnS-MSA. These results are of fundamental
importance for conjugating bioagents with quantum dots for
bioapplications.
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Nanostructured WC-Co/Al powder was synthesized from WC-12Co powder and pure Al powder by mechanical alloying (MA).
The morphology and microstructural evolution of WC-Co/Al powder were investigated by a series of characterization methods.
The results showed that the 𝛽-Co phase in the initial WC-12Co powder was replaced by the Al𝑥 Co phases (such as Al9 Co2 and
Al13 Co4 ). As the ball milling time increased, the average grain size of WC in the WC-Co/Al powder decreased firstly and then
remained at a constant value of around 40 nm. The deposition behavior of powders sprayed by high velocity oxygen fuel (HVOF)
spraying was investigated. During spraying, the WC-Co/Al powder had a better flattening than the WC-12Co powder without ball
milling, which is beneficial to fabricate compact coatings with lower porosity.

1. Introduction
WC based cemented carbide has been widely used in geoengineering and machining fields because of its high hardness
and good red hardness [1–3]. Metal Co is the most often used
material as a binder of these WC based cermets. Hard WC
skeleton and flexible Co binder phase ensure the WC-Co high
hardness and toughness, thus ensuring the good abrasion
resistance [4, 5]. Fabrication of a WC-Co coating with
thickness of hundreds of microns on the surface of traditional
parts is an effective and economic method to improve the
wear resistance and to increase the service life of parts [6, 7].
In recent years, with the rise of nanotechnology, people look
forward to preparing more superior WC-Co coatings using
nanostructured powder rather than conventional powder
[8–12]. However, some authors reported that the decomposition and decarbonization of nanostructured WC grains
were serious during the process of spraying, resulting in a
decline in wear resistance [9–12]. Therefore, optimizing the
feedstock powder structure and chemical composition has
become an important way to obtain excellent performance
of nanostructured WC-Co based coating [13–16]. Metal Al,
which has a low melting point and an unfilled 3p1 orbital,

also can be used as a binder of WC based cermets [17].
Recently, Wu et al. [18] reported an Al/WC composite coating
prepared by high energy milling and found that Al can react
with WC, which was beneficial to bond Al and WC. Basak
et al. [19] also reported that Al alloying can improve the
wear resistance of the WC-Co coatings. However, there is still
no evidence in literature regarding the deposition behavior
of nanostructured WC-Co/Al powder and the details of
the microstructural evolution during preparation of these
powders.
In this work, a nanostructured WC based composite
powder was synthesized using mechanical alloying (MA)
method through adding the metal Al powder to the WC12Co powder. Afterward, the laboratory-made WC-Co/Al
powders were sprayed onto mild steel by high velocity oxygen
fuel (HVOF) spraying. Morphology, microstructure, phase
constitution, and deposition behavior of the powders were
investigated using a series of characterization methods.

2. Materials and Experimental Methods
2.1. Materials. Commercially available WC-12Co powder,
obtained from Zhangyuan Tungsten Industry New Materials
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Figure 1: The morphology (a) and microstructure (b) of the WC-12Co powder and the morphology of the Al powder (c).

Co., Ltd., China, and pure Al powder, provided by Beijing
General Research Institute of Mining & Metallurgy, China,
were used to prepare the WC-Co/Al composite powder.
The morphology and microstructure of these powders were
examined by a Hitachi S-4800 scanning electron microscope
(SEM), and the typical SEM photos are shown in Figure 1.
The WC-12Co powders, which showed near-spherical shapes
with rough and porous surfaces (Figure 1(a)), were fabricated
by the agglomerating and sintering method. These WC-12Co
particles had a size range from 15 to 45 𝜇m (Figure 1(a)).
Figure 1(b) is the cross-section SEM image of WC-12Co
powder. It can be seen that the WC grain size ranges from 0.2
to 1 𝜇m. Figure 1(c) shows that the Al powders have a globular
shape and smooth surface, and the size distribution is −5 +
1 𝜇m.
2.2. Mechanical Alloying. The WC-12Co powder and Al
powder were mixed evenly, with a mass proportion of 97 : 3,
in a QM3-SP4J planetary ball mill machine. The ball milling
time was 10 h, 30 h, and 50 h, respectively. Before ball milling,
the stainless steel ball jar was vacuumized and then filled
with Ar gas as shielding gas. Stearic acid (C18 H36 O2 ) was
added into the jar as a process control agent (PCA), in
order to prevent the cold welding between the grinding balls,
powders, and jar wall. The revolving speed of the jar was set
at 500 RPM. The mass ratio of ball to powders was 10 : 1. After
the ball milling, we crushed the powder manually by a mortar
and pestle. Then a fine screen was used to screen the WCCo/Al powder to a size range from 15 to 40 𝜇m.

2.3. Characterization. The morphology and microstructure
of powders were investigated by the Hitachi S-4800 SEM.
A Bruker D8 FOCUS X-ray diffractometer (XRD, Cu-K𝛼
radiation, voltage 40 kV, electric current 40 mA, and scanning
speed 2∘ /min) was used to analyze the phase structure
of powders. In this work, average grain size of WC was
determined by measuring the line broadening at half the
maximum diffraction intensity of the WC phase (2𝜃 = 35.6∘ ,
𝑑 = 0.252 nm on the face (100)) and then was calculated using
Scherrer’s equation [20]:
𝐷=

0.89𝜆
,
𝛽1/2 cos 𝜃

(1)

where 𝐷 is the grain size, 𝜆 is the X-ray wavelength (𝜆 =
0.15406 nm for Cu-K𝛼 radiation in this work), 𝛽1/2 is the line
broadening at half the maximum intensity (in radians), and
𝜃 is the Bragg angle.
A TJ-9000 HVOF spraying system (China, Tianjin University) was used to spray powders onto the mild steel plates
for investigating the deposition behavior of the powders. The
spraying parameters were the oxygen pressure of 0.7 MPa,
the oxygen flow rate of 245 L/min, the fuel gas pressure of
0.65 MPa, the fuel gas flow rate of 30 L/min, and the spraying
distance of 270 mm, respectively. The splats were collected
and the coatings were also prepared. The morphology of
splats and the microstructure of coatings were investigated by
the Hitachi S-4800 SEM. Porosity of coatings was measured
using the metallographic method [7]. 10 cross-section images
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of each coating obtained by OLYMPUS GX51 optical microscope (OM), with a magnification of 200 times, were used for
the measurement of porosity.
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Figure 2: The XRD patterns of WC-12Co powder and WC-Co/Al
powder milled of various times.
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3.1. XRD Analysis of Powders. In this paper, a total of three
sets of WC-Co/Al powder were prepared. These powders
were denoted by 1#, 2#, and 3#, which corresponded to the
ball milling time of 10 h, 30 h, and 50 h, respectively. For
convenience, the initial WC-12Co powder was denoted by 0#
powder. Figure 2 is the XRD patterns of 1#, 2#, and 3# WCCo/Al powders and the WC-12Co powder. We can see that the
WC phase (PDF-ICDD: 73-0471) and the 𝛽-Co phase (PDFICDD: 15-0806) constitute the initial WC-12Co powder. The
height of the WC phase diffraction peaks becomes lower
and wider with the increase of milling time. This indicated
that WC grains were repeatedly crushed and broken by balls,
becoming smaller and smaller during the process of ball
milling. The 𝛽-Co phase diffraction peak, which was detected
in the initial WC-12Co powder (2𝜃 = 44∘ , 𝑑 = 0.205 nm),
disappeared in the XRD patterns of WC-Co/Al powders after
the ball milling. This is because of the solution of Al in the
Co matrix. One dump was detected at the 2𝜃 = 45∘ ∼47∘ in
each WC-Co/Al powder instead of the sharp diffraction peak,
which showed that the binding phase became amorphous to
some extent during the ball milling [21]. The reason for this
phenomenon can be attributed to the fact that the grinding
balls repeatedly squeezed the mixed powders making the
Al element dissolve into the Co phase and facilitating the
formation of intermetallic compounds (IMCs) of Al and Co,
such as AlCo (PDF-ICDD: 65-0672), Al5 Co2 (PDF-ICDD:
65-3638), Al9 Co2 (PDF-ICDD: 65-2369), or Al13 Co4 (PDFICDD: 65-1165) [22]. Because the diffraction peaks of these
IMC phases are very closed in the XRD patterns, we noted
them as Al𝑥 Co in this paper.
Figure 3 is the average WC grain size as a function of
the milling time. Grain size of WC phase is a crucial factor
of the microstructure of WC based powders and coatings
[13]. The calculated average WC grain size of 0#, 1#, 2#, and
3# powders from (1) was 248.5 nm, 93.1 nm, 39.0 nm, and
44.8 nm, respectively. As we know, Scherrer’s formula is only
applicable to nanoscale materials [20]. When the value of
D was larger than 100 nm, the calculated error is great, so
the result of the initial WC-12Co powder was inaccurate and
presented in Figure 4 only for comparison. It can be seen
from the powders’ cross-section SEM images (Figure 1(b))
that the average grain size of WC-12Co powder is about 0.5
microns. The calculated values of 1#, 2#, and 3# WC-Co/Al
powders were all lower than 100 nm. At the early stage of the
ball milling process, the WC grain size decreased sharply with
the milling time due to the drastically mechanical crushing.
However, when the grain refinement reached a critical level,
high specific surface area increased the materials’ surface
energy significantly [8]. Consequently, at the subsequent
milling, the average grain size of WC in the WC-Co/Al
powder did not decrease further but nearly remained at a
constant value of around 40 nm. Therefore, a too long milling
time is worthless.
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3. Results and Discussion
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Figure 3: The average WC grain size as a function of the milling
time.

3.2. Morphology and Microstructure of the Powders. Figure 4
shows the typical morphology and cross-section microstructure of the 2# WC-Co/Al powder. As can be seen from
Figure 4(a), the powders had a very rough surface and
presented a polygonal morphology. This is the typical powder
morphology after ball milling process as a result of the
collision and crushing between the ball and powders [2, 8].
From Figure 4(b), we can see that the interior structure of
powders is very dense with fine WC grains dispersed in the
binding phase uniformly. There are almost no pores inside the
powder. In addition, it can be seen that the WC grains size is
very small, most of which were under 100 nm, indicating that
the calculated results from Scherrer’s equation are credible.
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(a)
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Figure 4: The typical morphology (a) and cross-section microstructure (b) of the WC-Co/Al powder.
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Figure 5: The HVOF deposited splats’ morphology of the WC-Co/Al powder in full view (a) and in edge view (b) and the WC-12Co powder
in full view (c) and in edge view (d).

3.3. Deposition Behavior of the Powders. Among these three
ball-milled powders, 2# powder had the finest WC grain
size, and the ball milling time of 2# powder was moderate.
Therefore, in this work, we take 2# powder as a preferred
WC-Co/Al powder to prepare the splats and coatings using
HVOF spraying for investigating the deposition behavior
of the WC-Co/Al powders. For comparison, the WC-12Co
splats and coatings were also prepared by the HVOF spraying.
Figure 5 shows the HVOF deposited splats’ morphology of
the 2# WC-Co/Al powder and the WC-12Co powder. It can
be seen that the flattened degree of the ball-milled WCCo/Al powder (Figures 5(a) and 5(b)) is better than that of

WC-12Co powder (Figures 5(c) and 5(d)). This suggested
that, under the same spraying parameters, ball-milled WCCo/Al powder was easier to spread around than the initial
WC-12Co powder. Several reasons are responsible for this
phenomenon. One is the finer WC grains of the WC-Co/Al
powder compared with the WC-12Co powder, which can be
seen clearly in Figures 5(b) and 5(d). The WC grain size of
WC-12Co powder without ball milling ranged from 0.2 to
1 𝜇m, while the average size of WC grains after the ball milling
was only 39 nm. Li and Yang [13] reported that the refinement
of carbide grains was favorable for the carbide based powders
to flatten during the HVOF spraying. In addition, He and
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Figure 6: The cross-section SEM images of the WC-Co/Al coating at lower magnification (a) and higher magnification (b) and the WC-12Co
coating at lower magnification (c) and higher magnification (d).

Schoenung [21] reported that, under the same condition
of HVOF spraying, nanostructured WC-Co powders would
experience higher temperature than the micron-structured
WC-Co powders, which is also advantageous to the particle
flattening. The other reason is that the aluminum has a
low melting point (660∘ C) and good thermal conductivity,
making the WC-Co/Al powder easier to melt. Furthermore,
comparing Figures 1(a) and 4(a) we can find that the size of
WC-Co/Al powder is smaller than that of WC-12Co powder,
which also makes the WC-Co/Al powder easier to melt and
flatten.
The cross-section SEM images of the WC-Co/Al coating
and the WC-12Co coating are shown in Figure 6. It can
be seen that both the two kinds of coating have a lamellar
structure, which is determined by the nature of thermally
spraying process [13, 21]. HVOF spraying gun provided
particles with high speed impacting to the substrate, and then
the particle flattened and solidified rapidly. The subsequent
particles will be gradually superimposed onto the deposited
layers, and finally the coatings were prepared. However,
it is worth noting that the thickness of each layer in the
WC-Co/Al coating (Figure 6(a)) is thinner than that of the
WC-12Co coating (Figure 6(c)). This is associated with the
flattening degree of two powders, as shown in Figure 5. The
WC-Co/Al powder was easier to flatten during deposition,
so the thickness of splats was thinner and thus the coating
got the finer microstructure. From Figure 6(c) we can see
clearly that the cross-section profiles of the splats in the

WC-12Co coating are thick relatively, which also demonstrates the results observed in Figure 5(c). In the WC-Co/Al
coating (Figure 6(b)), the WC grains were very fine and
most of them retained nanostructure. It can be seen from
Figure 6(d) that the WC grains basically remain of similar
size and shape compared with that in the WC-12Co powders
(Figure 1(b)). This suggested that the decomposition of WC
phase is slight during the process of HVOF spraying. In
addition, comparing Figure 6(a) with Figure 6(c) we can
find that the WC-Co/Al coating exhibits more compact
microstructure than WC-12Co coating. The porosity of WC12Co coating calculated using the metallographic method
was 1.62%, while the porosity of nanostructured WC-Co/Al
coating was only 0.57%. Tillmann et al. [23] reported that
the porosity of coatings decreased with the improvement of
the single particles flattening. The phenomena observed in
Figures 5 and 6 are in agreement with the conclusion from
Tillmann et al.

4. Conclusion
The nanostructural WC-Co/Al powder was prepared
by mechanical alloying from the pure Al powder and
submicron-structured WC-12Co powder. During the process
of ball milling, the Al powder reacted with the Co phase in
WC-12Co powder and intermetallic compound of Al and
Co, noted by Al𝑥 Co, generated. Ball milling time was an
important factor for determining the average WC grain size.
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After milling time of 10 h, 30 h, and 50 h, the average WC
grain size of WC-Co/Al powder was 93.1 nm and 39.0 nm and
44.8 nm. During HOVF spraying, the WC-Co/Al powder
had a better flattening degree than the WC-12Co powder
without ball milling, which is beneficial to form a uniform
and compact microstructure in the WC-Co/Al coating. The
porosity of the WC-Co/Al coating, which was only 0.57%,
decreased significantly than that of the WC-12Co coating
(1.62%).
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2

Correspondence should be addressed to Daniela Predoi; dpredoi@gmail.com
Received 29 March 2016; Revised 23 May 2016; Accepted 1 June 2016
Academic Editor: Antonios Kelarakis
Copyright © 2016 Cristina Liana Popa et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.
The aim of the current research work was to study the physicochemical and biological properties of synthesized zinc doped
hydroxyapatite (ZnHAp) nanoparticles with Zn concentrations 𝑥Zn = 0 (HAp), 𝑥Zn = 0.07 (7ZnHAp), and 𝑥Zn = 0.1 (10ZnHAp)
for potential use in biological applications. The morphology, size, compositions, and incorporation of zinc into hydroxyapatite
were characterized by scanning electron microscopy (SEM), transmission electron microscopy (TEM), Fourier Transform Infrared
Spectroscopy (FTIR), Raman scattering, and X-Ray Photoelectron Spectroscopy (XPS). In addition, the cytotoxicity of ZnHAp
nanoparticles was tested on both E. coli bacteria and human hepatocarcinoma cell line HepG2. The results showed that ZnHAp
nanoparticles (HAp, 7ZnHAp, and 10ZnHAp) have slightly elongated morphologies with average diameters between 25 nm and
18 nm. On the other hand, a uniform and homogeneous distribution of the constituent elements (calcium, phosphorus, zinc, and
oxygen) in the ZnHAp powder was noticed. Besides, FTIR and Raman analyses confirmed the proper hydroxyapatite structure
of the synthesized ZnHAp nanoparticles with the signature of phosphate, carbonate, and hydroxyl groups. Moreover, it can
be concluded that Zn doping at the tested concentrations is not inducing a specific prokaryote or eukaryote toxicity in HAp
compounds.

1. Introduction
In recent decades, modern medicine rapidly has progressed.
In particular, the fields of nanomedicine and tissue engineering have offered new and improved solutions to numerous
health problems thus enhancing the quality of life of patients
who suffer from various diseases. One of the medical fields
that had gained from the development of nanomedicine is
the orthopedic surgeries. Ceramic materials are in fact used
nowadays either as coating materials for metal prosthesis or
as scaffolds for tissue growth [1]. One of the most commonly
used biomaterials is hydroxyapatite (HAp) due to its similarity with the main inorganic component of the human
natural hard tissue [2]. The biocompatibility of HAp along

with its bioactive properties has made it a good candidate
for being used as a filling material for bone repair and
bone replacement or as an osteoinductive and conductive
coating [3]. When used as a coating material for metallic
prosthesis, HAp forms physicochemical bonds with the surrounding bone tissue thus promoting bone formation which
is essential for the osseointegration of the implant [4, 5]. To
further improve physicochemical and mechanical properties
of HAp, researchers have focused their efforts in modifying
its structure by doping it with different metallic ions [6].
It was observed that doping HAp with different metallic
ions led to changes of the lattice parameters, crystallinity,
and other physical properties of the HAp [4, 7]. One of the
trace elements that has an essential role in the human bone
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and plasma is zinc [8]. Being a cofactor in more than 300
enzymes and contributing to the metabolism of proteins,
carbohydrates, and lipids [9], zinc has a catalytic, structural,
and regulatory role in the human body [9]. Almost 30% of the
total amount of zinc found in the human body is located in
the bone tissue, a lack of it inducing serious health problems
such as growth retardation, male hypogonadism, or abnormal
neurosensory changes [9–12]. Additionally, zinc deficiency
induces delayed wound healing, anorexia, weight loss, and an
increased susceptibility to infections [9–12]. Therefore, doping HAp with Zn2+ ions offers the opportunity of obtaining
an improved biocomposite with enhanced physicochemical
properties. Such a material could be used in the future as a
coating material for improved prosthesis, reducing the risk
of implant rejection by the human body and at the same
time improving the quality of life of patients suffering from
orthopedic surgeries. In order to synthesize hydroxyapatite
with controlled and uniform particle size, various methods
such as sol-gel [4], wet-chemical [3], or coprecipitation [12]
have been used. The synthesis method that we present in this
study provides new information on synthesis parameters and
has the potential to be used for synthesis of novel nanostructures. On the other hand, to the best of our knowledge, there
are no reliable studies previously reported on the cytotoxicity
observed for both E. coli and HepG2 cells. Furthermore, until
now, eloquent studies regarding the influence of particle size
on cytotoxicity are not presented.
Thus, the aim of this study was to prepare zinc doped
hydroxyapatite (HAp, 7ZnHAp, and 10ZnHAp) nanoparticles
for future use in possible biological applications. To this end,
the cytotoxicity and the antibacterial activity of ZnHAp were
also evaluated.

2. Materials and Methods
2.1. Materials. In order to synthesize the zinc doped hydroxyapatite (ZnHAp), precursors of calcium nitrate
[Ca(NO3 )2 ⋅4H2 O, 99% purity, Aldrich, USA], ammonium
hydrogen phosphate ((NH4 )2 HPO4 ; Wako Pure Chemical
Industries Ltd.), and Zn(NO3 )6 ⋅6H2 O (Alpha Aesare, Germany, 99.99% purity) were used.
2.2. Preparation of Zinc Doped Hydroxyapatite (ZnHAp)
Nanoparticles. ZnHAp was synthetized by a modified coprecipitation method [13]. ZnHAp samples, Ca10−𝑥
Zn𝑥 (PO4 )6 (OH)2 , with 𝑥Zn = 0, 0.07, and 0.1, respectively,
were synthesized in air at a temperature of 80∘ C using aqueous solutions with various Zn : (Zn + Ca) ion ratios, the [Ca +
Zn]/P ratio being maintained at 1.67 [13, 14]. Appropriate
amounts of Ca(NO3 )2 ⋅4H2 O and Zn(NO3 )2 ⋅6H2 O were
dissolved in deionized water. The pH value of the suspension
was adjusted to 10 adding 28% ammonia solution. A phosphate solution was prepared by dissolving (NH4 )2 HPO4
in deionized water. The (NH4 )2 HPO4 solution was added
to the Ca(NO3 )2 ⋅4H2 O/Zn(NO3 )2 ⋅6H2 O solution at room
temperature under constant stirring for 72 h at 80∘ C. The
resulting precipitate was filtered, washed five times with
deionized water, and centrifuged. Finally, the obtained

Journal of Nanomaterials
ZnHAp precipitates were dried in an oven at 80∘ C for 72
hours.
2.3. Structural and Morphological Examination. The crystal
phase was determined by powder X-ray diffraction (XRD)
measurements using a Bruker D8 Advance diffractometer,
with nickel filtered CuK𝛼 (𝜆 = 1.5418 Å) radiation and a high
efficiency one-dimensional detector (Lynx Eye type) operated
in integration mode. The samples were scanned in the 2𝜃
range 20∘ –80∘ , with a step of 0.02∘ and 34 s measuring time
per step.
The morphology, crystalline structure, and size of ZnHAp
nanoparticles were examined by TEM and SEM. For TEM
observations, the instrument was Tecnai 120 keV from FEI.
Classic modes such bright field (BF) to image the texture of the materials (shape, dimension) and Selected Area
Diffraction (SAD) to precise the structure were used. Grain
size distribution was determined by measuring the mean
diameter, of about 500 particles on the TEM micrographs.
For SEM examinations, a Quanta Inspect F scanning electron
microscope equipped with an energy dispersive X-ray (EDX)
attachment was used.
2.4. Fourier Transform Infrared Spectroscopy. In order to
study the structure of the prepared samples, FTIR measurements were performed. The functional groups present in each
sample were identified with a Spectrum BX Spectrometer.
1% of each zinc doped hydroxyapatite powder with 𝑥Zn =
0, 0.07, and 0.1 was mixed and ground with 99% KBr. The
mixture was afterwards pressed at a load of 5 tons for 2 min,
resulting in 10 mm diameter pellets. Each KBr-ZnHAp disc
was scanned over a wavenumber range between 400 and
4000 cm−1 , with a resolution of 4 and 128 times scanning.
2.5. Raman Spectroscopy. Complementary to FTIR measurements, Raman spectroscopy measurements were performed
using a RenishawInVia dispersive Raman spectrometer
(2012), equipped with a Leica DM microscope and one laser
source at 514 nm (gas-type), Spectra Physics Ar ion laser
(20 mW). The spectra were acquired using the 514 nm laser
with a power of 0.2 mW and 1800 L/mm gratings. All the
spectra were registered in the 350–1200 cm−1 spectral range
with a resolution below 2 cm−1 . Before each measurement,
the instrument was calibrated on the internal Si-reference
standard (520.6 ± 0.1 cm−1 ).
2.6. X-Ray Photoelectron Spectroscopy. XPS measurements
were performed with a SPECS Multimethod Surface Analysis
System using monochromatic Al K𝛼 radiation (1486.6 eV). In
the analyzer chamber, the vacuum was 𝑝 ∼ 3 × 10−9 torr. The
X-rays are emitted by an Al anticathode with 𝑈 = 12.5 kV
and a filament emission current 𝐼 = 20 mA. For charge compensation, a FG40 flood gun was used. The provided electron
beam had 2 eV and 0.3 mA. The XPS recorded spectrum
involved an energy window 𝑤 = 20 eV with the resolution
𝑅 = 20 eV and with 400 recording channels. The XPS spectra
recorded were processed using Spectral Data Processor v2.3
(SDP) software.

2.9. HepG2 Cell Viability Assays. HepG2 cell growth assays
were performed as previously described [16] with the following modifications: HepG2 cells were grown in Minimum
Essential Medium (MEM) supplemented with 10% v/v fetal
bovine serum (FBS), 20 mM L-glutamine, 100 𝜇g⋅mL−1 streptomycin, and 100 U mL−1 penicillin. Cells were cultured at
37∘ C in a humidified atmosphere with 5% CO2 .
For cell viability assays, 3 ⋅ 105 HepG2 cells were seeded
in each well of 12-well plates. On the following day, ZnHAp
were added at 0, 62.5, 125, 250, 500, and 1000 𝜇g/mL for 24 h.
Cells were rinsed twice with PBS, harvested using trypsin,
and suspended in 200 𝜇L PBS. Cell viability was determined
by counting Trypan Blue stained cells in a TC20 Automated
Cell Counter (Bio-Rad).
2.10. Antibacterial Activity Assay. The quantitative assay of
the minimal inhibitory concentration (MIC, 𝜇g/mL) was
based on twofold serial dilutions performed in 96-well plates.
For this purpose, serial dilutions of the tested compounds
(ranging between 1000 and 1.95 𝜇g/mL) were performed to
final volumes of 400 𝜇L in Luria Bertani medium. Each well
was inoculated with the E. coli MG1655 strain at a 600 nm
absorbance of 0.02. The initial absorbance was measured in
a Tecan plate reader. The culture was then performed in
deep well plates incubated at 30∘ C with constant shaking of
280 rpm and the final absorbance at 600 nm was measured
after 12 hours.

3. Results and Discussions
The X-ray diffraction patterns of hydroxyapatite doped with
Zn (HAp, 7ZnHAp, and 10ZnHAp) are presented in Figure 1.
The unique phase was found to be hexagonal hydroxyapatite
(standard card ICDD-PDF number 9-432). The width of the
diffraction peaks may be due to decrease of particle size and
decrease of the apatite crystallinity. Previous results presented
by Miyaji et al. [17] revealed that the width of the diffraction
peaks suggests that the crystallinity of the apatite significantly
decreases with the increase of zinc concentration. The unit
cell parameters of ZnHAp were determined by Rietveld
refinement of XRD data collected over 2𝜃 range 20–80∘ using
MAUD software [18].

Intensity (a.u.)
Intensity (a.u.)

2.8. Cytotoxicity Assays. The ZnHAp compounds were dispersed in water to a final concentration of 10 mg/mL.

Intensity (a.u.)

2.7. Laser Ablation-Inductively Coupled Plasma-Mass Spectrometer (LA-ICP-MS) Analysis. Laser ablation-inductively
coupled plasma-mass spectrometer (LA-ICP-MS) analysis
was performed on the samples. An elemental XR Thermo
Specific, following the procedure described by MotelicaHeino and Donard [15], was used in combination with a VG
UV laser probe laser ablation sampling device. Solid samples
were prepared as pressed pellets. The repetition rate of the
266 nm wavelength laser was fixed to 10 Hz. Calibration was
performed with certified artificial glass, NIST-610. Measurements were replicated four times to validate the analytical
precision of the technique.
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Figure 1: The XRD patterns of HAp, 7ZnHAp, and 10ZnHAp synthesized samples.

The values of lattice parameters “a” and “c” decreased
when the Zn concentration in the samples increased. On the
other hand, the average crystallite size decreases with Zn substitutions, from 23.1879 nm (HAp) to 19.385 nm (7ZnHAp)
and 15.8763 nm (10ZnHAp). The results presented in this
study are logical and in agreement with those previously
presented by Thian et al. [19], since the ionic radius of Zn2+
(0.074 nm) is smaller in size than Ca2+ (0.099 nm).
The morphology and elemental composition of ZnHAp
samples were examined by scanning electron microscopy
(SEM). The obtained results are presented in Figures 2 and 3.
The SEM micrographs (Figure 2) revealed that the morphology of the powders is slightly influenced by the increasing
quantity of Zn in the powders. It could be observed that
the powders are consisting of nanoparticles with elongated
morphology. Also, in the SEM images it could be noticed
that the nanoparticles tend to agglomerate due to their nanometric dimensions. The micrographs confirmed the fact that
increasing the Zn content leads to a decrease of the nanoparticles dimensions. EDX spectra of 10ZnHAp samples were
acquired (Figure 3). The EDX spectrum confirmed only the
presence of the calcium, phosphorus, zinc, and oxygen. On
the other hand, the ICP-MS study was performed to investigate the quantities of zinc in the 7ZnHAp and 10ZnHAp
powders. The concentration of zinc increases from 13.77 mg/g
(7ZnHAp) to 14.36 mg/g (10ZnHAp). Our present results are
in good agreement with the previous studied performed by
Ewald et al. [20].
In Figure 3 the elemental mapping results obtained for
the 10ZnHAp powder are presented. The results showed that
the powder is composed of calcium, phosphorus, zinc, and
oxygen, the main chemical elements of the ZnHAp structure.
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(a)
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Figure 2: SEM micrograph obtained for the HAp (a), 7ZnHAp (b), and 10ZnHAp (c) powders. The SEM images are recorded with
a magnification of ×100.000, 30 kV, and a spot of 3.5.
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Figure 3: EDX spectra and mapping of 10ZnHAp sample.

Also, the uniform and homogeneous distribution of these
elements in the powder could be noticed. Moreover, there was
no evidence of any impurities in the sample. The obtained
results confirm the presence of Zn in the powder and its
homogeneous distribution through the sample.
The TEM micrographs (Figure 4) revealed information
about the texture of the materials (shape, dimension). In
order to present the structural evolution of the material containing different concentrations of zinc, the SAD image was

inserted. The size distribution is also presented in Figure 3.
It could be observed that all the powders (HAp, 7ZnHAp,
and 10ZnHAp) are consisting of nanoparticles with a slightly
elongated morphology and a mean diameter between 25 nm
and 16 nm. The agglomeration of the nanoparticles was also
noticed. A decrease of the nanoparticles size was observed
when the concentrations of zinc increased. The SAD analysis
confirmed the formation of hydroxyapatite characteristic
hexagonal structure.
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Figure 4: TEM images of the materials containing different concentrations of zinc along with the SAD image inserted (HAp (a); 7ZnHAp
(b); 10ZnHAp (c)) and the size distributions (HAp (d); 7ZnHAp (e); 10ZnHAp (f)).

In order to highlight the functional groups of the studied
samples, FTIR and Raman measurements were performed.
The FTIR spectra acquired for the HAp, 7ZnHAp, and
10ZnHAp samples are presented in Figure 5. On the right
bottom side of each spectrum the spectral region between
1600 cm−1 and 4000 cm−1 characteristic of the water lattice
is presented.
All the bands found in the three spectra are associated
with phosphate, carbonate, and hydroxyl groups and are characteristic of the hydroxyapatite structure. The great majority
of the vibrational bands evidenced through FTIR measurements could be attributed to different vibrational modes of
the PO4 3− functional group. In this context, the symmetric
and antisymmetric stretching modes of the phosphate group
were highlighted by the following bands: the band from
962 cm−1 is attributed to the symmetric stretching mode ]1
[21, 22], while the band from 1096 cm−1 is attributed to the
]3 asymmetric stretching mode [23]. On the other hand, the
bending modes of the phosphate group are evidenced by
the bands from 566 cm−1 and 602 cm−1 , respectively. Both of
them are attributed to the ]4 mode [21, 24, 25]. Furthermore,
the band from around 1036 cm−1 is associated with the ]3
bending mode [21, 26]. There is also another band attributed
to the HPO4 2− found in the spectral range 870–880 cm−1
[21, 24]. However, this one is almost impossible to distinguish
due to the fact that it overlaps another vibrational band

attributed to the CO3 2− group [26]. The carbonate functional
group could be also evidenced by the bands from 1414–
1450 cm−1 spectral range [27]. These bands describe the C-O
vibrations and their presence suggests that, during the low
temperature synthesis, a certain amount of carbonate was
incorporated in the samples [27]. The ]𝐿 vibrational mode
of the hydroxyl group is evidenced by the band from around
630 cm−1 , while the ]𝑆 stretching mode of the same functional
group is evidenced by the band from around 3572 cm−1 [21,
25, 28]. Generally, the adsorbed water molecules present in
the hydroxyapatite structure are described by the vibrational
bands from around 1630 cm−1 [21, 29] and those from the
3000–3800 cm−1 [25] spectral region. The general behavior
of the FTIR spectra exhibits a widening of the peaks and
an overall smoothing when the Zn concentration from the
samples increases. This behavior suggests a decrease of the
crystallinity of the samples with the increase of zinc concentration.
As for FTIR results, all the peaks presented in the Raman
spectra are associated with the functional groups characteristic of hydroxyapatite (Figure 6).
They are all attributed to different stretching and bending
modes of the phosphate groups. The totally symmetric
stretching mode ]1 of the P-O bond is described by the
presence of the very sharp band from 961 cm−1 , while
the triply degenerated asymmetric stretching mode ]3 of
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Figure 5: FTIR of HAp, 7ZnHAp, and 10ZnHAp.
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Figure 6: Raman spectra of HAp, 7ZnHAp, and 10ZnHAp.

the same P-O bond is evidenced by the peaks at 1046 cm−1 [21,
30] and 1074 cm−1 [31], respectively. On the other hand, the
bands at 433 cm−1 and 448 cm−1 are attributed to the ]2 double degenerated bending mode of the phosphate group [21, 30,
31], while the bands at 580 cm−1 , 607 cm−1 , and 590 cm−1 [31]
are associated with the ]4 triple degenerated bending
mode. All the mentioned vibrational peaks which describe

the bending modes of the PO4 3− functional group describe
the vibrations of the O-P-O bonds [21, 30, 31].
Although all these Raman bands are present in the three
spectra, it is interesting to note that their intensities gradually
decrease as Zn concentration in the samples increases.
The XPS general spectra for the 7ZnHAp and 10ZnHAp
samples, after the powders were dried at 40∘ C, are presented
in Figures 7(a)-7(b). Figure 6 revealed the presence of Ca 2p, P
2p, O 1s, and Zn 2p elements in the XPS spectra of the ZnHAp
samples with 𝑥Zn = 0.07 and 𝑥Zn = 0.1.
The C 1s peak that can be seen at a binding energy (𝐸𝑏 ) of
284 eV is due to the adsorbed carbon. The photoelectron peak
for O 1s can be observed at 𝐸𝑏 = 531 eV and P 2p at around
133 eV. The spectra of Ca 2p, P 2p, and Zn 2p are also presented
in Figure 7(b). The XPS spectral peaks for Ca 2p in the ZnHAp
powders are assigned to the 2p3/2 electronic states of Ca(II).
In the 10ZnHAp sample two peaks were observed at 347,
27 and 350, 76 eV. In previous studies on “chemical analysis
of silica doped hydroxyapatite biomaterials consolidated
by a spark plasma sintering method,” Xu and Khor [32]
showed that the calcium atoms are related with a phosphate
group (PO4 3− ). The spectrum of P 2p is composed of two
components that were identified at around 133.09 eV and
133.78 eV. The “XPS study of apatite-based coatings prepared
by sol-gel technique” conducted by Kačiulis et al. [33] showed
that these two values of binding energy obtained for P 2p
spectrum are characteristic of HAp. XPS characterizations of
ZnHAp powders revealed that the Zn 2p spectrum exhibits
two peaks. The two Zn related peaks of the 10ZnHAp sample
can be observed at 1022 eV and 1023, 95 eV. According to the
studies conducted by Zhang et al. [34] these two peaks can be
attributed to the 2p3/2 and 2p1/2 electronic states of Zn(II).
In the last decade, increased efforts have been directed
to promoting the use of nanoparticles in different biomedical
applications including nanomedicine. In this research study,
the cytotoxicity of the three compounds HAp, 7ZnHAp, and
10ZnHAp has been tested both on the E. coli bacteria and on
the human hepatocarcinoma cell line HepG2.
The biocidal effects for three different samples are quite
similar with a growth inhibition starting at 250 𝜇g/mL and a
significant growth inhibition observed at 500 and 1000 𝜇g/mL
(Figure 7(a)). The similarity between HAp, 7ZnHAp, and
10ZnHAp showed that this low toxicity is not related to the
presence of zinc but is most probably due to a mechanical
effect on the bacteria induced by the large particles present in
solution. This hypothesis is strengthened by the slightly lower
toxicity observed with 10ZnHAp that contains more Zn but
forms smaller particles.
Interestingly, HepG2 cell viability is only moderately
affected by 7ZnHAp and 10ZnHAp with a cell death around
20% for all tested conditions but the control (Figure 8(b)).
HAp induced a slightly higher cell death than ZnHAp
at 62.5, 125, and 250 𝜇g/mL in a dose-dependent manner
reaching 40% mortality. The toxicity is then decreasing for
the higher concentrations 500 and 1000 𝜇g/mL reaching only
20% cell death (Figure 8(b)), a similar level to the ZnHAp.
However, HAp and the ZnHAp have a particulate nature in
the culture media that can lead to a decrease of the overall cell
count per sample for the higher concentrations. This is not
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negligible for HAp that forms the larger particle. Therefore,
the higher survival at 500 and 1000 𝜇g/mL of HAp is probably
overestimated.
Altogether, one can conclude that Zn doping at the
tested concentrations is not inducing a specific prokaryote
or eukaryote toxicity in HAp compounds. The cytotoxicity
observed for both E. coli and HepG2 cells is most probably
due to deleterious interactions between the large particles
formed by the HAp and ZnHAp and cell membranes. Indeed,
HAp that formed the larger particles induce the highest
lethality in the different experiments performed in this study.
This study clearly revealed that the activity of ZnHAp
nanoparticles against HepG2 cells was significantly dependent on the particle size. In agreement with our results, the
existing studies in the literature [35, 36] have shown that

the cytotoxicity of ZnHAp nanoparticles against HepG2 cells
is dependent on their size. The increase of the zinc concentration in the HAp structure led to a decrease of the particle
size. Therefore, the particle size decreases as the percentage
of the dopant (zinc) increases. Also, Chithrani et al. [37]
reported in their studies that the cellular uptake kinetics
and saturation concentrations are highly dependent upon the
physical dimensions of the nanoparticles. On the other hand,
Osaki et al. [38] established that semiconductor nanoparticles
with a diameter of 50 nm penetrated into cells via receptormediated endocytosis more easily than smaller nanoparticles.
Recently, the studies concerning the correlation between
particle properties and their cytotoxicity and biostability [39]
showed that, regarding the cellular uptake, rod-shaped
hydroxyapatite nanoparticles have a considerable advantage
compared to spherical nanoparticles.
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The goal of research aimed at orthopedic and dental fields
is to produce high quality materials for bone substitutions,
which are also able to repair or replace bone tissue. It is
known that infections affect the regeneration ability of tissues.
Also, Romanò et al. [40] showed that infections that may
occur in time determine a major limitation to long-term
utility of medical implants. Recently it was shown that the
nanoparticles represent a feasible alternative for the treatment
of various diseases because of their unique biological effect
caused by their new properties determined by morphology,
size, and surface at nanoscale.
In this study, we prepared zinc doped hydroxyapatite
nanoparticles with elongated morphology and a mean diameter between 25 nm and 16 nm. Structural analysis confirmed
the homogeneous distribution of Zn in the powders and the
formation of hydroxyapatite characteristic hexagonal structure. Furthermore, the biological investigations suggested
that the cytotoxicity of the studied samples on both E. coli
and HepG2 cells depends on the particle size. Based on
previous studies which showed that metal ions released from
metal oxide nanoparticles contribute to the cytotoxicity of the
compounds [41], Venkatasubbu et al. [35] established that the
release of Ca2+ and Zn2+ ions from pure hydroxyapatite and
zinc doped hydroxyapatite is responsible for the cytotoxicity.
On the other hand, recent studies [35] proved that the
cytotoxic and genotoxic mechanisms of HAp and zinc doped
HAp are related to their membrane penetration capability
and their apoptosis activity. In addition, recent studies
showed that M. luteus, a Gram-positive bacteria, commonly
found in mucous membranes, was highly inhibited by nanoHAp and doped nano-ZnHAp [42]. On the other hand,
Huang et al. [43] showed in their study on “anticorrosive
effects and in vitro cytocompatibility of calcium silicate/zinc
doped hydroxyapatite composite coatings on titanium” that
the high cytocompatibility of calcium silicate/zinc doped
hydroxyapatite could be mainly attributed to the combination of microporous surface effects and ion release (Zn2+
and Si4+ ). The Zn-Ag-HAp nanoparticles were found to be
compatible with in vitro experiments and having potential
antibacterial properties and could be a promising candidate
for future biomedical applications [44]. In addition, the cell
response tests, conducted by Ding et al. [45], established
that MC3T3-E1 cells on ZnHAp coating clearly enhanced
the in vitro cytocompatibility of Ti compared with HAp
coating. Moreover, Venkatasubbu et al. [35] demonstrated
that specific physicochemical properties of nanoparticles
can alter their assimilation ability. In accordance with our
results, they showed that the concentration and size of the
nanoparticles are very important in the assimilation of the
substance. Finally, we might conclude that controlled physical
and chemical properties of nanoparticles play an important
role in the cell absorption.

4. Conclusions
In this study the morphological, structural, and biological
properties of zinc doped hydroxyapatite nanopowders were
analyzed. For this purpose, samples with various zinc concentrations (HAp, 7ZnHAp, and 10ZnHAp) were synthesized.
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The SEM micrographs revealed a decrease of the particles
size when the zinc concentration from the samples increased.
These findings were also supported by TEM images. Furthermore, the size distribution showed that the nanoparticle
diameters vary between 19 nm and 25 nm. Also, the SAED
investigation revealed the formation of the hydroxyapatite
characteristic hexagonal structure.
However, both FTIR and Raman spectra of all three samples revealed a decrease of the peak intensities when the zinc
concentration increased. This behavior suggests a decrease of
the sample crystallinities with the increase of zinc content.
On the other hand, the presence of the hydroxyapatite
characteristic structure was also supported by XPS spectra
obtained for the two zinc doped hydroxyapatite samples with
𝑥Zn = 0.07 and 𝑥Zn = 0.1, respectively.
Lastly, biological investigations were performed for the
three samples (HAp, 7ZnHAp, and 10ZnHAp) both on the
E. coli bacteria and on the human hepatocarcinoma cell line
HepG2. The results suggested that the cytotoxicity of the
studied samples on both E. coli and HepG2 cells depends on
the particle size. Considering that the size of the nanoparticles
decreased when the zinc concentration from the samples
increased, the highest death rate of the cells was achieved for
the HAp sample, while the lowest death rate was achieved for
the 10ZnHAp sample.
Our research proved that the new adapted coprecipitation method is a time and cost efficient synthesis method
for obtaining zinc doped hydroxyapatite nanoparticles with
promising properties for various biomedical applications. It
can be concluded that the results presented in this paper form
the premises for future studies on high quality materials that
could be used eventually in various biomedical applications.
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3
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Skin wound repair requires the development of different kinds of biomaterials that must be capable of restoring the damaged tissue.
Type I collagen and chitosan have been widely used to develop scaffolds for skin engineering because of their cell-related signaling
properties such as proliferation, migration, and survival. Collagen is the major component of the skin extracellular matrix (ECM),
while chitosan mimics the structure of the native polysaccharides and glycosaminoglycans in the ECM. Chitosan and its derivatives
are also widely used as drug delivery vehicles since they are biodegradable and noncytotoxic. Regulation of the inflammatory
response is crucial for wound healing and tissue regeneration processes; and, consequently, the development of biomaterials such
as hydrogels with anti-inflammatory properties is very important and permissive for the growth of cells. In the last years, it has been
shown that mesenchymal stem cells have clinical importance in the treatment of different pathologies, for example, skin injuries. In
this paper, we describe the anti-inflammatory activity of collagen type 1/chitosan/dexamethasone hydrogel, which is permissive for
the culture of human adipose-derived mesenchymal stem cells (hADMSC). Our results show that hADMSC cultured in the hydrogel
are viable, proliferate, and secrete the anti-inflammatory cytokine interleukin-10 (IL-10) but not the inflammatory cytokine Tumor
Necrosis Factor-alpha (TNF-𝛼).

1. Introduction
The mechanisms involved in the tissue regeneration process
can be used to design successful treatments for several
pathologies and lesions. In a regenerative process, the new
tissue is identical to the original tissue (before the lesion),
without the formation of scar tissue. Salamanders, planarian,
axolotl, and zebra fish are good examples of organisms with
relevant regeneration abilities; in contrast, adult mammals

have poor regeneration capability. Nevertheless, mouse
embryos are able to regenerate their skin, fingertips, and
other tissues. Interleukin-10 (IL-10) is an anti-inflammatory
cytokine that has been related to the regeneration capacity;
for example, skin lesions in IL-10 knockout mice embryos
result in the formation of scar tissue in the wounded area [1].
Another example is the regeneration of the ear of the mouse;
DNA microarrays studies comparing two mice strains, one
strain capable of regenerating the ear (MRL/MpJ-Faslpr mice)
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and the other strain with a low wound-repair capability
(C57BL/6J mice), have shown significant differences in the
gene expression related to the low inflammatory response [2].
There are different cell therapies using mesenchymal stem
cells (MSC) that aim to avoid the scar formation and to
promote the skin wound repair. These cells can be obtained
from several sources such as bone marrow, umbilical cord,
and adipose tissue. MSC can be differentiated into many cell
linages, such as chondrocytes, osteocytes, and adipocytes.
Another characteristic of MSC is that they express CD90,
CD73, and CD105 surface markers but they are negative
for the expression of CD45 and CD34, among other surface markers. A relevant property of MSC is their antiinflammatory and immunomodulatory capability through
IL-10 secretion. IL-10 promotes the damaged tissue repair
and improves the structural quality of the scar [3–7]. The
use of MSC promotes the tissue regeneration by diminishing
the inflammatory response. Some studies have combined
the use of MSC and biomaterials with anti-inflammatory
properties, such as chitosan (CHS), in order to improve the
tissue regeneration through the synergistic regulation of the
inflammatory process.
The extracellular matrix (ECM) has crucial roles in cell
signaling, adhesion, migration, proliferation, and cell death
during wound healing and tissue regeneration. Chitosan
mimics the ECM components because its chemical structure
is similar to that of the polysaccharides and glycosaminoglycans in the ECM. Chitosan promotes cell proliferation,
migration, and adhesion; moreover, it has excellent gelforming properties [8–10]. Furthermore, it has been reported
that CHS decreases the expression of inflammatory cytokines
such as the interleukin-6, interleukin-8, and Tumor Necrosis
Factor-alpha (TNF-𝛼) [11–13]. On the other hand, collagen
is the major component of the ECM, among laminin,
fibronectin, and diverse proteoglycans types. Collagen type
I (COL1) is the major component of the dermis and connective tissue ECM. It provides structural support, survival,
proliferation, and migration signals to the cells [14–17]; this
property could be very useful for transplanting cells. Several
commercial products containing collagen are available for
skin restoration, most of them are 2-dimensional films, and,
consequently, they are not always easy to apply in all kinds
of wounds because of the irregular shapes and complicated
topographies of many wounds. For this reason, the development of hydrogels has several advantages; for example,
hydrogel fluidity allows the application of conformal layers to
fill up irregular-shaped wounds. Some works have shown that
collagen and chitosan are easily combined to form hydrogels
where several kinds of cells can attach and grow, for instance,
endothelial cells, which are crucial for the skin regeneration
process [18].
Some efforts have been made to apply drugs like dexamethasone (Dex) in order to decrease or control inflammation. Dexamethasone is a synthetic glucocorticoid and
it is commonly used to alleviate inflammation and pain.
It has been reported that Dex along with vitamin B12 can
regenerate peripheral nerves, upregulating the brain-derived
neurotrophic factor [19]. However, Hübner and collaborators
showed that the application of Dex immediately after skin
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injury resulted in a decrease of the inflammatory cytokines
and the keratinocyte growth factor, which causes a deleterious response of the glucocorticoid on wound repair [20].
Thus, these reports suggest that the concentration, environment, and postinjury time at which Dex is applied are crucial
in wound healing, influencing whether scar reparation or
regeneration is observed.
Finally, adipose-derived mesenchymal stem cells
(hADMSC) have been used in regenerative medicine for
wound healing, since they have immunoregulatory capabilities and properties of multipotent differentiation to several
cell lineages such as endothelial cells [21–23]. In this
work, we generated a combined collagen type I-chitosandexamethasone (COL1/CHS/Dex) hydrogel. Dexamethasone
was independently incorporated into the hydrogel at two
different concentrations to generate two kinds of gels. The
in vitro biological response of the hydrogels was evaluated
upon hADMSC culture in the tridimensional hydrogels. The
tridimensional culture of hADMSC in the COL1/CHS/Dex
hydrogels induced the cell expression of IL-10, while the
expression of TNF-alpha was inhibited. These model
hydrogels might have potential applications in wound
healing.

2. Material and Methods
2.1. Isolation and Culture of Human Adipose Mesenchymal
Stem Cells. The informed consent and experimental protocols of this study were reviewed and approved by the
Ethics Committee of the Instituto Nacional de Rehabilitacion
(Mexico City). Subcutaneous adipose tissue was obtained
from five aesthetic surgeries undergoing selective liposuction.
Surgical procedures were performed using a liposuction needle with an internal diameter of 4 mm. Lipoaspirate samples
were digested for 45 min at 37∘ C with shaking at 200 rpm
in DMEM culture medium (GIBCO) containing 0.1% type
I collagenase (Worthington Biochemical). Cells were passed
through a 70 𝜇m strainer and centrifuged at 1200 rpm for 5
minutes. Cells were seeded at 40,000 cells per cm2 in culture
flasks. The next day, floating cells were removed by medium
change and the adherent hADMSC were grown to confluence
as primary culture. Cells were maintained and subcultured
(passages 1 and 2) in DMEM medium supplemented with
10% FBS (GIBCO) and 1% penicillin/streptomycin (GIBCO)
in standard conditions for approximately 33 days; until
passage 2, cells reached 80% confluence. Finally, cells were
collected to be used in all gel experiments as cells in
passage 2.
2.2. Preparation of Collagen 1-Chitosan-Dexamethasone Gels.
A type 1 collagen (COLI) solution (7.5 mg/mL) in acetic acid
was obtained from rat tail tendon according to the method of
Bornstein [24]; at that point, the pH was adjusted to 7.4 using
a 10 mM NaOH solution. Then, a COLI/DMEM solution was
prepared using a volume ratio of COLI/DMEM (GIBCO)
equal to 1 : 1. For collagen and chitosan (SIGMA) mixed gels
(COLI + CHS gels), a stock solution was prepared using
150 𝜇g of chitosan per mL of COLI solution. The solution
was mixed in acetic acid at 4∘ C for 24 hours. Pure collagen

Journal of Nanomaterials
gels (COLI gel) were prepared using the same procedure
as described. Dexamethasone (SIGMA) was independently
added to the stock COLI + CHS gel at two different concentrations (0.1 𝜇M and 0.2 𝜇M) to obtain the COL1 + CTS
+ Dex0.1 and COL1 + CTS + Dex0.2 samples, respectively.
For hADMSC culture in the gels, 50,000 cells were mixed
in 500 𝜇L of DMEM and seeded into each gel sample
independently. Experiments were performed independently
using cells isolated only from one patient at a time in each
experiment; that is, cells isolated from different patients were
never used as a mixed pool for the experiments. hADMSC
were seeded into the hydrogel after passage 2 (33 days) and
grown in the different gel experimental conditions for two
days to finally analyze cell viability and proliferation.
2.3. Viability Assay. Viability tests were performed using
the LIVE/DEAD Viability/Cytotoxicity for mammalian cells
Molecular Probes kit. Following the manufacturer technical
specifications, 1 𝜇M calcein AM and 2 𝜇M EthD-1 were
diluted in Hank’s medium. The viability of the hADMSC
cultured in the different gel samples was analyzed after culture
day 2 by using the calcein-EthD-1 solution, incubating the
cells for 45 minutes at 37∘ C. Finally, cells were washed with
PBS and analyzed using a confocal microscope LSM 780 and
ZEN 2010 Carl Zeiss software. Quantification of live and dead
cells was performed using the Image J software.
2.4. Flow Cytometry. To verify the presence of MSC markers,
first passage (P1) hADMSC were analyzed using a FACSCalibur flow cytometer (FACS; Becton Dickinson). Two positive
and two negative markers for mesenchymal stem cells were
analyzed, that is, mesenchymal stem cell markers CD73 (ecto5 -nucleotidase) and CD90 (Thy-1) and hematopoietic markers CD34 and CD45 (LCA), respectively. At 80% of confluence, first passage cells were harvested from the tissue culture
flasks counted and suspended to a concentration of 0.2 × 106
cells in incubation buffer (PBS–0.5% uncomplemented FBS).
50 𝜇L aliquots of the cells were transferred to flow cytometry
tubes and incubated for 45 min at 4∘ C with CD34-PE (Becton
Dickinson), CD45-FITC (Becton Dickinson), CD73-PE (BD
Pharmingen), and CD90-APC (BD Pharmingen). Negative
control staining was performed using a FITC-conjugated
mouse IgG1 isotype, PE-conjugated mouse IgG1 isotype, and
APC-conjugated mouse IgG1 isotype antibody (all from BD
Biosciences). Subsequently, cells were washed with PBS and
diluted in 500 𝜇L of PBS. Finally, data were acquired in
the FACSCalibur (Becton Dickinson) equipped with a laser
BLUE 488 nm. Data analysis was performed with the Cell
Quest Pro software (Becton Dickinson Immunocytometry
Systems).
2.5. hADMSC Proliferation. After 48 hours of culture,
hADMSC cultured into the gels were washed and fixed in
4% paraformaldehyde/0.1 M PBS buffer (pH = 7.4). Cells
were immunolabeled with primary antibody against human
Ki67 (1 : 100, BioLegend) and incubated at 4∘ C overnight.
Then, gels were washed and incubated with Alexa Fluor
488 (1 : 500, Invitrogen) secondary antibody for 2 hours.
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Nuclei were counterstained using 1 mg/mL of 4 ,6-diamidine2-phenylindole-dihydrochloride (DAPI, SIGMA) for 10 minutes. Images were obtained with a confocal microscope
(Zeiss).
2.6. ELISA Assay. Conditioned medium from hADMSC
seeded into the gel samples was collected on the third day
of culture. ELISA assays were performed according to the kit
supplier’s protocols (Peprotech).
2.7. Analysis Statistical. All values are expressed as a mean
± standard error. ANOVA test followed by Tukey’s multiple
comparison tests for more than two population’s comparisons was used. Student’s t-test was used to determine the
statistically significant differences between experimental and
control samples. A 𝑝 value less than or equal to 0.05 was
considered significant. All experiments were performed at
least in triplicate.

3. Results
3.1. hADMSC Are Viable in Collagen 1/CHS/Dexamethasone
Gels. It has been reported that mesenchymal stem cells
promote wound healing in damaged skin [22, 25]. It has
also been shown that different products based on either
collagen I or chitosan promote skin wound healing [26,
27]. In addition, some reports have shown that regulation
of the inflammatory response could be responsible for the
regeneration/scar reparation balance [1]. For that reason,
we studied the ability of hADMSC to grow in a gel that
could regulate inflammation. Here, we report a collagen
1/chitosan/dexamethasone hydrogel that was compatible with
hADMSC culture. First, hADMSC were isolated according to
the process described in Material Methods; then, we analyzed
their phenotype based on the expression of mesenchymal
stem cells markers using cell flow cytometry. After passage
one, isolated cells from adipose tissue were positive for
CD90 (98.62%) and CD73 (98.38%) but negative for CD34
(0.70%) and CD45 (0.43%) markers (Figure 1), which are
the characteristics of mesenchymal stem cells in general.
Once the cells were characterized, they were seeded on four
different gel samples: collagen type I (COL1); collagen type
I and chitosan (COL1 + CHS); collagen type I, chitosan,
and dexamethasone (0.1 𝜇M) (COL1 + CHS + Dex0.1); and
collagen type I, chitosan, and dexamethasone (0.2 𝜇M) (COL1
+ CHS + Dex0.2). After two days of culture in the hydrogels,
hADMSC showed extended morphologies and were viable in
all hydrogels; no significant differences were observed in cell
viability for the cells grown in the different hydrogel samples
(Figure 2). These results show that the four different biomaterials were suitable scaffolds for the culture of hADMSC.
3.2. Collagen 1/Chitosan/Dexamethasone Gels Allow Cell Proliferation. The hydrogels showed the potential to be used as
scaffolds to transplant cells, since they allowed cell proliferation; once the cells are in the lesion, they may increase
their number and contribute to the new tissue formation. In
order to study cell proliferation in COL1/CHS/Dex hydrogels,
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Figure 1: Characterization of hADMSC by cell cytometry. (a) CD markers analysis by flow cytometry; histograms of hADMSC were strongly
positive for CD90 (98.6%) and CD73 (98%) and negative for CD34 (1.6%) and CD45 (0.1%). (b) At 21 days of culture (passage 1), cells displayed
a fibroblast-like morphology; images were taken at 10x and 20x. The scale bar corresponds to 100 𝜇m for the 10x image (left) and 50 𝜇m for
the 20x image (right).
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Figure 2: hADMSC stay viable upon culture in COL1/CHS/Dex gels. (a) shows representative bright field microscope images of the hADMSC
phenotype of the cells culture in the different gel samples; (b) shows representative fluorescence confocal microscope images of the viability
tests results using the live/dead stain. Viable cells are shown in green (calcein positive) while dead cells are observed in red (EthD-1). The
graph shows quantification of live and dead hADMSC in the different gel samples; ANOVA and Tukey test were performed; ∗∗∗ 𝑝 < 0.0001.
Scales bars correspond to 100 𝜇m for all micrographs.

an immunofluorescence assay was performed to detect Ki67
marker. The results showed that there was no significant
difference in cell proliferation when hADMSC were grown on
the four different hydrogel samples, even under comparison
with the control group (cells in culture dish). This result
suggests that none of the gel components were toxic for
the cells; thus, the proposed COL1 + CHS + Dex0.1 and
COL1 + CHS + Dex0.2 dexamethasone gels might be used
as noncytotoxic and biocompatible scaffolds to carry cells to
skin damaged zones (Figure 3).

3.3. hADMSC Seeded in COL1 + CHS + Dex Hydrogels
Release IL-10 but Not TNF-𝛼. One characteristic of mesenchymal stem cells is their immunoregulatory capacity
through interleukin-10 (IL-10) release; this cytokine is an
anti-inflammatory molecule crucial for tissue regeneration
in mammals during embryo development [1]. On the other
hand, Tumor Necrosis Factor-alpha (TNF-𝛼) is a proinflammatory cytokine essential to start the natural healing process;
nevertheless, exacerbated or chronic inflammation might
result in hypertrophic scaring and deficient wound healing
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Figure 3: COL1/CHS/Dex gels do not affect hADMSC proliferation. (a) Immunofluorescence results against Ki67 (green) are shown for cells
culture in the different gel compositions. Cell nuclei were stained with DAPI (blue) and Ki67-DAPI merge is shown in cyan. (b) Positive Ki67
hADMSC were quantified and ANOVA and Tukey tests were performed; no significant differences were found for any gel-culture condition.

[28]. We studied the expression of IL-10 and TNF-alpha from
hADMSC seeded in the different hydrogels synthesized in
the present work. IL-10 was only detected when hADMSC
were cultured in the hydrogels samples; hADMSC seeded in
the culture dishes, as control group (Figure 4), did not secret
IL-10, under the detection parameters of the present study.
Finally, TNF-𝛼 was not detected in any of the cell culture
conditions; 𝑅2 of the standard curve was equal to 0.98, which
indicates that the assay detected the TNF-𝛼 standard sample.

4. Discussion
Biocompatibility is an essential aspect for the development
of novel biomaterials with potential clinical applications; this
study showed that COL1/CHS/Dex hydrogels are biocompatible and support the adhesion/attachment of human adiposederived mesenchymal stem cells (hADMSC), resulting in
normal levels of cell viability and proliferation upon cell

culture in the hydrogels with the two different concentrations
of dexamethasone used in the present study (0,1 and 0,2 𝜇M).
Collagen type I is the major component of the extracellular matrix in dermis, and it has been widely used in
different kinds of biomaterials [29, 30]. However, cells need
other ECM molecules, such as glycosaminoglycans (GAGs)
and proteoglycans, to form a functional tissue; GAGs and
proteoglycans help tissue hydration and regulate several
types of signaling molecules. Chitosan is a cytocompatible
polysaccharide with a chemical structure similar to that
of the GAGs in the ECM and thus it might improve cell
signaling and adhesion processes [31, 32]. There are three
essential steps during tissue reparation: inflammation, new
tissue formation, and remodeling. When skin damage occurs,
inflammation processes are activated and thus the platelets
induce the proliferation and migration of fibroblast and
keratinocytes. However, if the inflammation is exacerbated,
it will affect the remodeling process. After the first stage of
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Figure 4: hADMSC culture in COL1/CHS/Dex gels synthetizes IL-10 but not TNF-𝛼. The graphs show the IL-10 (a) and TNF-𝛼 (b) quantity
detected in hADMSC culture in the different gel samples. IL-10 was detected for all experimental conditions but for the cells in culture
dishes (control). In contrast, TNF-𝛼 was not found in any of the experimental condition. ANOVA and Tukey test were performed; statistical
significances are shown; ∗∗ 𝑝 < 0.001 and ∗ 𝑝 < 0.01.

inflammation, the use of a compound capable of decreasing
the inflammatory process might help to diminish the scaring
process and to repair the tissue in a more similar way to that
observed in regeneration-capable organisms. Our findings
suggest the feasibility of using COL1/CHS/Dex hydrogels for
human adipose-derived mesenchymal stem cells growing and
proliferation and that the incorporation of dexamethasone
into the hydrogels improves these processes by regulating the
inflammation.
In the last 20 years, a wide variety of biomaterials have
been synthesized and used for skin wound healing. However,
this is the first time that a native ECM molecule (collagen
type I), a biocompatible natural polymer (chitosan), and an
inflammation-controlling molecule (dexamethasone) have
been combined into a hydrogel that proved to be capable of
sustaining mesenchymal stem cells culture, showing that cells
remained viable and expressed the anti-inflammatory factor
IL-10 upon culture in the hydrogel. Therefore, the next step
in our research would be to evaluate the in vivo response
of hADMSC seeded into the COL1/CHS/Dex hydrogels
using a burn animal model. In conclusion, we showed that
COL1/CHS/Dex hydrogels are a suitable scaffold for carrying
hADMSC to the skin wounded areas; the cells remained
viable and were capable of proliferating and secreting IL-10
upon culture into these tridimensional gels.
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Poly(1-amino-5-chloroanthraquinone) (PACA) nanofibrils were applied as novel nanoadsorbents for highly toxic mercury removal
from aqueous solutions. A series of batch adsorption experiments were conducted to study the effect of adsorbent dose, pH,
contact time, and metal concentration on Hg(II) uptake by PACA nanofibrils. Kinetic data indicated that the adsorption process
of PACA nanofibrils for Hg(II) achieved equilibrium within 2 h following a pseudo-second-order rate equation. The adsorption
mechanism of PACA nanofibrils for Hg(II) was investigated by Fourier transform-infrared (FT-IR) spectra and X-ray photoelectron
spectroscopy (XPS) analyses. The adsorption isotherm of Hg(II) fitted well the Langmuir model, exhibiting superb adsorption
capacity of 3.846 mmol of metal per gram of adsorbent. Lastly, we found out that the as-synthesized PACA nanofibrils are efficient
in Hg(II) removal from real wastewater. Furthermore, five consecutive adsorption-desorption cycles demonstrated that the PACA
nanofibrils were suitable for repeated use without considerable changes in the adsorption capacity.

1. Introduction
Heavy metal ions are highly toxic even at low concentrations
and can accumulate in living organisms, causing several disorders and diseases. Unlike organic pollutants, heavy metals
are nondegradable. Once in the food chain, they are able
to accumulate in living organisms and cause extremely high
toxicity [1]. As one of the most poisonous metal ions ever discovered, Hg(II) has been recognized to cause both acute and
chronic toxicity to the central nervous system, kidneys, lung
tissues, and reproductive system [2]. It may enter the body
through gastrointestinal absorption, skin contact, or pulmonary inhalation. After entering the human body, mercury
circulates in the blood and is stored in the liver, kidneys,
brain, spleen, and bone, thus leading to several health
problems such as paralysis, serious intestinal and urinary

complexations, dysfunction of the central nervous system,
and, in more severe cases of intoxication, death, widely
known as the Minamata Bay accident, Japan, in 1956 [3].
Several sources including chloralkali wastewater, oil refineries, power generation plants, paper and pulp manufacturing,
rubber processing, fertilizers industries, and similar industries have all contributed greatly to mercury emission into the
environment [4, 5]. It has been included in the list of priority
pollutants by the US EPA with a mandatory discharge limit
of 10 𝜇g Hg L−1 for wastewater and a maximum accepted concentration of 1 𝜇g Hg L−1 in drinking water [6, 7]. Effectively
removing mercury from water and wastewater is therefore
very important and highly desirable.
Among the traditional techniques of removing the heavy
metal ions, adsorption method has been widely studied

2
because it is easy to operate and can be cost-effective [8–
10]. To date, many adsorbents of Hg(II) have been examined.
New developed adsorbents, including activated carbon [1,
11, 12], silica [13, 14], marine macroalga [15], goethite [16],
bentonite [17], hydroxylapatite [18], multiwalled carbon nanotubes (MWCNTs) [19, 20], and poly(m-phenylenediamine)
microparticles [21], were demonstrated to be effective for
Hg(II) removal. However, most of these adsorbents suffer
from low adsorption capacities and, therefore, low removal
efficiencies of Hg(II). Hence, researchers have been seeking
new efficient adsorbents. The polymer adsorbents with polyfunctional groups and small particle size or large surface area
are more attractive due to their high capacity and fast rate of
adsorption [22, 23].
The adsorbents in nanoscale usually called nanoadsorbents are in particular attractive because of their unique
properties including high surface area, large pore volume,
high reactivity, and good chemical species selectivity during
adsorption process [24, 25]. Nanoadsorbents are the most
promising materials for wastewater treatment and drinking
water purification [26–28]. Nanoporous carbon (such as
active carbon and multiwalled carbon nanotubes) and oxide
minerals (such as iron oxide, aluminium oxide, and titanium
oxide) represent two kinds of traditional nanoadsorbents.
The surface area of some of these nanoadsorbents could be as
high as several hundred to thousand square meters per gram,
allowing sufficient contact between adsorbent particles and
metal ions. However, limited functional groups present in
adsorbents produce weak guest-host interactions thus leading to poor adsorption capacities [29–31]. Some surface modifications or functionalizations are needed in order to improve
adsorption performance, as exampled by cysteine functionalized multiwalled carbon nanotubes (Cys-MWCNTs) [19],
arginine modified TiO2 nanoparticles [32], thiol-functionalized Zn-doped biomagnetite particles [33], and citrate-coated
gold nanoparticles [34]. Although these modifications are
expensive and usually produce additional pollution because
of the tedious steps involved [35], the modified nanoadsorbents indeed demonstrate strong adsorbability toward several
heavy metal ions, but their maximum adsorption capacity,
adsorption rate, and stability still need to be improved.
Nanoadsorbents made from polymer nanomaterials are
more attractive because they possess not only polyfunctional
groups but also high surface area. The previous report showed
that poly(1-amino-5-chloroanthraquinone) (PACA) nanofibrils with high surface area could be simply synthesized
(Scheme 1) [36, 37]. Nanoscale PACAs possess rigid polymer
chains, extended 𝜋-conjugated structures, high charge density, and a large number of electron-rich groups including –
NH–, –N=, –NH2 , –C=O, and –Cl. The rigid polymer chains
endow these polymers with excellent solvent resistance while
electron-rich polyfunctional groups and mobile 𝜋-electrons
potentially offer a strong binding affinity of polymer molecules toward metal cations. Thus, the polyfunctional nanopolymers are expected to be excellent candidates for removal of
mercury ions from solutions.
To the best of our knowledge, applying aminoanthraquinone-based polymer nanomaterials for removal of mercury
ions has not been reported. Herein, we report that superb
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adsorption capacities for Hg(II) were achieved by using
PACA nanofibrils as nanoadsorbents. Adsorption mechanism studies indicated that the presence of polyfunctional
groups in the polymers, high surface area, and high porosity
corresponded to the superb adsorption capacity, improved
adsorption kinetics, and excellent metal ion selectivity, as
concluded by inductively coupled plasma atomic emission
spectrometer (ICP-AES), Fourier transform-infrared (FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS),
transmission electron microscopy (TEM), and BrunauerEmmett-Teller (BET) analyses. Finally, the practicability of
PACA nanosorbent for the removal of Hg(II) ions from
chloralkali wastewater was investigated.

2. Materials and Methods
2.1.
Materials. ACA
monomer,
NaClO
oxidant,
Hg(NO3 )2 ⋅H2 O, thiourea, HNO3 , ethylenediaminetetraacetic acid (EDTA) disodium salt, and other chemicals
were procured from Chemical Reagent Corp. in China. All
reagents and solvents were of analytical reagent grade and
used as received. The PACA nanofibrils were obtained according to our previous reported method [37]. The nanofibril
bundles had the diameters of 20–70 nm, lengths of 0.2–
3 𝜇m, apparent density of 0.375 g cm−3 , bulk density of
0.649 g cm−3 , and specific surface area of 35 m2 g−1 .
2.2. Methods
2.2.1. Batch Adsorption Experiments. Batch adsorption
experiments were conducted in 100 mL conical flasks
containing 25 mL Hg(II) solution at an initial concentration
of 10.0 mmol L−1 , to which 40 mg polymer nanofibrils were
added. The mixture was then magnetostirred at 300 rpm
for 24 h in a water bath at 25∘ C. After adsorption, the
metal loaded polymer was separated by centrifugation
and the concentration of Hg(II) in the supernatant was
analyzed using inductively coupled plasma atomic emission
spectrometer (ICP-AES). The adsorbed amount of metal ions
on the nanofibrils was calculated according to the following
equations:
𝑄=

(𝐶0 − 𝐶) 𝑉
,
𝑊

𝑞=

𝐶0 − 𝐶
× 100,
𝐶0

(1)

where 𝑄 (mmol g−1 ) is the adsorption capacity, 𝑞 (%) is the
adsorptivity, 𝐶0 (mol L−1 ) and 𝐶 (mol L−1 ) are the mean ion
concentrations before and after adsorption, respectively, 𝑉
(mL) is the initial volume of the metal ion solution, and 𝑊
(g) is the weight of the nanofibrils added.
2.2.2. Adsorption Kinetics. A volume of 50 mL aqueous solution containing Hg(II) at a concentration of 0.50 mmol L−1
was transferred to a glass-stoppered conical flask. After
40 mg of PACA was added, the solution was magnetostirred
(300 rpm) at room temperature (25∘ C). After adsorption
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Scheme 1: Chemical oxidative interfacial polymerization of 1-amino-5-chloroanthraquinone (ACA) and the proposed adsorption mechanism
of PACA nanofibrils for Hg(II).

for 0–240 min, the metal loaded polymer was separated
by centrifugation and the concentration of Hg(II) in the
supernatant was analyzed by ICP-AES. By altering adsorption
time, the procedure was repeated several times to obtain the
amounts of metal adsorbed at certain intervals.
The initial sorption rates and rate constants were
calculated and the sorption kinetics were evaluated using
pseudo-second-order kinetics based on the equation
1
1
𝑡
=
+
𝑡,
(2)
𝑄𝑡 𝑘ad 𝑄𝑒 2 𝑄𝑒
where 𝑘ad (g mmol−1 min−1 ) is the rate constant of adsorption, 𝑄𝑒 (mmol g−1 ) is the equilibrium adsorption capacity,
and 𝑄𝑡 (mmol g−1 ) is the amounts of metal adsorbed at time 𝑡.
2.2.3. Adsorption Behaviors. The adsorption behaviors of
Hg(II) ion were investigated in aqueous solutions at pH of 1–7.

1.0 mol L−1 NaOH and 1.0 mol L−1 HCl solutions were used to
adjust the solution pH. The equilibrium isotherms for Hg(II)
ion were established in aqueous solutions at pH of 6.0 and
25∘ C.
2.2.4. Desorption Behaviors. Desorption of metal ions was
performed by mixing PACA-metal complexes and HNO3 ,
thiourea, or EDTA disodium salt eluent solutions of different
concentrations, and the mixture was vigorously magnetostirred for 24 h at 25∘ C. The PACA nanoadsorbent was separated by centrifugation and the final metal ion concentrations
in the supernatant were analyzed as described in Section 2.2.1.
Desorption ratio (𝐸, %) was calculated from the equation
𝐸=

𝐶𝑑 𝑉𝑑
× 100,
(𝐶0 − 𝐶) 𝑉

(3)

4

2.2.6. Characterization and Measurements. PACA nanofibrils
upon adsorption were characterized by FT-IR, XPS, TEM,
and BET analyses. The FT-IR spectra of PACA as KBr pellets
were recorded on a Bruker TENSOR 27 Fourier transforminfrared spectrometer (Germany) with resolution of 1 cm−1
by a transmittance method. The XPS spectra were taken by a
PHI5000 Versaprobe-II multifunctional scanning and imaging photoelectron spectrometer (Japan) equipped with an Al
K𝛼 X-ray source. The size and morphology of PACA nanofibrils bundles were analyzed by a Tecnai G2 TF30 S-Twin field
emission transmission electron microscope (Netherlands).
The atomic emission spectra of metal ions in actual water
samples were recorded on a PS1000 inductively coupled
plasma atomic emission spectrometer made by Leeman Labs,
Inc. (USA). The anions in actual water were determined by
using DIONEX ICS-3000 ion chromatography (USA). The
nitrogen adsorption/desorption measurements at 77.4 K were
performed after degassing the PACA powders under high
vacuum at 100∘ C for at least 20 h using a DZF-6020 vacuum
drying oven made by Shanghai Boxun Industry & Commerce
Co., Ltd. (China). The specific surface areas were calculated
by applying the Brunauer-Emmett-Teller (BET) model to the
adsorption or desorption branches of the isotherms (N2 at
77.4 K). The apparent (bulk) density of the PACA nanofibrils
was determined by the ratio of the mass to a given volume of
2.0 cm3 . The fine nanofibrils were put into a plastic tube with
a scale and stacked loosely and tightly for the determination
of apparent and bulk densities, respectively.

3. Results and Discussion
3.1. Effect of Adsorbent Dose. The effect of variation of the
adsorbent dose on the removal of Hg(II) by PACA nanofibrils
is shown in Figure 1. Adsorbent dose of PACA was varied
from 0.4 to 10 g L−1 and equilibrated for 24 h at an initial
Hg(II) concentration of 10 mmol L−1 . It is apparent that
the equilibrium concentration in solution phase decreases
with increasing adsorbent dose for a given initial Hg(II)
concentration. In other words, increasing the adsorbent dose
significantly increased the Hg(II) ion adsorptivity. Nearly
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q (%)

2.2.5. Removal of Mercury from Real Wastewater. In order to
survey the capability of PACA nanoadsorbents for removal
of Hg(II) from real wastewater, a batch experiment was
conducted on chloralkali wastewater. The wastewater sample
was taken from effluent sewage of wastewater treatment plant
of Yunnan Salt & Salt Chemical Co., Ltd. After adjusting the
pH to 6.0, 25 mL of sample was placed in a 100 mL conical
flask and 40 mg of PACA nanoadsorbent was added and
magnetostirred for 2 h. After that, the metal loaded polymer
was separated by centrifugation and the concentration of
Hg(II) in the supernatant was analyzed by ICP-AES.

100
3.0
Q (mmol g−1 )

where 𝐸 is the desorption ratio; 𝐶𝑑 (mol L−1 ) is the concentration of the metal ion in the desorption solution; 𝑉𝑑 (mL) is
the volume of the desorption solution; and 𝐶0 , 𝐶, and 𝑉 are
the same as defined in Section 2.2.1.
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Figure 1: Effect of adsorption dose on the adsorption capacity (𝑄)
and adsorptivity (𝑞) of PACA nanofibrils for Hg(II) ion with an
initial concentration of 10.0 mmol L−1 (pH: 5.0) at 25∘ C.

complete removal (99.56%) of Hg(II) ion from aqueous solution was attained at an adsorbent dose of 8.0 g L−1 . For adsorbent dose higher than this value, the adsorptivity increased
less (Figure 1). Increases in the percentage of the mercury
removal with increasing adsorbent dose could be attributed
to increases in the adsorbent surface areas, augmenting the
number of fresh adsorbent sites available for adsorption, as
already reported in several papers [38, 39]. When adsorbent
dose is small, the binding sites on the adsorbent surface are
small; thus the adsorptivity is low. Increasing in adsorbent
dose leads to increase in active sites of metal binding which
means more metal ions are adsorbed. Hence, the adsorptivity
increases till saturation. Any further addition of the adsorbent beyond 8.0 g L−1 did not cause any apparent change in
the adsorptivity. However, by increasing the adsorbent dose,
the adsorption capacity firstly decreased slightly and then
decreased considerably. The decrease in adsorption capacity
can be attributed to the fact that some of the adsorption sites
remain unsaturated during the adsorption process [39]. On
the other hand, this may be partly due to the fact that the
adsorbent gets aggregated and provides less effective surface
area for metal binding [40]. In order to obtain complete saturation of the adsorbent surface with Hg(II) ion, high adsorbent dose was avoided, and all the adsorption studies were
conducted at an optimal adsorbent concentration of 1.6 g L−1 .
3.2. Effect of Solution pH. The pH of the aqueous solution
is an important parameter that controls the adsorption of
Hg(II) ion at PACA nanofibrils-water interfaces. Note that
neglectable pH variations were observed after adding PACA
nanofibrils to a water with neutral pH, signifying that the
nanoadsorbent itself hardly affects the acidity of the Hg(II)
solutions. The effect of pH value of Hg(II) solution on
the adsorption of Hg(II) ion using PACA nanofibrils as
adsorbents was conducted at 25∘ C, as shown in Figure 2. With
increasing solution pH from 1.0 to 5.0, the adsorption capacity
for Hg(II) increased considerably from 0.39 to 3.05 mmol g−1 .
However, with further increase in pH values from 5.0 to 7.0,
the adsorption capacity had neglectable changes. This could
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Figure 2: Effect of pH on the adsorption of Hg(II) ion with an
initial concentration of 10.0 mmol L−1 using 1.6 g L−1 dose of PACA
nanofibrils at 25∘ C.
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Figure 3: Adsorption kinetics of PACA nanofibrils (dose: 0.80 g L−1 )
in aqueous solution of Hg(II) (pH: 6.0) at a concentration of
0.50 mmol L−1 at 25∘ C; the inset indicates the pseudo-second-order
adsorption rate.

probably be explained by competition adsorption between
metal and hydrogen ions with the binding sites on the surface
of PACA nanofibrils [41–43]. At lower pH, binding sites
especially amine/amino and carbonyl groups would be more
readily protonated, resulting in weak affinity with Hg(II)
ion. At higher pH, binding sites became more naked and
active and Hg(II) ions were easier to be adsorbed. Notably,
adsorption experiments were not conducted when the pH
value was higher than 7.0, because the metal ions could
precipitate or form the hydroxyl complexes [20, 44]. Given
the above description and results from Figure 2, initial pH
6.0 was selected as the optimum value for Hg(II) adsorption.
3.3. Adsorption Kinetics. The effect of contact time on the
adsorption of PACA nanofibrils for Hg(II) ion was shown in
Figure 3. It is apparent that the adsorption of Hg(II) is a timedependent process. The adsorption occurred very rapidly

Figure 4: TEM photograph of PACA nanofibrils upon adsorption
of Hg(II).

within the initial 20 min, in which 83% adsorptivity of Hg(II)
ion was achieved. Such rapid adsorption is not only because
of a great number of various functional groups including
–NH–, –N=, –NH2 , –C=O, and –Cl on the PACA nanofibrils
but also because of their high porosity which is confirmed
by low density (apparent density: 0.375 g cm−3 ; bulk density:
0.649 g cm−3 ) and high specific area (35 m2 g−1 ) [22]. Also,
this could be reasonably attributed to the absence of internal
diffusion resistance [45]. At the same time, the adsorption of
Hg(II) fitted well the pseudo-second-order kinetic equation
(inserted curve in Figure 3); the rate constant (𝑘ad ) was
calculated to be 2.277.
3.4. Adsorption Mechanism. The surface area of PACA
nanoadsorbents decreased from 35 to 31 m2 g−1 after adsorption of Hg(II). The decrease in surface area initially implied
that the metal adsorptions really happened. TEM observations showed that the PACA nanofibrils seemed to be
slightly aggregated after Hg(II) adsorbing (Figure 4). Even
so, the aggregated microparticles of PACA could be turned
into nanoparticles (related TEM photograph not shown) by
intense ultrasonic dispersion after metal recycling, indicating
that the PACA nanofibrils could easily be regenerated.
The adsorption mechanism of PACA nanofibrils for
Hg(II) was further studied by FT-IR and XPS spectral analyses (Figures 5–7). The FT-IR wavenumbers corresponding to
different functional groups were summarized in Table S1 of
the Supplementary Information (SI) available online at http://
dx.doi.org/10.1155/2016/7245829. After adsorption of Hg(II)
ions, the FT-IR stretching peaks at 3455, 1642, and 737 cm−1
due to –NH–, –C=O, and C–H groups shifted to lower energy
by approximately 9, 8, and 2–5 cm−1 , respectively, and the
peak at 1259 cm−1 due to C–CO–C group became undetectable, indicating that some binding interaction formed
between polymers and metal ions [46].
It is known that the main adsorption sites for Hg(II) ion
are the nitrogen and oxygen atoms present in the polymer
chains because they have several lone pairs of electrons that
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Figure 5: FT-IR spectra of PACA polymer and PACA salt
after adsorption of Hg(II) at an initial Hg(II) concentration of
10 mmol L−1 with adsorbent dosage of 1.6 g L−1 at 25∘ C.

can efficiently bind a metal ion to form a metal complex, as
shown in Scheme 1. The –NH– (or –N=/–NH2 ), –C=O, and
C–CO–C groups were most likely to act as the adsorption
sites for Hg(II). The reason is that soft acid of Hg(II) ion offers
high affinity toward soft bases of –C=O and C–CO–C groups
and middle-soft bases of –NH–, –N=, and –NH2 groups.
Also, aromatic C–H bonds would be another adsorption
site via formation of charge transfer between 𝜋-electron-rich
anthraquinone and electron-poor Hg(II) ion.
XPS technique was applied to identify the interaction
between Hg(II) ions and PACA nanoadsorbents (Figure 6).
Several strong peaks with binding energies (BEs) of 200.3,
284.9, 399.4, and 531.3 eV corresponded to Cl2p , C1s , N1s ,
and O1s orbitals, respectively, which existed in pristine PACA
nanofibrils. Upon adsorption of Hg(II) ion, a new peak with
BE of 101.7 eV (Hg4f ) appeared. The results further indicated
that Hg(II) ion was adsorbed onto PACA.
High-resolution XPS spectra of O1s , N1s , C1s , and Cl2p
core levels are shown in Figure 7. The detailed BEs were
summarized in Table S2. It is known that when the chemical
environment of atoms in a blend is perturbed by specific
interaction, their binding energy will be varied, or a peak
with a higher binding energy will be produced in the
XPS spectrum [47]. The O1s XPS spectra of pristine PACA
displayed three peaks at BEs of 531.3, 532.5, and 536.2 eV
(Figure 7(a)), attributed to –O–, –C=O, and quinone moieties
[48], respectively. After Hg(II) adsorption, the BEs of O1s
for –C=O and quinone moieties decreased by 0.2 and 0.5 eV,
respectively. These shifts may be due to a decrease in the
electric density around oxygen atoms resulting from the
electron draining to Hg(II) [49], reflecting the intense interaction between oxygen atoms and Hg(II) ions. These results
along with FT-IR spectral analyses signified that Hg(II)–O
coordination was formed due to the electron-donating ability
of the oxygen atoms (Scheme 1, dash arrows).
The high-resolution N1s XPS spectra of PACA upon
adsorption of Hg(II) are shown in Figure 7(b). The pristine
PACA exhibited a single peak located at 399.4 eV due to

0
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1000

Figure 6: XPS wide scan spectra of PACA and Hg(II)-loaded PACA.

amine nitrogen (–NH–). After adsorption of Hg(II), however,
a new peak with a higher BE of 402.1 eV appeared. Similar
peaks were also found in previously reported adsorbents
[48]. The reason is that some nitrogen atoms existed in
a more oxidized state on the surface of PACA nanofibrils
after interacting with Hg(II), forming Hg(II)⋅ ⋅ ⋅ NH– complex
(Scheme 1, dash arrows). The nitrogen atoms would then
donate their lone pairs of electrons to the coordination
bonds between nitrogen and Hg(II). Electron cloud density in
nitrogen atoms was finally reduced, producing an additional
peak with a higher BE [50]. The N1s XPS spectra provide
evidence of Hg(II) ions binding to nitrogen atoms.
The high-resolution C1s XPS spectra of PACA upon
adsorption of Hg(II) are shown in Figure 7(c). Pristine
PACA showed four peaks at 284.9, 286.3, 287.6, and 291.8 eV,
attributed to C–C, C–O, C=O, and large 𝜋 bonds [51], respectively. The results indicate that the large 𝜋 bonds also played
a key role in the adsorption of Hg(II) ions (Scheme 1, dash
lines). Additionally, the high-resolution Hg4f spectra (Figure
S1, SI) exhibited two peaks at 101.7 and 105.4 eV assigned to
Hg 4f7/2 and Hg 4f5/2 , respectively. The presence of Hg 4f7/2
peak at 101.7 eV indicated that Hg2+ formed a complex with
–NH–, –N=, –NH2 , –C=O, and large 𝜋 bonds [52].
The high-resolution Cl2p XPS spectra of PACA, however,
exhibited neglectable changes after adsorption of Hg(II)
(Figure 7(d)). Previously theoretical chemistry calculations
based on density functional theory (DFT) indicated that
the chlorine atoms in PACA molecules were slightly positively charged [37], so they differ from traditional electrondonating groups such as nitrogen, sulfur, and oxygen atoms.
The “positive chlorine” would partly repulse the positive
Hg(II) ion.
Based on the FT-IR, XPS, and DFT analyses, we conclude that chlorine atoms did not contribute to the chemical adsorption of metal ions. The adsorption mechanism
could be that negatively charged functional groups including
–NH–, –N=, –NH2 , –C=O, and large 𝜋 bonds in PACA
nanofibrils coordinated with Hg(II) ions to form a stable complex (Scheme 1), leading to the superb adsorption

Journal of Nanomaterials

7

PACA

526

Intensity (counts per second)

Intensity (counts per second)

PACA

Hg(II)-loaded
PACA

528

530 532 534 536
Binding energy (eV)

538

540

Hg(II)-loaded
PACA

396

(a)

398
400
402
Binding energy (eV)
(b)

PACA

Intensity (counts per second)

Intensity (counts per second)

PACA

Hg(II)-loaded
PACA

282

404

284 286 288 290
Binding energy (eV)

292

294

(c)

Hg(II)-loaded
PACA

197 198 199 200 201 202 203 204
Binding energy (eV)
(d)

Figure 7: High-resolution XPS spectra of (a) O1s , (b) N1s , (c) C1s , and (d) Cl2p .

capacity. Additionally, pH changes in metal ion solutions
before and after the addition of PACA nanoadsorbents were
monitored to understand the adsorption mechanism better
[53]. After adsorption, the pH values of Hg(II) solutions
showed unapparent changes. Accordingly, the ion exchange
mechanism was not included in the adsorption of Hg(II) ion.
3.5. Adsorption Isotherms. In order to reveal the adsorption
behavior and to estimate the adsorption capacity, adsorption
isotherms have been studied. Since Freundlich and Langmuir
isotherms were most commonly used to describe the adsorption isotherms [54], the adsorption processes of Hg(II) on

PACA nanofibrils were tested with Freundlich (see (4)) and
Langmuir (see (5)) isotherm models:
log 𝑄 = log 𝐾𝐹 +

1
log 𝐶𝑒 ,
𝑛

𝐶𝑒
𝐶
1
+ 𝑒,
=
𝑄
𝑏𝑄𝑚 𝑄𝑚

(4)
(5)

where 𝑄 (mmol g−1 ) is the adsorption capacity based on the
dry weight of nanoadsorbent, 𝐶𝑒 (mmol L−1 ) is the equilibrium
concentration in solution, 𝐾𝐹 [(mmol g−1 )(L mmol−1 )1/n ]
is the binding energy constant reflecting the affinity of
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Figure 8: (a) Adsorption isotherm of Hg(II) on the PACA nanofibrils at an initial metal ion concentration from 1.0 to 20 mmol L−1 , adsorbent
dose of 1.6 g L−1 , pH of 6.0, and temperature of 25∘ C for 24 h. (b) Linearized Freundlich and Langmuir isotherms for adsorption of Hg(II).

the PACA nanofibrils for metal ions, 𝑛 is the Freundlich constant, 𝑄𝑚 (mmol g−1 ) is the maximum adsorption capacity,
and 𝑏 (L mmol−1 ) is the Langmuir adsorption equilibrium
constant.
The adsorption isotherm was shown in Figure 8(a). The
initial concentration of Hg(II) was in the range of 1.0–
20 mmol L−1 . As shown, with increasing metal ion concentration, the adsorption capacity increased correspondingly.
This is probably due to a relatively higher driving force for
mass transfer [55]. As shown in Figure 8(b), the plot of 𝐶𝑒 /𝑄
versus 𝐶𝑒 yielded a straight line with a coefficient (𝑅2 ) of
0.999, but that of log 𝐶𝑒 versus log 𝑄 yielded a curve with a
coefficient (𝑅2 ) of only 0.944, revealing that the adsorption
obeyed Langmuir isotherm rather than Freundlich one. From
the slope and intercept, the values of 𝑄𝑚 and 𝑏 were calculated to be 3.846 mmol g−1 and 0.792 L mmol−1 , respectively.
The maximum adsorption capacity of PACA nanofibrils for
Hg(II) is significantly higher than most of those reported
adsorbents including polymers, inorganics, and modified
inorganics, as shown in Table S3 of the SI. Note that the maximum adsorption capacities usually depend on the following
two characteristics: large surface area and polyfunctional
groups. Large surface area ensures the sufficient contact of the
solid adsorbent with metal ions in aqueous solutions, while
polyfunctional groups provide a large number of active sites
for the adsorption reaction. An efficient adsorbent should
optimally combine these two characteristics.
3.6. Reuse of PACA Nanofibrils. To investigate the feasibility of reusing the nanofibrils, desorption experiments
were conducted. The desorption efficiency of the PACA
nanofibrils was evaluated by several eluents including HNO3 ,
thiourea, EDTA, and their combined aqueous solutions.
When 0.50 mol L−1 HNO3 , 3.0% thiourea, 1.0% thiourea in
0.50 mol L−1 HNO3 , 3.0% thiourea in 0.50 mol L−1 HNO3 ,
3.0% EDTA, 1.0% EDTA in 0.50 mol L−1 HNO3 , and 3.0%

EDTA in 0.50 mol L−1 HNO3 were used, the desorption ratios
were found to be 42.9, 59.3, 80.5, 88.0, 74.2, 90.6, and 99.9%,
respectively. We found that 3.0% EDTA in 0.50 mol L−1
HNO3 was the best eluent and then used it to regenerate
the nanofibrils. This is due to the fact that EDTA is a
strong six-tridentate ligand containing two imino and four
carboxyl groups, and the distance between these groups is
enough long, which facilitates EDTA to form highly stable
chelates with common transition metals. For instance, the
stability constants for the complex ions of [Hg(EDTA)]2− and
[Pb(EDTA)]2− are as high as 6.3 × 1021 and 1.0 × 1018 , respectively [56]. On the other hand, the highly acidic environment
is favorable for the desorption of heavy metal ions from
the PACA nanofibrils, without significantly reducing the
extremely strong complexing ability of EDTA. The adsorbent
was reused in five successive adsorption-desorption cycles as
can be seen in Figure 9, indicating a slight loss (1.8%) in the
desorption capacity (metal recovery) for Hg(II) compared to
the initial cycle (98.1–99.6% versus 99.9%), revealing a good
regeneration capacity of the adsorbent. Besides, the Hg(II)
adsorption capacity decreased from 2.08 mmol g−1 in initial
cycle to 1.97 mmol g−1 in final cycle, which revealed a slight
loss (5.3%) of adsorption capability. The data suggested that
PACA nanofibrils were suitable for repeated use for far more
than five times. These results suggest that PACA adsorbents
were highly recyclable.
3.7. Practicability of PACA Nanosorbent for Purifying Ambient
Wastewater. In order to evaluate the practicability of PACA
nanosorbent for purifying actual wastewater, a batch experiment was conducted on chloralkali wastewater. The characteristics of chloralkali wastewater are summarized in Table S4
of the SI. As the results show, chloralkali wastewater contains
a high concentration of different ions, which may interfere
with adsorption of Hg(II) ion on the adsorbents. Thus, the
selectivity of the adsorbent is especially important. When an
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Figure 9: Variation of the capacity (columns) of Hg(II) adsorption
onto PACA nanofibrils and metal recovery (symbols) in successive
cycles. Initial concentration of Hg(II) was 5.0 mmol L−1 .

adsorbent dose of 1.6 g L−1 was applied, PACA nanoadsorbent
exhibited a very high capability for adsorption of mercury
ions (98.4%) from chloralkali wastewater. After only oneoff adsorption, the Hg(II) concentration reduced from 97.3
to 1.56 𝜇g L−1 and thus the quality of the water is greatly
enhanced, which satisfactorily meets the discharge standard
of pollutants for municipal wastewater treatment plant proposed by the US EPA.

4. Conclusions
Porous poly(1-amino-5-chloroanthraquinone) (PACA) nanofibrils synthesized by interfacial polymerization demonstrated
high efficiency to remove Hg(II) ion from contaminated
water. Adsorption mechanism investigation indicated that
high surface area and strong affinity of –NH–, –N=, –NH2 ,
–C=O, and large 𝜋 bonds of PACA nanofibrils mainly determined the metal ion removal efficiency. Adsorption kinetics
studies showed that the adsorption of Hg(II) achieved equilibrium within two hours and followed the pseudo-secondorder rate due to the strong chemical adsorption process;
the equilibrium isotherms obeyed the Langmuir adsorption.
PACA nanofibrils have been prepared by one-pot synthesis
method in the present work, and relatively cheap ACA monomers, sodium hypochlorite, nitrobenzene, and alcohol were
used as raw materials, respectively, while nitrobenzene was
recycled for repeated use. PACA nanofibrils were highly
recyclable and capable of efficiently removing Hg(II) ion after
being used five times. The reagents (including nitric acid and
EDTA) used in the recovery of PACA are also cheap. It is
concluded that the PACA nanofibrils offer low cost and sustainable adsorbents for water purification.
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To improve the efficiency of TiO2 as a photocatalyst for contaminant degradation, a novel nanocomposite catalyst of (N,
Fe) modified TiO2 nanoparticles loaded on bentonite (B-N/Fe-TiO2 ) was successfully prepared for the first time by sol-gel
method. The synthesized B-N/Fe-TiO2 catalyst composites were characterized by multiple techniques, including scanning electron
microscope (SEM), energy dispersive spectrometry (EDS), X-ray diffraction (XRD), Fourier transform infrared spectra (FT-IR),
X-ray fluorescence (XRF), nitrogen adsorption/desorption, UV-Vis diffuse reflectance spectra (DRS), and electron paramagnetic
resonance (EPR). The results showed that bentonite significantly enhanced the dispersion of TiO2 nanoparticles and increased the
specific surface area of the catalysts. Compared with nondoped TiO2 , single element doped TiO2 , or unloaded TiO2 nanoparticles,
B-N/Fe-TiO2 had the highest absorption in UV-visible region. The photocatalytic activity of B-N/Fe-TiO2 was also the highest,
based on the degradation of methyl blue (MB) at room temperature under UV and visible light irradiation. In particular, the
synthesized B-N/Fe-TiO2 showed much greater photocatalytic efficiency than N/Fe-TiO2 under visible light, the newly synthesized
B-N/Fe-TiO2 is going to significantly increase the photocatalytic efficiency of the catalyst using sun light.

1. Introduction
Environmental applications of titanium dioxide (TiO2 ) have
received a lot of recent interests from researchers. Due to its
fine electronic properties, high photocatalytic activity, chemical stability, and low costs, TiO2 is commonly used as a photocatalyst for the degradation of various pollutants [1, 2]. For the
photocatalytic degradation, first, TiO2 absorbs the solar light
to boost its electrons from the valence band to the conduction
band, thus forming electron-hole pairs (e− -h+ ). Then, the
holes, as oxidants on TiO2 surface, can absorb H2 O and
hydroxide ions and oxidize them to hydroxyl radicals, which
are the main oxidizing agents for pollutant degradation [3, 4].
Despite the great potential of TiO2 for environmental treatment, there are mainly three disadvantages that have impeded
their large-scale application. First, due to its band structure,
TiO2 absorbs UV light which only accounts for 3–5% of sunlight [5]. Second, the high rate of electron-hole recombination
in TiO2 system leads to low photocatalytic efficiency [6].

Third, the fast agglomeration of TiO2 nanoparticles causes
the formation of larger particles resulting in lower catalytic efficiency [7]. To overcome these three difficulties,
researchers have attempted to modify TiO2 with three specific
strategies.
First, doping design has been applied to extend the
absorption band edge of TiO2 from UV region to visible light
region [8–12]. For example, TiO2 has been doped with nitrogen, and the modified catalyst showed higher photocatalytic
activity [13]. Regarding the mechanisms, Asahi suggested that
N2p level could mix with O2p , which narrowed the band gap
of the catalyst and extended its photocatalytic activity into the
visible region [14, 15], while some other researchers suggested
that N doping in TiO2 (N-TiO2 ) can create a midgap state
serving as an electron acceptor or donor in the band gap
of TiO2 , causing its increased photocatalytic activity under
visible light [16–18].
Second, the photocatalytic efficiency also depends on the
competition between the electron-hole recombination rate

2
and the surface charge carrier transfer rate. It was reported
that small amount of Fe3+ ions can act as the traps for the photogenerated electrons and holes, resulting in the inhibition of
electron-hole recombination. Therefore, Fe3+ has been doped
in TiO2 (Fe-TiO2 ) to enhance the photocatalytic activity of
TiO2 [19–21].
Third, to prevent the agglomeration of TiO2 nanoparticles, TiO2 nanoparticles have been dispersed into the interlayers of clay minerals. Among the clay minerals, bentonite is
widely used owing to economic concerns. The TiO2 nanoparticles loaded on bentonite (B-TiO2 ) showed increased specific
surface area, thermal stability, cations exchange ability, and
photocatalytic efficiency for pollutant degradation [22–25].
It is promising to combine the modification strategies for
increasing the photocatalytic efficiency of TiO2 nanoparticles. For example, TiO2 nanoparticles have been comodified
as N/Fe-TiO2 (doped with both N and Fe) and B-Fe-TiO2
(doped with Fe and loaded on bentonite), both of which
showed improved photocatalytic activities compared to nondoped TiO2 , single element doped TiO2 , or unloaded TiO2
nanoparticles [26–29]. A recent study synthesized that N/FeTiO2 film on the bentonite surface by microwave power,
loading TiO2 nanoparticles on the bentonite surface by solgel method, has never been studied yet [30]. Sol-gel method
serves as a common way to produce TiO2 particles, since
it has several advancements, such as producing nanosized
crystallized powder of high purity at relatively low temperature, possibility of stoichiometry controlling process, and
production of homogeneous materials [31]. Therefore, it is
necessary to synthesize (Fe/N) comodified TiO2 nanoparticles loaded on bentonite (B-N/Fe-TiO2 ) by sol-gel method.
Furthermore, there is no report on the B-N/Fe-TiO2 photocatalytic efficiency difference under UV and visible lights for
the degradation of a model pollutant methyl blue (MB). In
this study, we synthesized and fully characterized B-N/FeTiO2 , and we measured its photocatalytic efficiency for MB
degradation under UV and visible lights, and the mechanisms
of its enhanced performance were also elucidated.

2. Experimental
2.1. Materials. Tetrabutyl titanate (TBOT), ethanol, and ferric chloride (FeCl3 ⋅6H2 O) were purchased from Sinopharm
Chemical Reagents Company (China). Urea and acetic acid
were purchased from Beijing Chemical Works. All the chemicals were of analytical grade and used without further purification. Type P25 TiO2 was purchased from Evonik Degussa
Company (Germany) with a grain size of 20 nm. Methyl blue
(MB, reagent grade, Sinopharm Chemical Reagents Company) was selected as the probe compound for the photocatalytic degradation reactions. Na-bentonite was purchased
from Sinopharm Chemical Reagents Company (China).
2.2. Synthesis of Modified TiO2 Catalysts. Pure TiO2 and
modified TiO2 were synthesized by a sol-gel process. First,
an “A” solution was made by mixing 20 mL tetrabbutyl
titanate, 60 mL absolute ethanol, and 2 mL acetic acid, while
a “B” solution was made by mixing 0.6 mL HCl and 10 mL
ultrapure water (18.3 MΩ cm). For the case of N and/or Fe
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modified TiO2 synthesis, urea and/or ferric chloride were
added to the “B” solutions. The molar ratio of Ti/N was 1 : 2
and the Fe ratio was 5 w%. Then, the modified “B” solution,
containing urea and/or ferric chloride, was added dropwise to
“A” solution under stirring vigorously, and pure TiO2 and N
and/or Fe modified TiO2 were synthesized. For the synthesis
of bentonite supported catalysts (B-TiO2 , B-N-TiO2 , B-FeTiO2 , and B-N/Fe-TiO2 ), 1 g Na-bentonite was added into the
mixtures of “A” and modified “B” solutions, and the solutions
were stirred continuously for 2 hours. Finally, the solutions
were let stand in room temperature for 12 hours, dried at 80∘ C
for 24 hours, and calcined at 500∘ C for 3 hours with a heating
rate of 5∘ C/min from room temperature. After synthesis, the
calcined samples were ground and sieved, and fine powders
smaller than 200 mesh size were used in the experiments.
2.3. Catalyst Characterization. Multiple techniques were
employed to characterize the morphology, composition, and
structure of the synthesized TiO2 catalyst composites. The
synthesized samples were coated with platinum, and their
morphologies were observed using scanning electron microscopy (SEM, JSM-6460LV, Zeiss MERLIN VP Compact, Germany). The elemental compositions, in terms of weight and
atomic percentages, of the catalyst composites were determined using energy dispersive spectrometry (EDS). In addition, the weight percentages of TiO2 in the synthesized composites were measured by X-ray fluorescence spectrometry
(XRF, XRF-1800, Japan). To characterize the structure of the
catalyst composites, X-ray diffraction (XRD, Rigaku D/Max
2500, Japan) and Fourier transform infrared spectroscopy
(FTIR, PerkinElmer) measurements were conducted.
Furthermore, specific properties (such as specific surface
area, UV-Vis light absorption and OH∙ and O2 ∙− generation), which control the catalytic efficiency of the catalyst
composites, were also characterized. The specific surface
areas of the synthesized composites were measured using
an Autosorb IQ2 nitrogen adsorption/desorption apparatus
(Quantachrome, USA). The UV-Vis absorption spectra of the
catalyst composites were measured by TU-1901 spectrophotometer. Electron paramagnetic resonance (EPR) spectra
were acquired with a Bruker E580 CW spectrometer at 295 K,
operating with a microwave frequency of 9.7 GHz. Both
materials were weighted 15 mg. OH∙ was captured by DMPO
in water and O2 ∙− was captured by DMPO in methanol. The
UV and visible light were at 320–400 nm and 420–800 nm,
respectively.
2.4. Photocatalytic Degradation of MB. Stirred batch experiments of MB degradation were performed using TiO2 , BTiO2 , N-TiO2 , B/N-TiO2 , Fe-TiO2 , B-Fe-TiO2 , N/Fe-TiO2 ,
and B-N/Fe-TiO2 . UV light irradiation and visible light
irradiation were achieved using a 250 W high-pressure Hg
lamp and xenon lamp with UV cut-off filter, respectively.
Under the UV or visible light irradiation conditions, the lamp
was hanged in a dark box and kept at about 20 cm above the
reacting liquid.
Stirred batch experiments were conducted in 10 mg/L MB
solution with 1 g/L catalyst compositions added. Prior to irradiation, the solution with suspending catalyst composites was
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Figure 1: FTIR spectra of different catalysts: (a) B-N/Fe-TiO2 , (b)
Fe-TiO2 , (c) N-TiO2 , and (d) TiO2 .

stirred in dark for 30 min to attain the adsorption-desorption
equilibrium for MB and dissolved oxygen (DO) on the
surface of the catalyst composites. Then, with continuous
stirring, the solutions were illuminated with UV for 120 minutes or visible light for 200 minutes. During the degradation
reactions, at given time intervals, 2 mL solution containing
suspensions were sampled from the batch and were filtered
through a Millipore filter (pore size, 0.22 𝜇m) immediately to
separate the catalyst compositions from the solution. Finally,
the residual MB concentrations in solution were determined
by a UV-Vis spectrometer (Shimadzu UV-1750).

3. Results and Discussion
3.1. Characterization of Successfully Synthesized B-N/Fe-TiO2 .
In order to prove that the synthesized catalysts have been
successfully modified with N/Fe doping and loaded on bentonite, multiple characterization techniques were employed,
including FTIR, XRD, SEM-EDS, and XRF. First, FTIR analysis in the range of 4000 cm−1 to 400 cm−1 was performed
on TiO2 , N-TiO2 , Fe-TiO2 , and B-N/Fe-TiO2 (Figure 1).
As shown in Figure 1(a), for B-N/Fe-TiO2 , it has absorption peaks at 3442 cm−1 , 1630 cm−1 , 1088 cm−1 , 1040 cm−1 ,
930 cm−1 , and 542 cm−1 . The absorption peaks at 3442 cm−1
and 1630 cm−1 (Figure 1(a)) were, respectively, assigned to
the stretching vibration and the bending vibration of OH,
due to the adsorbed water in the samples surface [32, 33].
The high adsorption at 1040 cm−1 was attributed to the
asymmetric stretching of Si-O-Si bonds (Figure 1(a)) [7, 34],
which belongs to SiO2 as the main composition of bentonite,
indicating that the catalysts have been successfully loaded on
bentonite. The absorption band at 400 cm−1 –600 cm−1 was
attributed to the stretching vibration of Ti-O bond [33, 35].
The adsorption at 930 cm−1 was attributed to Ti-O-Si which
formed during calcining process [36, 37]. The absorption
peak at about 1088 cm−1 was attributed to Ti-O-N [38],
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Figure 2: XRD spectra of different catalysts: (a) TiO2 , (b) N/FeTiO2 , and (c) B-N/Fe-TiO2 .

indicating the successful doping of the catalyst with N.
Finally, the peak at 542 cm−1 was attributed to Fe-O [34, 39,
40], indicating the successful doping of the catalyst with Fe
(i.e., successful substitution of Fe atom with Ti). While no
absorption peak for Fe-N was observed, indicating that at
sites where nitrogen atoms substitute oxygen atoms, Fe would
not substitute the Ti bonded to nitrogen.
XRD measurements of TiO2 , N/Fe-TiO2 , and B-N/FeTiO2 were also conducted (Figure 2). For B-N/Fe-TiO2
(Figure 2(c)), XRD diffraction peaks at 2𝜃 = 25.3∘ , 38.6∘ , 48.0∘ ,
53.9∘ , and 55.1∘ were measured, which reflected the anatase
TiO2 (101), (112), (200), (105), and (211) planes, respectively
[5]. The XRD patterns indicated that pure anatase phase was
synthesized using the sol-gel method in this study. Compared
with N/Fe-TiO2 , B-N/Fe-TiO2 showed additional small peaks
around 2𝜃 = 25∘ , which is consistent with the characteristic diffraction peaks of bentonite (Figure 2(c)). The XRD
patterns indicated the successful loading of the modified
TiO2 catalyst on bentonite. Furthermore, for pure TiO2
photocatalyst, the characteristic diffraction peaks of TiO2
were very sharp (Figure 2(a)), indicating that the synthesized
TiO2 was well crystallized, while, for the modified catalyst
compositions of N/Fe-TiO2 and B-N/Fe-TiO2 (Figures 2(b)
and 2(c)), the characteristic diffraction peaks of TiO2 were
much broader and the peak intensities were much lower. Such
peak broadening indicated the successful doping of N and Fe:
due to different radii of N and O, Fe and Ti, doping TiO2 with
N (i.e., nitrogen atoms substitute oxygen sites in TiO2 ) or Fe
(i.e., Fe can enter TiO2 lattice by substituting Ti) can lead to
TiO2 lattice distortion, resulting in the observed broadening
of the TiO2 diffraction peaks [41–43]. According to Scherrer
formula calculation [7, 44], the average particle sizes of TiO2 ,
N/Fe-TiO2 , and B-N/Fe-TiO2 were around 25.1 nm, 11.2 nm,
and 9.5 nm, respectively. It indicated that N or Fe doping
and bentonite loading could inhibit the growth of TiO2 . In
addition, XRD pattern of B-N/Fe-TiO2 (Figure 2(c)) showed
the characteristic peaks of Fe2 O3 . It is possible that Fe2 O3
were generated during calcination of Fe3+ doped TiO2 gel.
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Figure 3: SEM images of synthesized catalyst composites (a) TiO2 , (b) B-TiO2 , (c) N-TiO2 , (d) B-N-TiO2 , (e) Fe-TiO2 , (f) B- Fe-TiO2 , (g)
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Future studies of the potential calcination effect on Fe2 O3
formation can be performed; however, it is not the focus of
the present study.
To further confirm the successful doping of N and Fe
in TiO2 and their loading onto bentonite, the morphologies
of the modified catalyst composites were observed by SEM

(Figure 3), and the elemental compositions of the synthesized
B-N/Fe-TiO2 catalyst composites were also measured by
EDS (Figure 4). In the absence of bentonite, the catalysts
nanoparticles of TiO2 , N-TiO2 , Fe-TiO2 , and N/Fe-TiO2
tended to aggregation, whereas, for synthesized B-TiO2 ,
B-N-TiO2 , B-Fe-TiO2 , and B-N/Fe-TiO2 , TiO2 nanoparticles
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Table 1: Specific surface areas and TiO2 weight percentages (wt%) of the catalyst composites.
Catalysts
Specific surface area (m2 /g)
TiO2 wt%

P25
55.25
100

TiO2
45.01
100

B-TiO2
60.91
85.7

N-TiO2
53.14
99.8

Intensity
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Figure 4: EDS spectra for B-N/Fe-TiO2 .

were observed to attach onto the dispersed lamellar bentonite
and the aggregation was decreased in the presence of bentonite.
EDS measurement of B-N/Fe-TiO2 (Figure 4) showed the
presence of Ti, confirming the loading of TiO2 in the catalyst
composite. Also, the presence of Si, Al, Na, Ca, and Mg
elements indicated the presence of Na-bentonite in the synthesized B-N/Fe-TiO2 catalyst composite. Moreover, the presence of Fe elements demonstrated the successful doping of Fe.
In addition, the weight percentages of TiO2 in different
catalyst composites were quantified using XRF. As shown in
Table 1, the weight percentages of TiO2 in N-TiO2 , Fe-TiO2 ,
and N/Fe-TiO2 were 99.8%, 91.9%, and 92.6%, respectively.
The results showed that N doping contributed to only 0.2%
weight of the catalyst composites, which was consistent with
the fact that N in the composites was below the detection
limit of EDS, while Fe2 O3 which formed in Fe3+ doping
contributed to ∼5.5–8% of the total weight. For the catalysts
loaded on bentonite, the weight percentages of TiO2 in the
catalyst composites were much lower, being 85.7%, 86.5%,
82.1%, and 84.8% for B-TiO2 , B-N-TiO2 , B-Fe-TiO2 , and
B-N/Fe-TiO2 , respectively, indicating that bentonite contributed to ∼9–14% of total weight of the catalyst composites.
In summary, FTIR, XRD, SEM-EDS, and XRF were
employed to characterize the newly synthesized B-N/Fe-TiO2
catalyst composites, and consistent results were obtained.
All measurements confirmed the successful N/Fe doping in
TiO2 and their successful loading onto bentonite. Very small
amount of N (0.2% weight) was doped in the catalyst, and Fe
doping (∼7-8%) and bentonite loading (∼8–14%) contributed
significantly to the total mass of the catalyst composites.

Fe-TiO2
64.17
91.9

N/Fe-TiO2
66.04
92.6

B-N-TiO2
65.99
86.5

B-Fe-TiO2
77.23
82.1

B-N/Fe-TiO2
91.60
84.8

3.2. Highest Specific Surface Area of Newly Synthesized B-N/FeTiO2 . As specific surface area is an important parameter
determining the reactivity of catalyst, here, the specific
surface area of the synthesized TiO2 catalyst composites was
measured (Table 1). First, the effects of N and/or Fe doping
on the specific surface area of the catalyst composites were
investigated. As shown in Table 1, the specific surface areas
of TiO2 , N-TiO2 , Fe-TiO2 , and N/Fe-TiO2 were 45.01, 53.13,
64.17, and 66.04 m2 /g, respectively. The results showed that
doping N and Fe slightly increased the specific surface area of
TiO2 catalyst composite. As discussed in Section 3.1, N and/or
Fe doping in TiO2 can lower the crystallinity of the TiO2 ,
which may result in more specific surface area available for
N2 adsorption.
Also, the effects of bentonite loading on the specific
surface area of the catalyst composites were investigated.
The specific surface areas of B-TiO2 , B-N-TiO2 , B-Fe-TiO2 ,
and B-N/Fe-TiO2 were 60.91, 65.99, 77.23, and 91.60 m2 /g,
respectively. The measurements showed that the presence of
bentonite dramatically increased the specific surface area of
the TiO2 catalyst composites. Since natural bentonite has
lamellar structure, it has large interlayer surface area for
TiO2 attachment. The TiO2 attached onto bentonite particles
can be stabilized on bentonite surfaces, which can avoid the
aggregation of TiO2 nanoparticles.
3.3. Highest UV-Vis Light Absorption of Synthesized B-N/FeTiO2 . Generally in natural photodegradation processes photocatalyst can absorb the ultraviolet (UV) and/or visible light
from natural sunlight and utilize the energy for the redox
degradation reactions. To characterize the absorption of UV
and visible light by the synthesized TiO2 composites, UVVis diffuse reflectance spectra of the photocatalyst composites
TiO2 , P25, N-TiO2 , Fe-TiO2 , B-TiO2 , B-N-TiO2 , B-Fe-TiO2 ,
N/Fe-TiO2 , and B-N/Fe-TiO2 were measured (Figure 5). For
synthesized TiO2 (Figure 5(i)) and the purchased P25 type
TiO2 (Figure 5(h)), significant absorption was observed for
light with wavelength shorter than 390 nm. This is the
intrinsic absorption edge of TiO2 for the electron transfer
from O2p to Ti3d , corresponding with the valence band to
conduction band transition of TiO2 [7, 45]. For these TiO2
composites without Fe and/or N doping, there was almost no
light absorption in the visible light region, with wavelength
ranging from 400 to 800 nm.
Since bentonite can absorb visible light, B-TiO2 had
more absorption of visible light than bare TiO2 . For TiO2
composites doped with Fe3+ (Figures 5(a), 5(b), 5(c), and
5(d)), they showed significant enhancement in visible light
absorption. This is because Fe3+ doping or Fe2 O3 could
form a dopant energy level within the band gap of TiO2 . It
was studied that Fe2 O3 has small band gap (𝐸𝑔 = 2.1 ev)

6

Journal of Nanomaterials
1.0

Absorbance

0.8

(a)
(b)
(c)
(d)

0.6
0.4
0.2

(e)
(f)
(g)
(h)

0.0

(i)
200

300

400
500
600
Wavelength (nm)

(a) B-N/Fe-TiO2
(b) N/Fe-TiO2
(c) B-Fe-TiO2
(d) Fe-TiO2
(e) B-N-TiO2

700

800

(f) N-TiO2
(g) B-TiO2
(h) P25
(i) TiO2

Figure 5: UV-Vis diffuse reflection spectra of different catalysts.

and can absorb and utilize about 40% of the incident solar
spectra [46]. N doping (Figures 5(a), 5(b), 5(e), and 5(f))
also increased the adsorption in visible light region. Our
observation here was consistent with previous studies, which
showed that N doping into the lattice of TiO2 can shift the
absorption edge of TiO2 into the visible light range and
exhibit increased absorption between 400 nm and 600 nm
[47]. This is because nitrogen doping can form the localized
midgap states above the top of the valence band of TiO2
reducing the band gap of TiO2 . To further conform the N or
Fe doping effects, the formula 𝐸𝑔 = 1240/𝜆 𝑔 (where 𝐸𝑔 is the
band gap and 𝜆 𝑔 is the absorption edge shown in Figure 5)
was used to calculate the catalyst’s band gap. The band gaps
of TiO2 , N-TiO2 , Fe-TiO2 , N/Fe-TiO2 , and B-N/Fe-TiO2 were
calculated to be 3.26, 2.95, 2.34, 2.17, and 2.03 eV, respectively.
The results showed that B-N/Fe-TiO2 had the smallest band
gap and its electrons could be easily excited from the valence
band to the conduction band under visible light irradiation.
In conclusion, N and/or Fe doping reduced the band
gap of the TiO2 catalyst composites, therefore extending the
light absorption of the modified catalysts from UV to the
visible light region. In addition, the comodification with N
and Fe showed synergistic effect in reducing the band gap
of the TiO2 catalyst composites. Meanwhile, bentonite can
absorb visible light as well. Therefore, compared with all
TiO2 catalyst composites (Figure 5), the newly synthesized BN/Fe-TiO2 (Figure 5(a)) showed the highest light absorption
in the UV-Vis region.
3.4. OH∙ and O2 ∙− Generation under UV-Vis. As hydroxyl
radicals OH∙ and super oxygen ions O2 ∙− play key roles in the
pollutant degradation process, the generation of free radicals
(OH∙ and O2 ∙− ) during photoirradiation process (shown
in (1)–(3)) was investigated. The EPR spectra of the same
weight of pure TiO2 , N/Fe-TiO2 , and B-N/Fe-TiO2 with UV

(Figure 6) and visible irradiation (Figure 7) were obtained.
The intensity of the signal represented the relative amount of
OH∙ and O2 ∙− produced by the photocatalyst. The constants
of OH∙ were 𝑔 = 2.005, 𝑎N = 𝑎H = 1.49 mT, and the constants
of O2 ∙− were 𝑔 = 2.002, 𝑎N = 1.27 mT, 𝑎H 𝛽 = 1.026 mT, and
𝑎H 𝛾 = 0.187 mT.
TiO2 + ℎ] → eCB + hVB

(1)

OH− + hVB → OH∙

(2)

O2 + eCB → O2 ∙−

(3)

Compared with TiO2 system, the radicals of OH∙ and
O2 in modified TiO2 were significantly generated under
UV-Vis light. Under UV irradiation, the intensities of OH∙
and O2 ∙− were about 1810 and 380 in N/Fe-TiO2 system,
respectively, while OH∙ and O2 ∙− in B-N/Fe-TiO2 system
were about 1740 and 460, respectively. The amount of OH∙
produced by N/Fe-TiO2 was slightly higher than that produced by B-N/Fe-TiO2 , while the amount of O2 ∙− produced
by N/Fe-TiO2 was slightly lower than the later one. As the
strong cations exchange ability of bentonite, the surface of
B-N/Fe-TiO2 had more electrons which can produce more
O2 ∙− . Under visible irradiation, the amounts of OH∙ and O2 ∙−
generated by N/Fe-TiO2 were about 830 and 180; the amount
of OH∙ and O2 ∙− generated by B-N/Fe-TiO2 were about 880
and 260, respectively. The free radicals produced by B-N/FeTiO2 were both higher than N/Fe-TiO2 under visible light. It
resulted from the highest visible light absorption of B-N/FeTiO2 , and it could form more electron-hole pairs and more
free radicals in visible region.
∙−

3.5. Highest MB Photodegradation Efficiency of Synthesized
B-N/Fe-TiO2 . To compare the photocatalytic efficiency of
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Figure 6: EPR spectra of the OH∙ (a) and O2 ∙− (b) radicals formed upon UV irradiation with catalysts: (A) TiO2 , (B) N/Fe-TiO2 , and (C)
B-N/Fe-TiO2 .

different catalyst composites, the degradation of MB was
conducted with the addition of 1 g/L of different catalyst composites (bentonite, TiO2 , B-TiO2 , N-TiO2 , Fe-TiO2 , N/FeTiO2 , B-N-TiO2 , B-Fe-TiO2 , and B-N/Fe-TiO2 ). The residual
MB concentrations in solution after reaction under UV
(Figure 8(a)) and visible light irradiation (Figure 8(b)) for
different time intervals were measured. Figure 8 showed that
bentonite has slight influence on the degradation of MB.
Without catalyst TiO2 , MB did not degrade under UV and
visible light. With the addition of different catalyst composites, various degradation kinetics were observed (Figure 8).
Under UV light irradiation, B-N/Fe-TiO2 showed the highest
photocatalytic activity for MB degradation with 100% MB
removal in 50 minutes. For N/Fe-TiO2 , the slower process
with 100% MB removal was used in 80 minutes. The photocatalytic efficiency of MB removal by TiO2 , B-TiO2 , N-TiO2 ,

Fe-TiO2 , B-N-TiO2 , and B-Fe-TiO2 within 120 minutes was
56.7%, 45.1%, 94.7%, 69.2%, 89.2%, and 76.5%, respectively.
Comparably, under visible light, B-N/Fe-TiO2 also performed
the fastest degradation of 100% MB in 180 minutes. The
rates of MB degradation by TiO2 , B-TiO2 , N-TiO2 , Fe-TiO2 ,
B-N-TiO2 , B-Fe-TiO2 , and N/Fe-TiO2 were 15.2%, 19.1%,
31.1%, 37.8%, 27.8%, 41.8%, and 85.5%, respectively. The results
indicated that the newly synthesized B-N/Fe-TiO2 showed
the fastest photocatalyst efficiency for MB degradation under
both UV and visible lights. As discussed earlier, B-N/Fe-TiO2
had the highest specific surface area and the highest UVVis adsorption, both of which can contribute to its fastest
photocatalyst efficiency for MB degradation.
The photocatalytic efficiency improvement for the BN/Fe-TiO2 compared to N/Fe-TiO2 under visible light
(Figure 8(b)) was more significant than under UV light
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Figure 7: EPR spectra of the OH∙ (a) and O2 ∙− (b) radicals formed upon visible irradiation with catalysts: (A) TiO2 , (B) N/Fe-TiO2 , and (C)
B-N/Fe-TiO2 .

(Figure 8(a)) irradiation. This is because bentonite can adsorb
visible light and B-N/Fe-TiO2 can produce more free radicals
under visible light. In terms of energy, sunlight at Earth’s surface is about 52–55% infrared, 42-43% visible, and 3–5% UV.
Considering the much smaller energy percentage of UV (3–
5%) than visible light (42-43%) on Earth’s surface, the newly
synthesized B-N/Fe-TiO2 is going to significantly increase the
photocatalytic efficiency of the catalyst using sunlight.

enhanced photoactivity attributes to its larger surface area
and higher UV and visible light adsorption. In particular,
the newly synthesized B-N/Fe-TiO2 showed significantly
increased photocatalytic efficiency for contaminant degradation under visible light, making it a good photocatalyst for
water remediation under sunlight.

4. Conclusion

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

In this study, bentonite supported (N/Fe) comodified TiO2
nanoparticles composite (B-N/Fe-TiO2 ) was successfully
synthesized by sol-gel method. The novel photocatalyst BN/Fe-TiO2 could extend the UV-Vis light working range
and enhance the degradation of MB in water. B-N/Fe-TiO2
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The conjugation of antibody to semiconductor quantum dots plays a very important role in many applications such as bioimaging,
biomarking, and biosensing. In this research, we present some results of highly luminescent core/shell structure CdSe/ZnS on which
the E. coli antibody was conjugated. The CdSe core was synthesized successfully with chemical “green” method. For biological
applications, the capping surfactant, trioctylphosphine oxide, was substituted by a new one, mercaptopropionic acid (MPA), before
the antibody attachment step. Finally, the E. coli antibody was attached to quantum dots CdSe/ZnS. Morphology, structure, and
optical properties were investigated with PL, UV-Vis, TEM, and XRD methods. The successful ligand substitution and antibody
attachment were confirmed by zeta potential measurement, FTIR spectroscopy, and TEM. The results showed quantum dots size
of 2.3 nm, uniform distribution, and high luminescence. CdSe/ZnS core/shell structure had better stability and enhanced the
luminescence efficiency up to threefold compared with the core CdSe. MPA ligand shifted the initial hydrophobic quantum dots to
hydrophilic ones, which helped to dissolve them in organic solvents and attach the antibody.

1. Introduction
Colloidal semiconductor quantum dots (Qds) are nanocrystals that have tunable emission through changes in their
size. They have attracted huge attention due to the quantum
confinement and surface effects. Since last decade, there have
been numerous studies on manufacturing and applications
of semiconductor nanocrystals, particularly on II-VI compounds, such as CdSe, CdTe, and CdS [1–3]. Among these
highly luminescent nanomaterials, CdSe quantum dot is the
most popular one thanks to the ease in synthesis. Besides,
CdSe is the direct bandgap material with energy value of
1.74 eV, suitability for light emission in the visible spectral
range, strong fluorescence, and narrow full width at half
maximum (FWHM). Furthermore, compared with organic
dyes, the CdSe is of higher reliability and low photobleaching
so it can be used to replace organic dyes such as rhodamine
640. With novel optical properties, CdSe quantum dot is an
appropriate candidate for applications especially in biology
such as biomarkers and biosensors [4]. The Qds-based
fluorescent sensing relies on the interaction between antigen

and antibody that are conjugated to semiconductor Qds. The
use of fluorescence indicators can help us determine quickly
and accurately the bacteria and some viral diseases in liquid
media.
Although the CdSe quantum dots have many benefits,
they also have several problems such as stability, luminescence intensity and toxicity. When CdSe quantum dots are
synthesized with surfactant TOPO, about 70% of nanocrystal
surface is Cadmium atom associated with TOPO and the rest
30% of Selenium is in dangling bond status [5]. This not only
makes Qds be easily oxidized due to formation of a thin layer
of SeO on the crystal surface but also serves as a channel
leading to the nonradiative recombination and luminescence
efficiency decrement. In addition, if their toxicity is not
considered seriously, significant risks can be presented to
environment and health under certain conditions particularly for biological applications. The metabolism leads to
release of toxic ions (Cd2+ and Se2− ) and poisons biological
environment. To prevent the toxic ions and oxidation of Qds,
quantum dots should be coated with nontoxic layers to form
core/shell structure.
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Coating CdSe quantum dots with another semiconductor
material of higher energy bandgap such as CdS, ZnS, and
ZnSe lead to electron-hole pair separation in the core material and better surface passivation, thereby helping achieve
greater chemical stability and enhance photoluminescence
intensity [6, 7]. Comparatively, a thin layer of ZnS surrounding CdSe quantum dots can help improve quantum yield of
CdSe/ZnS core shell up to 70% compared with bare CdSe
case [4]. For ZnS coating, successive ion layer absorption and
reaction (SILAR) method has been employed. The precursor
solution of Zn2+ and S2− in TOP, TOPO solvents are injected
into the CdSe quantum dots solution consecutively.
In synthesis process of CdSe/ZnS core/shell, trioctylphosphine oxide (TOPO) and trioctylphosphine (TOP) play role
as capping surfactants. They help retain the hydrophobic
character of quantum dots and hence the Qds are insoluble
in water, which prevents quantum dots from biological
applications. Therefore, ligand exchange in order to apply
quantum dots in biodetection is an absolute necessity. There
are different methods to modify the surface of quantum dots
and ligand exchange method is the most common one. The
hydrophobic organic ligand can be replaced by hydrophilic
thiols or polymer. This process helps to disperse quantum
dots well in water and strengthen biocompatibility [8]. In this
work, the CdSe cores were synthesized with chemical “green”
method. They were coated with ZnS shell via the successive
ion layer adsorption and reaction method (SILAR) method.
For the employment of Qds in biotechnology, we substituted
the capping agents, TOPO, with mercaptopropionic acid
(MPA). After that, the Escherichia coli (E. coli) antibody
was attached to quantum dots CdSe/ZnS-MPA. In order
to characterize the structural phase and optical properties
of the obtained samples, we used X-ray diffraction (XRD),
absorption photoluminescence (PL) spectroscopy methods,
and TEM. The successful ligand substitution and antibody
attachment were confirmed by FTIR spectroscopy, TEM, PL,
and zeta potential techniques. In this study, we aimed at the
optimal process for the synthesis of high quality quantum
dots so that they could be applied in biology. These results
highlighted the advantage of spectroscopy methods to verify
the conjugation between Qds and antibody.

2. Experimental
2.1. Synthesis of CdSe Core. Chemical substances for the synthesis of CdSe Qds are cadmium acetate dehydrate, selenium
powder (Se, 99.5%), diphenyl ether (DPE), methanol, toluene
of Merck, trioctylphosphine (TOP), 1-octadecene (ODE,
90%) of Acros, trioctylphosphine oxide (TOPO) of Aldrich,
oleic acid (OA, 90%) of Fisher, and hexane of Scharlau. All
chemicals were used without additional purification.
The synthesis of CdSe QDs followed the route 0.133 g
of cadmium acetate dehydrates and 0.64 mL of OA was
dissolved in 5 mL of DPE. The reaction mixture was heated at
120∘ C with constant stirring for 30 minutes in a continuous
nitrogen stream to remove water and acetic acid. Then we
maintained the temperature at 120–180∘ C, called reaction
temperature, and 0.5 mL trioctylphosphine selenide (TOPSe) 1 M was quickly injected into the reaction mixture.
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After injection, the solution began changing its colour, from
transparent to red. At desired time intervals, the reaction
solution was cooled down to room temperature.
2.2. Synthesis of CdSe/ZnS Core/Shell Structure. To passivate
surface dangling bonds and stabilize photophysical characteristics of CdSe Qds, we covered the CdSe core with shells by
ion layer adsorption and reaction (SILAR) technique [2, 6]. A
0.04 M zinc precursor was a mixture of 43.9 mg zinc acetate
dehydrate, 0.25 g TOPO, 1 mL TOP, and 4 mL ODE and then
was heated up to 200∘ C. On the other hand, a sulphide
solution 0.04 M was formed by dissolving 6.4 mg sulphur and
5 mL TOP.
We prepared a solution of 2 mL of CdSe quantum dot
(∼5.6.10−5 mol), hexane, and 3 mL ODE. Then we fabricated
shells by increasing the temperature gradually.
At 120∘ C, we injected 1.237 mL zinc precursor into
CdSe Qds solution and kept it for 10 minutes.
At 140∘ C, we injected 0.247 mL sulphide solution and
kept it for 10 minutes.
At 160∘ C, we injected 1.742 mL zinc precursor and
kept it for 10 minutes and finally added 0.348 mL
sulphide solution and kept it for 10 minutes.
2.3. Structural and Optical Characterizations. Powder Xray diffraction using Cu K𝛼 radiation (Model XRD D8–
ADVANCE) was performed for analysis of structure of
CdSe/ZnS Qds. The morphology and crystallinity of the
core/shell Qds were investigated by transmission electron
microscopy. Room temperature UV-Vis absorption spectra
(Model UV-VIS Jacob V-670) with the wavelength range
of 400–900 nm and the photoluminescence spectroscopy
(Horiba Jobin Yvon, USA Fluorescence Spectrometer) with
the excitation wavelength 325 nm were employed to analyse
optical properties of quantum dots.
2.4. Ligand Exchange of Quantum Dots with MPA. After
the synthesis of TOPO-capped CdSe/ZnS Qds, TOPO was
replaced with mercaptopropionic acid (MPA) to make them
soluble in phosphate buffer solution (PBS). With the carboxylate ligand existing in the molecules, MPA provided
the water solubility to Qds. Typical 5 𝜇L of MPA and 1 mL
of pH buffer were poured into 1 mL of CdSe/ZnS quantum
dots-containing solution and stirred for 24–48 hours. The
quantum dots were rinsed and centrifuged three times to
remove MPA residue.
2.5. Bioconjugation of Quantum Dots with Antibody E.
coli O157:H7. 40 𝜇L sulfo-NHS and 40 𝜇L 1-ethyl-3-(3dimethylaminopropyl) carbodiimide (EDC) were added into
1 mL CdSe/ZnS-MPA solution. The solution was shaken for
2 hours at room temperature to induce coupling reaction.
Sulfo-NHS-terminated CdSe/ZnS quantum dots were collected by centrifugation and dispersed in the buffer solution,
and then antibody E. coli O157:H7 was added. The mixture was incubated for 24 hours with shaking. When the
conjugation of CdSe/ZnS quantum dots with antibody was
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Figure 1: The bioconjugation procedure of CdSe/ZnS quantum dots.
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Figure 2: XRD patterns of CdSe and CdSe/ZnS quantum dots.

completed, the Qds in solution were obtained by centrifugation and these particles were cleaned and dispersed in PBS
solution. They were stored in a refrigerator to be preserved
for later use.
Figure 1 shows the whole process of surface modification
and bioconjugation of quantum dots with antibody.

3. Results and Discussion
3.1. Structure and Crystallinity of Quantum Dots. Figure 2
showed XRD patterns of CdSe and CdSe/ZnS semiconductor
quantum dots synthesized for 10 minutes at 150∘ C. Three
main diffraction peaks could be spotted in the graph, which

Figure 3: TEM image of CdSe/ZnS core/shell sample coated at
150∘ C.

can be indexed as (111), (220), and (311) diffraction peaks of
the cubic zinc blende CdSe corresponding to three diffraction
angles (2𝜃) 26.1∘ , 43.8∘ , and 51.7∘ .
The clear diffraction peaks indicated that the CdSe Qds
crystallized well in zinc blende structure. XRD peaks of
CdSe/ZnS core/shells shifted to higher 2𝜃 angles compared
with the reference PDF card (#65-0309). This shift was
induced from the compressive strain of CdSe core by ZnS
shell. Since ZnS had the smaller lattice parameter (𝑎 =
3.777 Å, 𝑐 = 6.188 Å) than CdSe (𝑎 = 4.299 Å, 𝑐 = 7.010 Å),
the core CdSe had been compressed under ZnS shell coating
process.
Figure 3 showed TEM image of CdSe/ZnS quantum dots.
Nanoparticles were spherical in shape and well dispersive.
The average size of CdSe/ZnS was estimated about 4 nm and
they showed narrow size distribution. Besides, we also could
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see the light grey shell of ZnS surrounding the dark CdSe core.
Figures 2 and 3 confirmed indirectly the successful formation
of the core-shell structure CdSe/ZnS.

1.25

3.3. Ligand Exchange of CdSe/ZnS. CdSe/ZnS quantum dots
were synthesized using a nonpolar surfactant TOPO. Thus,
surface modification was needed to resolve water insolubility
and bioincompatibility problems of quantum dots. This could
be done by replacing TOPO with MPA, whose molecular
structure is comprised of thiol (-SH) and carboxyl groups.
The ligand exchange for quantum dots is possible because
of the two functional groups, thiol and carboxyl groups. The
thiol group had strong electron affinity to the zinc in the ZnS
shell, and thus surface TOPO could be replaced with MPA.
Carboxyl groups had excellent hydrophilic property needed
for water solubility and they also provided reactive sites
for immobilization biological agents. Figure 5 showed FTIR
spectra of CdSe/ZnS, MPA, and CdSe/ZnS-MPA samples
over range from 500 to 4000 cm−1 .

Transmittance

3.2. Optical Properties of CdSe/ZnS Quantum Dots. Figure 4
showed UV-visible light absorption and PL spectra from
CdSe and CdSe/ZnS core/shell structure quantum dots.
Both absorption and emission spectra of CdSe and
CdSe/ZnS showed the blue shift of the peaks considering
the energy bandgap of CdSe (1.74 eV∼713 nm). This blue shift
originated from quantum dots confinement effect as the sizes
of nanoparticles decreased below Bohr’s radius.
In Figure 4(b), the luminescence intensity of CdSe/ZnS
sample increased and the Stoke shift of quantum dots
was smaller than CdSe sample. Furthermore, cloud surface
emission in the long wavelength (from 620 nm) went down
drastically close to 0. This demonstrated that the CdSe surface
traps had been passivated successfully by ZnS shells.
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Figure 5: FTIR spectra of MPA-capped CdSe/ZnS Qds.

Figure 5 showed a prominent absorption band at 1702 ±
10 cm−1 in MPA and CdSe/ZnS-MPA which was due to
the C=O stretch of carboxyl group. The absorption band
due to carboxyl group for CdSe/ZnS-MPA shifted to lower
energy. The appearance of the vibration band due to carboxyl
group and disulfide stretch (at 500 cm−1 ) in CdSe/ZnS-MPA
sample indicated that the carboxyl group was not involved
in coordination to the quantum dots surface and MPA was
attached to Cd ion on the surface of Qds through the thiol
groups. In addition, the appearance of 2557 cm−1 peak in
the IR spectra of MPA was oscillation mode of -SH, but it
was not observed in the spectra of CdSe/ZnS and CdSeZnS-MPA samples; this proved that the thiol groups (-SH)
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Figure 6: The change in PL intensity of CdSe/ZnS-MPA as a
function of pH.

reacted with the surface of quantum dots. Vibrations at 2957
and 3300 cm−1 due to hydroxyl (-OH) group existed in MPA
and CdSe/ZnS-MPA samples and disappeared in CdSe/ZnS
sample. This confirmed that we succeeded in ligand exchange
and Qds were water soluble and biocompatible.
PL spectra of CdSe/ZnS NCs capped by MPA were shown
in Figure 6.
The PL spectra of CdSe/ZnS-MPA showed the blue shift
of the peaks compared with CdSe/ZnS case. This blue shift
originated from the size difference between MPA and TOPO
molecules. Since the size of MPA was smaller than that of
TOPO, the size of Qds became much smaller when TOPO
was replaced by MPA. Moreover, the change in PL intensity
of Qds as a function of pH indicates that the value of 7.5 was
best for conjugating quantum dots to biological agents. In
base environment, the binding between Cd and Zn became
much better and absorbance as well as luminescence intensity
increased excessively. Cd2+ and Zn2+ ions precipitated in
base environment of pH 8.5–9.0, the Cd and Zn ions were
passivated, and PL intensity reduced.
3.4. Bioconjugation of CdSe/ZnS Capped MPA with E. coli
O157:H7 Antibody. To conjugate CdSe/ZnS-MPA with antibody, we used covalent cross-linking method. First, 1-ethyl3-(3-dimethylaminopropyl) carbodiimide (EDC) was mixed
with n-hydroxysulfosuccinimide (sulfo-NHS). Next, the carboxyl groups in MPA at the surface of CdSe/ZnS-MPA Qds
were esterified by sulfo-NHS through EDC/NHS coupling
reaction and formed NHS-activated acid. When antibodies
were injected to the above protocol, NHS groups at the
surface of Qds were replaced with amino groups in the
antibody molecules to form amide bond. The zeta potential
and FTIR spectra were used to investigate this conjugation.
As can be seen in Figure 7, the zeta potential of CdSe/ZnS
capped MPA was shifted after conjugating antibody. This
could be explained that the surfaces of MPA-capped quantum
dots were surrounded by negative charges. The value of

the zeta potential was approximately −30.2 mV at peak.
When conjugating antibody to quantum dots the molecular
lengths and the surface charges of Qds were changed. This
proved that the bioconjugation proceeded successfully. E. coli
O157:H7 antibody had been attached well to CdSe/ZnS-MPA
structure.
As illustrated in Figure 1 antibody agents were conjugated
to Qds through amide bonding. However, in Figure 8, FTIR
spectra of Qds-MPA and Qds-MPA-antibody seemed to be
very similar in shapes since the vibration frequency of amide
group was adjacent to the one of carboxyl group. So, the first
derivatives of those two spectra were taken in range of 1000
to 2000 cm−1 with regard to certifying the amide bonding.
According to the derivative results in Figure 9, at 1500–
1560 cm−1 , the bonding of amide group onto MPA could be
validated at a certain level of certainty. Small peaks could be
found in that wave number range (dashed rectangle) in QdsMPA-antibody case but not in Qds-MPA counterpart. Such
peaks could not be seen in sharp and high pattern because
the number of bonding was not that much.
TEM microscopy was employed to evaluate the morphology variation of Qds conjugated with antibody. In Figure 10, it could be easily seen that sizes and shapes of final
products had changed drastically from less than 20 nm of
CdSe/ZnS core/shell to nearly 1 micrometer of CdSe/ZnSMPA-antibody.
Figure 11 illustrated photoluminescence spectra of
CdSe/ZnS-MPA conjugated antibody (solid line) and
nonconjugated antibody (short dashed line) with maximum
emission peaks at 596 nm and 604 nm, respectively. The
FWHM of peaks were relatively narrow; it proved low size
distribution in both cases. Besides, the PL peak of Qdsantibody had shifted to blue side of about 7 nm. This was
due to the alteration of surface coating around the Qds-MPA
after being conjugated with antibodies. It led to the reduction
of the surface charges and the directional polarizability of
molecules surrounding the Qds and led to the blue shift of
emission peak. In additionally, the fluorescence quenching
was observed in Qds-MPA-antibody sample. This could be
due to the formation of antibody on the surface of quantum
dots.

4. Conclusions
We succeeded in synthesizing CdSe quantum dots with
chemical green method. The CdSe quantum dots were coated
with ZnS layers with SILAR method to form core/shell
structure which was confirmed through TEM, XRD, PL, and
absorption spectra. The capping agent, TOPO, was replaced
by MPA in order to obtain water solubility and biological compatibility. After ligand exchange, E. coli antibody
O157:H7 was conjugated to surface of quantum dots activated
by EDC and NHS coupling reaction. This can be considered
the most fundamental step in biosensor fabrication, which
leads to further application of biosensors. Other kinds of
antibodies could be attached to activated quantum dots to
broaden the sensing capability. Success of such substitution
and bioconjugation was proved by FTIR, zeta potential, TEM,
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Figure 7: The zeta potential of CdSe/ZnS-MPA (a) and CdSe/ZnS-MPA-antibody (b).
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Figure 10: TEM image of quantum dots conjugated antibody.

Figure 8: FTIR spectra of quantum dots conjugated antibody.
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Figure 11: Photoluminescence spectra of Qds conjugated antibody.
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Figure 9: First derivative of FTIR spectra of CdSe/ZnS-MPA and
CdSe/ZnS-MPA-antibody.

and PL spectra. These results proved the important role
of the optical method in verification of the Qds-antibody

conjugation and open new approach for the detection of
different bacterium. This will be done in further works.
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