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Nanoscience andnanotechnology and their wide applications
have become spread field worldwide because nanomaterials
have novel and unique properties. The properties at the
nanoscale are dependent on the size, the shape, and the
components. There are a variety of nanoparticle systems
currently under investigation to be applied in biomedical
with the emphasis on cancer therapeutics. There are a variety
of nanoparticle systems currently investigated and explored
for biomedical applications with some particular emphasis
for cancer therapeutics; hence some precious metals (mainly
gold and silver systems, Au, and Ag) and some magnetic
oxides (in particularmagnetite Fe

3
O
4
) receivedmuch interest

including quantum dots and some of what is called “natural
nanoparticles.”

Also, various chemical routes have been reported for the
synthesis and surface functionalisation by the attachment
of specific biomolecules, optical properties, and biomedical
applications of noble metal nanoparticles with various sizes,
desirable shapes (nanospheres, nanodots, nanoshells, etc.),
different structures, and hence tunable plasmonic properties.

This special issue is devoted to the latest techniques in
nanomaterials synthesis, characterization, and biomedical
applications and cancer treatment and includes broad topics
such as recent development in nanomaterial synthetic meth-
ods, in particular magnetic nanoparticles, gold Nanoparti-
cles, latest development in nanoparticle coating/core-shell,
nanoparticle surface modification, role of nanomaterials

in cancer treatment, identifying the mechanism of cell pene-
tration of the nanomaterials, and recent development in using
nanomaterials in photo-killing of bacteria.

The special issue received 18 papers and after peer-
reviewing process only 9 papers (50%) have been accepted.
The paper presented by C. A. Zamperini et al. was
devoted to the study of antifungal effect of hydroxyap-
atite Ca

10
(PO
4
)
6
(OH)
2
(HA) nanorods decorated with silver

(Ag) nanospheres against Candida albicans planktonic cells.
Fungistatic and fungicidal effects against tested microorgan-
isms were observed, indicating the possibility of develop-
ing new antimicrobial agents with multiple applications in
biomedical field. Moreover, a significant reduction in the
number of CFU/mL was observed only at concentration
of 1000𝜇g/mL. The biofilm matrix acts as a barrier thus
protecting the deep layers of cells. SEM images reveal
alterations in cell morphology (“shriveled” cells appearance),
which are proportional to the concentration of HA@Ag
NPs, even though some intact cells remain for higher NPs
concentration. A reaction mechanism involving O

2
and H

2
O

adsorption was proposed to justify the antifungal activity
by the interaction between the structure and the defects
density variation in the interfacial (HA@Ag) and interfacial
(HA) regionwith the fungalmedium.Thedecomposition and
desorption of the final products as well as the electron/hole
recombination process have an important role in fungicidal
effects.
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The paper presented by Alsayed A. M. Elsherbini dis-
cusses the possibility of using magnetic NPs, for this case
magnetite Fe

3
O
4
suspended in glycerine solution, for hyper-

thermia via alternating magnetic field (AMF), in Ehrlich
carcinoma cells implanted in female mice. It was found that
both the specific energy dose (SED, J⋅g−1) and the heat
deposition rate (HDR, J⋅g−1⋅s−1) are directly proportional to
the amount (dose) of Fe

3
O
4
NPs injected within tumors. The

maximum temperature recorded inside the tumor subjected
to AMF increases with increasing MNPs dose, varying in the
range 40.11–48.6∘C for 200–1000𝜇g.

C. Hara et al. investigated the adsorption of the hormone
melatonin to polyethylene glycol (PEG) microspheres and
its functional activity of human colostrum phagocytes. Flu-
orescence microscopy and flow cytometry showed that PEG
microspheres had ellipsoid shapes and were easily separated
from the suspension, with a size in the range of 5.8𝜇m. After
adsorption of melatonin, the size was reduced to approxi-
mately 5.35 𝜇m, suggesting that melatonin may bind at the
same site as the marker. It is found that this microsphere-
based polymeric substance stimulates the functional activity
of colostrum phagocytes as evidenced by the release of
superoxide and intracellular calcium and thus can be used
for controlled drug delivery. The superoxide anion release
decreased but remained higher than that found during spon-
taneous release. This suggested that PEG microspheres can
modify the release of melatonin while maintaining cellular
activation. It is stated that the beneficial actions of melatonin
are associated with its ability to remove free radicals and
increase the enzymatic activity of antioxidants, as well as its
immunostimulatory effects, and can stimulate cells of the
immune system.

L. Ventrelli et al. presented a review paper titled
“Nanoscaffolds for guided cardiac repair: the new therapeutic
challenge of regenerative medicine.” The authors reported
and discussed in detail the most recent achievements in
the field of cell therapy for myocardial infarction treatment
and heart regeneration, focusing on the commonly used
cell sources, traditional approaches used to delivery cells at
the damaged site. Moreover, a series of novel technologies
based on recent advancements of bioengineering and tissue
engineering have been illustrated, as well as highlighting
patches, fragments, and biomaterials. Additionally, an orig-
inal strategy for cardiac repair based onmagnetic nanosheets
has been discussed, highlighting the tremendous potential
and promises that nanoscaffolds have within the therapeutic
challenge related to heart regeneration. Finally, based on
the previous findings, the authors concluded that magnetic
nanofilm-based approach looks really the most promising.
This therapeutic philosophy implies that the injection of
cell-seeded nanosheets inside the body and its guidance up
to the damaged heart site can deeply improve MI ther-
apeutic outcomes. Furthermore, the possibility of loading
the nanofilm with specific growth factors or drugs makes
this new bioengineering approach even more appealing and
promising.

A paper titled “Adsorption of albumin on silica surfaces
modified by silver and copper nanoparticles” was presented

by P. Kumari and P. Majewski. Using magnetron sputtering
method, Cu and Ag NPs were produced on the surface of
silica slides (confirmed by that UV-V is spectra), where size,
shape (spherical to random), and concentration depend on
sputter time and plasma power. XPS reveals formation of
metal oxides, Ag

2
O, and CuO. Matrix-assisted laser desorp-

tion/ionization mass spectrometry analyses of the albumin
adsorption on the surface with attached Ag-NPs indicate a
significant delay compared to pure silica surface; albumin1+
and albumin2+ peaks appear after 24 hrs. For the case of Cu-
NPs, albumin1+ and albumin2+ are visible after 3 hrs and
24 hrs, but it was noticed that the peaks are significantly
weaker compared to those on pure silica and silica with Ag-
NPs at albumin exposure for 24 hrs. This is because Cu-NPs
(1 to 5 nm) are smaller than Ag-NPs (10 to 20 nm), thereby
larger albumin molecules (about 8 to 10 nm) are able to
attach to the silica surface to some extent by bridging smaller
NPs. Finally, it was concluded that if protein attachment
can be prevented during that time period, as shown for
surfaces coatedwithAg-NPs, the chance of infection is clearly
reduced.

N. Songvorawit et al. presented a study devoted to
development of antibodies conjugated fluorescent dye-doped
silica nanoparticles (FDS-NPs) for the rapid detection of
Escherichia coli O157:H7 with glass slide method. FDS-NPs
were successfully synthesized bymodified sol-gel reaction via
water-in-oil microemulsion method, giving spherical shape
with average sizes of 47 ± 6 nm. High hydrophilic Rubpy
dye was chosen as an inorganic fluorescent dye. SEM-EDS
results show the presence of Si (11.31% atomic), O (64.43%
atomic), Ru (0.15% atomic), and C (24.11% atomic). The
existence of Ru confirmed that Rubpy dye was doped inside
the particles. FTIR spectra of FDS-NPs confirm that the
amine groupwas successfully attached onto particles’ surface,
which facilitate the bioconjugation with the target antibod-
ies. Thus, glutaraldehyde, which is well known as a cross-
linking reagent between two amino groups of protein, was
used for FDS-NPs-IgGs conjugation. Results of antibodies
conjugation (IgGs) with FDS-NPs show that the average
amount of immobilized IgGs on amino-modified FDS-NPs
increases with increasing incubation time and temperature
(4 and 37∘C). Hence, condition of 37∘C and 24 h was used
as an appropriate condition for IgG coating for subsequent
experiments. Zeta potential of uncoated FDS-NPs at all ionic
strengths was well below −30mV indicating that FDS-NPs
were well dispersed and stable when ionic strength was
0.167. The zeta potentials of IgG coated FDS-NPs at all ion
concentrations were about −40mV and slightly decreased
when ionic strength increased, which means that FDS-NPs
are, moderately to well, dispersed in all conditions. Tests with
bacteria reveal that IgG coated FDS-NPs tended to create
aggregates in the detection of target bacteria; the detection of
E. coli O157:H7 on glass slide was successful. FDS-NPs could
attach onto target organism and give distinctively bright
color. The authors conclude that the detection of bacteria
with FDS-NPs is very promising though at low levels of
the cells due to their ability of amplify light signal in the
detection step. Capture efficiency at 0.2mg/mL FDS-NPs
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and 60min incubation was 87.31%. IgG coated FDS-NPs
had low cross-reaction to nontarget bacteria despite using
polyclonal antibody with affinity purification.

The paper “Fabrication, characterization, and antimicro-
bial activity, evaluation of low silver concentrations in silver-
doped hydroxyapatite nanoparticles” presented byA.Costescu
et al. aims to evaluate Ca

10−𝑥
Ag
𝑥
(PO
4
)
6
(OH)
2
nanoparticles

(Ag:Hap-NPs) for their antibacterial and antifungal activities,
for 𝑥Ag = 0.02, 0.05, 0.07, and 0.10. X-ray diffraction confirms
the formation of pure single nanocrystalline HAp phase,
which demonstrates that Ag+ ions have been successfully
substituted Ca2+ ions without affecting its crystal structure.
TEM observations reveal uniform ellipsoidal morphology
with sizes in the range 5–15 nm and the rings of selected
area electron diffraction (SAED) pattern can be indexed with
Hap reflections. Both FTIR and Raman spectra clearly reveal
the presence of various vibrational modes corresponding to
phosphate and hydroxyl groups. Chemical analysis confirms
that Ca/P and (Ca + Ag)/P atomic ratios are close to the
stoichiometric value of Hap, that is, 1.67. The antimicrobial
activity of Ag:HAp (0 ≤ 𝑥Ag ≤ 0.1) NPs was tested
using strains belonging to the most commonly encountered
pathogens: E. coli ATCC 25922, E. coli 714, K. pneumoniae
2968, B. subtilis, and C. krusei 963. The results indicate that
low Ag concentrations are required to be effective against
Gram-negative bacterial and fungal strains and that the inten-
sity of the antimicrobial effect against these strains increases
with Ag concentration. Only high Ag:HAp concentration
of 5mg/mL was effective against the Gram-positive bacte-
rial strains. The authors concluded that the antimicrobial
properties of Ag:HAp NPs support their potential use for
various medical applications, for example, textile dressings,
orthopedic and dental prostheses, or implants with improved
resistance to microbial colonization.

J. Moreno presented a paper titled “Electrodeposition,
characterization, and corrosion stability of nanostructured
anodic oxides on new Ti-15Zr-5Nb alloy surface.” A new Ti-
15Zr-5Nb alloy was elaborated by vacuum, cold-crucible,
semilevitation melting method. A continuous nanostruc-
tured layer of protective TiO

2
oxide was deposited galvano-

static anodization in 0.3 and 1M H
3
PO
4
(orthophosphoric

acid) solution, where three processing parameters were var-
ied: the solution concentration, current density, and time.
SEM observations of 0.3M H

3
PO
4
show a layer having two

hierarchical features: hill-like protuberances with a typical
width between 5 and 10 𝜇m and nanotube-like porosity with
diameters in the one to a few hundred manometers. For
1M H

3
PO
4
showed the deposition of loose aggregates of

submicron sized particles on top of a porous layer. Raman
spectrum clearly shows the existence TiO

2
anatase-like struc-

ture, indicated by the existence of a strong band at 149 cm−1.
There was no evidence of the presence of the main charac-
teristic vibrational band of PO

4

3− group. Furthermore, FT-IR
spectrum shows two broad bands which were attributed to
the ]
3
bendingmode of the P–O–Pbonds in phospho-titanate

glass oxide, due to the incorporation of P5+ ions into the
oxide coating. Cyclic potentiodynamic curvesmake evident a
much improved behaviour of the anodized alloy than that of

the bare one, due to the formation of nanostructured layer
that improves the protective properties of the native passive
film by its thickening. Electrochemical impedance spec-
troscopy (EIS) spectra revealed a better capacitive behaviour
and a more insulating protective film. This was attributed to
the nanostructured film, which is formed by two layers: an
inner, barrier layer that assures the alloy very good anticor-
rosive resistance, and an outer, porous layer that can provide
the good conditions for the bone cell adhesion.Corrosion and
ion release rates have lower values showing a better resistance
to corrosion and implicitly a more reduced quantity of ions
released in biofluid, namely, a lower toxicity of the anodized
alloy.The open circuit potentials for the nanostructured alloy
shifted tomore positive values in time, indicating the increase
of its protective layer thickness. The open circuit potential
gradients have very low values that cannot generate galvanic
corrosion.The obtainedmaterial satisfies the most important
requirements of an implant material. Its biocompatibility and
anticorrosive properties were enhanced by TiO

2
oxide which

incorporated phosphorus as phospho-titanate (P
2
O
5

2−) ions,
thus increasing the alloy bioactivity. This composition can
stimulate the formation of the bone and the porosity can offer
a good scaffold for the bone cell attachment.

The paper titled “Retinoic acid decorated albumin-
chitosan nanoparticles for targeted delivery of doxorubicin
hydrochloride in hepatocellular carcinoma” was presented by
J. Varshosaz et al. Retinoic acid-chitosan conjugate (RC)
copolymer was confirmed by 1H NMR and FT-IR. Twelve
different formulations of RC-albumin NPs loaded with dox-
orubicin were prepared and their particle size, PdI zeta
potential, loading efficiency (%), and release efficiency within
60min (RE

60%) were determined. Statistical analysis showed
an increase in degree of substitution of retinoic acid in
copolymer which led to a decrease in particle size. Zeta
potential demonstrates that the NPs dispersion obtained by
coacervation method in an aqueous system is a physically
stable system. The amount of total RC and albumin was the
most important factor affecting the entrapment efficiency
while the role of albumin alone was negligible. In vitro
drug release shows a fast release profile for doxorubicin was
observed in all formulations. Also, increasing the total mass
of RC and albumin significantly decreased the RE. Albumin
content had low effect on release behaviour of doxorubicin
from NPs. Optimization was done using design expert
software and A

10
B
1
C
0.37

R
2
was suggested as the optimum

formulation which showed a good particle size of 286 nm,
zeta potential of 30.5mV, an acceptable entrapment efficiency
of 43.6%, and relatively high release efficiency of 56.17%.
TEM analysis shows NPs with spherical and some irregular
shapes. Cell proliferation assay shows that IC

50
is decreased

in both targeted and nontargeted NPS compared to free
doxorubicin; retinoic acid targeted NPs had the lowest IC

50

and the highest growth inhibitory effect was observed in cells
treated with RC-albumin NPs at 0.5 𝜇g/mL. However, the cell
survival percentage shows an increase in doxorubicin loaded
RC-albumin NPs treated group at 1 𝜇g/mL concentration.
Finally, Cellular uptake study reveals uptake ofNPS inHepG2
cells.
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Although the issue covered broad topics related to the
biomedical applications of NPs, the presented papers dis-
cussed some exciting subjects within the scope of Journal of
Nanomaterials, which will be beneficial for the readers and
scientists.
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Pure hydroxyapatite (HA) and hydroxyapatite decorated with silver (HA@Ag) nanoparticles were synthesized and characterized.
The antifungal effect of HA@Ag nanoparticles in a distilled water solution was evaluated against Candida albicans. The origin of
the antifungal activity of the HA@Ag is also discussed. The results obtained showed that the HA nanorod morphology remained
the same with Ag ions decorations on the HA structure which were deposited in the form of nanospheres. Interaction where
occurred between the structure and its defect density variation in the interfacial HA@Ag and intrafacial HA region with the fungal
medium resulted in antifungal activity. The reaction mechanisms involved oxygen and water adsorption which formed an active
complex cluster. The decomposition and desorption of the final products as well as the electron/hole recombination process have
an important role in fungicidal effects.

1. Introduction

HA, Ca
10
(PO
4
)
6
(OH)
2
, is the major mineral component of

human bone and other calcified tissues [1]. Thus, due to
the similarity with bone composition and its ability to bond
stronglywith humanhard tissue, the synthesis ofHA (a bioce-
ramic material) is of great interest for several clinical applica-
tions in the biomedical field [2, 3]. Synthetic HA is a versatile
inorganic material that also exhibits desirable properties
such as biocompatibility, bioactivity, and osteoconductivity.
In medicine and dentistry, due to its bioactive properties,
HA has been successfully used for bone reconstructions and
as coatings for dental implants; also, the structure is similar
to the human bone mineral component. However, various
sources of infections exist in these biomedical interventions,
including environment surfaces and surgical equipment as
well as microorganisms present in body tissues. Hence,
the risk of infectious complications is high and may lead
to failures which entail the need for subsequent surgery

and medical costs in addition to the pain and suffering of
patients. Candida albicans is among the most frequently
isolated microorganisms from human infections, mainly in
immunocompromised patients [4–6]. AlthoughC. albicans is
an eukaryotic commensal microorganism of humanmucosal
surfaces, when there is impairment of the host immunity,
it can cause serious superficial and deep infections [4]. In
general, the in vivo colonization of tissues and surfaces by
microorganisms is related to biofilm formation. Biofilm-
associated C. albicans cells are more resistant to antifungals
commonly used compared to cells grown in planktonic form
[5].Therefore, the synthesis of HA with antifungal properties
against planktonic and biofilm cells would be an important
strategy to inhibit fungal colonization and, consequently, the
incidence of surgical infections.

Researchers have reported that Ag-based compounds
have broad-spectrum activity and a low propensity to
induce microbial resistance. Silver nanoparticles (AgNPs)
may attach to the cell membrane [3, 7] and cause structural
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changes, and, consequently, cell death. Additionally, the
formation of free radicals [8] and the release of ions by
nanoparticles may contribute to the antimicrobial activity of
AgNP [9, 10]. These results suggest that the incorporation of
an antifungal agent such as AgNP on HA could be a step
toward the formulation of new therapeutic agents.

Different synthesis methods have been reported in the
literature to obtainHA crystals [11–13]. However, these proce-
dures require long processing times as well as high tempera-
tureswhich creates challenges in the development of a feasible
method for the synthesis of HA nanocrystals. In this context,
to obtain lower synthesis time and temperature require-
ments, the microwave-assisted hydrothermal (HTMW) [14,
15] method has been used in recent years and is one of
the most promising methods to prepare nanomaterials with
controlled size and shape [16]. Nevertheless, the challenge
remains to prepare multicomponent or hybrid structures
where twoormore nanocrystal domains of differentmaterials
with individually tailored properties are integrated into one
nanostructure.

Recently, the synthesis of Ag-doped nanocrystalline HA
nanoparticles by a coprecipitation method has been reported
and the antibacterial and antifungal activities were evaluated
[17–19]. In these investigations, an antimicrobial effect was
observed against Gram-negative and Gram-positive bacteria
[17, 18] and Candida krusei, a fungal species [19]. In the
present study, we report the synthesis of HA nanoparticles
decorated with silver through a co-precipitationmethodwith
an HTMW treatment using calcium nitrate and ammonium
phosphate as precursors. The silver was incorporated into
the HA matrix after the synthesis. The HA@Ag powder was
structurally characterized by high-resolution transmission
electron microscopy (HR-TEM), X-ray diffraction (XRD),
FT-Raman spectroscopy, and UV-visible spectroscopy (UV-
vis). The potential fungistatic and fungicidal effects of the
HA@Ag in solution against C. albicans were evaluated by
determining the minimum inhibitory concentration (MIC)
and minimum fungicidal concentration (MFC). In addition,
the effects of the HA@Ag solution against the biofilm for-
mation of C. albicans were also evaluated. To the authors’
knowledge, such effects of HA@Ag on C. albicans have not
been widely evaluated [20].

2. Experimental Section

2.1. Materials and Synthesis. For the synthesis of HA, two
aqueous solutions were prepared: a calcium nitrate tetrahy-
drate solution (Mallinckrodt, 99.9%) and an ammonium
phosphate solution (Mallinckrodit 99.4%). The ammonium
phosphate solution was then dripped into the calcium solu-
tion with constant agitation. The system was kept under
flowing N

2
throughout the mixing, and the pH solution

was maintained at approximately 11 with the addition of
ammonium hydroxide. The suspension containing the white
solid precipitate was placed in a 100mL Teflon autoclave
which was sealed and loaded into the HTMW system using
2.45GHz microwave radiation with 800W of power. The
system was heated to 140∘C and maintained at this tem-
perature for 1 minute at a heating rate of 140∘C/min under

constant pressure (approximately 3.0 bar). After treatment,
the autoclave was naturally cooled to room temperature. The
resultant product was washed with deionized water several
times until a neutral pH was obtained and then dried in an
oven. HA@Ag was synthesized using the previously prepared
HA powder dispersed in distilled water, and the pH was
adjusted to 5 with HNO

3
. The solution was stirred at 60∘C,

and then 5mL of AgNO
3
solution (1.4 × 10−2M) was added.

The precipitate was washed to pH 7 and then again dried in
an oven.The working concentration was 1mol HA : 1mol Ag.

2.2. Characterization of the HA@Ag. Morphology and size
characterizations were performed by transmission electron
microscopy (TEM, Tecnai G2TF20, FEI). To confirm the
presence of Ag, an energy dispersive X-ray (EDX) mea-
surement was taken in the same apparatus. All measure-
ments were taken at room temperature. HA@Ag samples
were characterized by XRD using a Rigaku DMax 2500PC
diffractometer at 40 kV and 150mA with Cu K𝛼 radiation, a
graphitemonochromator, and a rotary anode. Raman spectra
were recorded on a RFS/100/S Bruker Fourier transform
Raman (FT-Raman) spectrometer with a 1064 nm excitation
wavelength using a Nd:YAG laser in a spectral resolution of
4 cm−1. UV-vis absorption was recorded using a Cary 5G
spectrometer in total reflectancemode by the integration cell.

2.3. Antifungal Activity. C. albicans (ATCC 90028) was
grown in Sabouraud dextrose agar (SDA, Acumedia Man-
ufacturers Inc., Baltimore, MD, USA) containing 5 𝜇g/mL
gentamicin for 48 h at 37∘C, followed by 21 h at 37∘C in an
RPMI-1640 culture medium. Cells of the resultant culture
were harvested by centrifugation at 4000 g for 5min, washed
twice with a phosphate-buffered saline solution (PBS; pH
7.2), and resuspended in the RPMI-1640 culture medium.
The estimation of minimum inhibitory concentration (MIC)
andminimum fungicidal concentration (MFC), using a broth
microdilution assay [21], was used to evaluate the antifungal
activity of the HA@Ag solution. The determination of MIC
and MFC was used because it is a standard methodology for
antimicrobial tests. C. albicans was incubated on a 96-well
microtiter plate for 48 hours at 35∘C and exposed to a serial
two-fold dilution in the RPMI-1640 culture medium of the
HA@Ag solution (from 1000𝜇g/mL to 3.90 𝜇g/mL).TheMIC
value was the lowest concentration of the HA@Ag solution
which resulted in no visible growth (by visual inspection).
Thereafter, aliquots from each well were diluted (10−1, 10−2,
10−3, and 10−4) in PBS and inoculated on SDA (in duplicate)
in order to establish the MFC. After 48 h at 37∘C, the colony-
forming units per milliliter (CFU/mL) were calculated, and a
log
10
transformationwas plotted.TheMFC value was defined

as the lowest concentration of the HA@Ag solution resulting
in 99% reduction of fungal growth (UFC/mL). The assays
were performed in triplicate on three separate occasions.

Additionally, the effects of the HA@Ag solution against
biofilm formation of C. albicans also were evaluated. C. albi-
cans suspensions were spectrophotometrically standardized
in an RPMI-1640 culture medium at 1 × 107 CFU/mL. Ini-
tially, 200𝜇L aliquots were placed in each well of the 96-well
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Figure 1: (a) TEM image of pure HA and (b) TEM image of HA@Ag.

microtiter plates andmaintained for 90min at 37∘C (adhesion
phase) in an orbital shaker [5].Then, the loosely adhered cells
were removed by washing twice with 200𝜇L of PBS. Each one
of the wells was filled with 200 𝜇L of fresh RPMI-1640 culture
medium containing different concentrations of the HA@Ag
solution (from 1000 𝜇g/mL to 3.90 𝜇g/mL), and the plates
were incubated at 37∘C in an orbital shaker at 75 rpm for 48 h.
After biofilm formation, thewells were carefullywashed twice
with 200𝜇L of PBS to remove nonadherent cells.

The number of viable C. albicans and the total biomass
of the biofilms exposed to different concentrations of
the HA@Ag solution were evaluated by counting the
colonies which formed units (CFU/mL) and measuring the
absorbance of the crystal violet staining, respectively. To
enumerate the CFU/mL, biofilms were scraped out of the
wells of the 96-well microtiter plate and suspended by
vigorous vortex mixing (1min) in PBS. Thereafter, 10−1, 10−2,
10−3, and 10−4 dilutions were performed, and aliquots of
25 𝜇L were inoculated on SDA plates (in duplicate). For the
determination of the total biomass, the biofilms were fixed
with methanol and stained with 1% violet crystal solution for
5min. The stain bonded to biofilm was dissolved in acetic
acid at 33% and the optical density was measured (570 nm)
using a spectrophotometer (ThermoPlate—TPReader). Data
obtained from CFU/mL quantification and total biomass
were statistically analyzed by ANOVA and Tukey’s post hoc
tests at 5% of significance.

The morphological characteristics of the biofilms formed
in the presence of the HA@Ag solution also were evaluated
using a field emission gun-scanning electron microscopy
(FEG-SEM). For this procedure, C. albicans biofilms were
cultured and exposed to different concentrations of HA@Ag
solution on the bottom of a 24-well plate, as described previ-
ously. Following biofilm formation, these products were fixed
with 2.5% glutaraldehyde in PBS for 24 hours, dehydrated in

increasing concentrations of ethanol (70%, 85%, and 90%) for
5min each and observed in FEG-SEM (Jeol, JSM 7500 F).

3. Results and Discussion

Figure 1 shows TEM morphologies of pure HA and the
HA@Ag synthesized under the same conditions, respectively.
Figure 1 shows that there was very little difference between
the two samples in particle size and morphologies. The pure
HA (see Figure 1(a)) has a nanorod structure with a diameter
varying from 12 to 27 nm. A closer look at a comparatively
thin rod plate which provides sufficient transparency of
electrons for high resolution is provided in Figure 2; a layered
structure is apparent.

However, silver is observed in the nanospherical mor-
phology with an interplanar distance of 0.276 nm which cor-
responds to theAg (1 1 1) plane (the preferential growth plane)
(see Figure 2(c)) according to the JCPDS 65–2871. The EDX
spectrum of HA@Ag confirms calcium (Ca), phosphor (P),
oxygen (O), and silver (Ag) in the samples (see Figure 2(a)).
The presence of copper (Cu) and silicon (Si) was attributed to
the sample grid support.

The characterization in a long-range order of the pureHA
and HA@Ag samples was performed by XRD (see Figures
3(a) and 3(b), resp.). The HA single phase formation has a
hexagonal structure with a P 63/m space group even with Ag.
No planes related to the Ag phase were located. Secondary
phases such as calcium carbonate, CaCO

3
, were not found in

XRD results.
The HA@Ag structure in a short-range order was per-

formed by FT-Raman analyses as a complementary structural
study for XRD data. Raman spectra at room temperature
in the frequency range of 400 to 1200 cm−1 for the HA@Ag
powder processed in the HTMW system during 1min are
displayed in Figure 4. According to Penel et al. [22], all
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(a)
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Figure 2: (a) An EDX measurement of HA@Ag nanoparticles; (b)
HRTEM image of Ag nanospheres; and (c) a zoom of a nanoparticle
with (111) interplanar distance.
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Figure 3: XRD patterns for (a) pure HA and (b) HA@Ag sample.

Raman modes are related to the HA phase. From Raman
studies on carbonated apatite, two distinct wavenumbers
of the ]

1
carbonate mode have been suggested according

to OH− or PO
4

3− site substitution at 1108 and 1070 cm−1,
respectively. Variable numbers of bands in the V

1
PO
4

3−

domain were also detected by the authors [22]. Since none of
these characteristics were found in the Raman spectrum (see
Figure 4), we conclude that the HA@Ag obtained does not
present the concurrent calcium carbonate phase as a second
phase which agrees with XRD results that indicate the HA
single phase formation.

A UV-vis analysis was conducted (see Figures 5(a) and
5(b)) to determine the electronic structure of HA@Ag.More-
over, the GAP energy was calculated by using the Wood and
Tauc method from the UV-spectra for pure HA and HA@Ag.
The values obtained were 4.7 eV for pure HA and 3.6 eV for
HA@Ag. There is a significant difference between band gap
values for both samples. The exponential optical absorption
edge and the optical band gap energy are controlled by the
degree of structural disorder in the lattice.The decrease in the
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Figure 4: FT-Raman spectra for (a) pure HA and (b) HA@Ag.

band gap can be attributed to defects, local bond distortion,
and intrinsic surface and/or interface states (HA and Ag)
which yield localized electronic levels in the forbidden band
gap.

We believe that this significant difference is attributed to
Ag surface defects and (HA@Ag) interface defects [23] (see
Figure 6).

MIC and MFC values were 62.5 𝜇g/mL and 250𝜇g/mL,
respectively (Figure 7). These results demonstrate that the
HA@Ag solution has fungistatic and fungicidal effects against
the microorganism tested and thus indicate that it may be a
potential candidate for developing new antimicrobial agents
with multiple applications in the biomedical field. Although
theseMIC andMFCvalues againstC. albicans are higher than
those values obtained with commonly used antifungal agents
[5] and different nanoparticles [24–26], other important
aspects should be considered. First, when composites are
used, the concentrations of individual nanoparticles can be
decreased aswell as the cytotoxicity to eukaryotic human cells
[27]. Moreover, in this study, the amount of AgNO

3
used was

7.10−5mol with a Ag/HA ratio of 1. Hence, the combination
of different nanoparticles could have a positive impact in
avoiding the development of microbial resistance [27].

Bearing in mind the biofilm architecture and its role
on resistance against antimicrobial agents, it was considered
important to evaluate the possible effects of the HA@Ag
solution against cells and extracellular polymeric matrix.The
results demonstrated that, when the C. albicans biofilms were
exposed to different concentrations of theHA@Ag solution, a
significant reduction in the number of CFU/mLwas observed
only at a concentration of 1000𝜇g/mL (see Figure 8). This
result can be attributed to the higher resistance of C. albicans
cells grown in biofilms [5, 24–26]. Although mechanisms of
biofilm drug resistance are not fully understood, factors such
as decreased growth rate, expression of resistance genes, and
an extracellular polymeric matrix can contribute to increased
tolerance of cells in biofilms [28].The biofilm matrix acts
as a barrier, protecting the deep layers of cells. Recently,
Ciobanu et al. [19] evaluated the effect of nanosized particles
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Figure 5: UV-vis absorbance spectra for (a) pure HA and (b) HA@Ag samples.
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of Ag-doped HA on the first step of bacterial adherence
to the inert substratum and on a 24 h preformed biofilm.
These authors also observed that the inhibitory effect against
biofilm formation was dependent on the concentration of the
nanoparticles evaluated. Other recent studies that evaluated
the effect of silver nanoparticles against C. albicans biofilms
also observed a high tolerance of this fungal specie grown in
biofilms when compared to planktonic cells [24–26].

The results obtained after crystal violet staining showed
significant decreases of the total biomass values when
C. albicans biofilms were exposed to HA@Ag solution at
concentrations of 1000 𝜇g/mL, 500𝜇g/mL, and 250𝜇g/mL
(see Figure 9), showing clearly that the HA@Ag solution
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Figure 7: Mean values of log
10
(CFU/mL) of planktonic cultures of

C. albicans exposed to HA@Ag solution. Errors bars: standard devi-
ation. ∗: significant differences compared with control (0𝜇g/mL).

affected the extracellular matrix production. This result is
important because biofilm formation is one of the major
virulence factors of C. albicans, and its reduction makes the
microorganisms more susceptible to antifungal agents and
more vulnerable to host defense mechanisms. Although the
biofilms matrix was reduced by the HA@Ag solution, this
effect was not observed in the terms of CFU/mL.This finding
suggests that the cells exhibit recovery ability after the plating,
and thus, the HA@Ag solution can have a temporary and
reversible effect against C. albicans biofilms.These results are
in agreement with those observed in a recent study in which
Ag nanoparticles were effective in reducing biofilm biomass
when applied to biofilms of C. albicans and C. glabrata.
However, the effect of Ag nanoparticles in the number of
viable biofilm cells of C. albicans was less evident [26].

Moreover, the results obtained also demonstrated that
the total biomass values of C. albicans biofilms exposed
to concentrations of 7.82 and 3.91𝜇g/mL of the HA@Ag
solution were significantly higher as compared with the
control (0𝜇g/mL). It has been reported that subinhibitory
concentrations of antimicrobial agents could up regulate
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genes related to virulence factors, such as enzyme production
[29] and biofilm formation [30].

FEG-SEM images confirm the quantitative outcomes
obtained with biofilms (see Figure 10) since alterations in
cell morphology (“shriveled” cells appearance) were observed
proportional to the concentration of HA@Ag nanoparticles.
However, as can be seen in Figure 10, some intact cells remain
even in the presence of high concentrations of nanoparticles.
Micrographs with none (control) or low HA@Ag content
showed more cell aggregates and higher quantity of hyphal
cells. C. albicans is able to change its morphology between
yeast and filamentous (hyphae and pseudohyphae) forms in
a process called polymorphism. Hyphal cells are responsible
for infection in the host and are able to invade tissues.
These findings show that the HA@Ag solution exhibited an
antifungal property against C. albicans biofilms.

The performance of HA and silver is primarily dictated
not only by physicochemical and mechanical properties,
but also by biological activity [31]. HA is known as a
biocompatible ceramic, and Ag has long been studied as

an antimicrobial agent which has been successfully used in
biomedical prosthesis and surgical instruments [31–35]. The
antimicrobial activity of Ag can be explained in many ways.
It has been reported that Ag ions can damage the bacterial
outer membrane which causes cell death [34–36]. A similar
mechanism seems to occur for C. albicans. Kim et al. [37]
reported a potent antifungal effect ofAg nanoparticles against
C. albicans with MIC values similar to amphotericin B. In
this study [37], several methodologies such as flow cytometry
analysis, glucose and trehalose release, plasmamembrane flu-
orescence anisotropy, and transmission electron microscopy
(TEM) were used to elucidate the mechanism of antifungal
action. Membrane depolarization, the arrest of the fungal cell
cycle by flow cytometry, the release of intracellular glucose
and trehalose, a decrease in plasma membrane fluorescence
with increasing concentrations of Ag nanoparticles, pits in
the cell wall, and pores in the plasma membrane on the TEM
images were observed. These findings demonstrate that Ag
nanoparticles destruct the fungal membrane integrity and
inhibit the normal budding process.

Disorders in surfaces and interfaces occur in HA@Ag
synthesized by the HTMW method and create disordered
sites [38]. This fact induces restructuring at the intermediate
range which results in structural and electronic alterations
to both the surface and interface. Disordered sites yield a
local lattice distortion that is propagated along the overall
material which pushes the surrounding clusters away from
their ideal positions. Thus, complex clusters (disordered
clusters) must move for these properties to occur which
changes the electronic distribution along the network of these
polar clusters [39]. This electronic structure may dictate the
biological activity and plays a major role in determining the
reactivity and stability of the cluster.

The mechanism of cluster complex [Ag
4
]∙ activity with

oxygen essentially depends on the complex cluster with
the formation of a superoxide and/or a hydroxyl radical.
[Ag
4
]
∙

d and [Ag
4
]


d can create hydroxyl radicals (OH∗) and
superoxide anions (O

2
H∗) by electron/hole reactions which

can facilitate protein inactivation and eventual cell apoptosis
where d = disorder and O = order.

Moreover, an effective charge separation requires an elec-
tric field between the sample bulk and surface. Consequently,
the effect of surface properties on electron/hole reaction
performance should be considered in terms of the following:

[Ag
4
]
𝑥

0
+ [Ag

4
]
𝑥

d → [Ag4]


d + [Ag4]
∙

d (1)

The reactivity ofmolecular oxygen with a complex cluster
[Ag
4
]
∙

d on the surface of silver oxide results in a chemisorbed
species and subsequent oxygen incorporation into the lattice:

[Ag
4
]
∙

d +O2 → [Ag4]
∙

d ⋅ ⋅ ⋅O2 (ads) (2)

[Ag
4
]
∙

d ⋅ ⋅ ⋅O2 (ads) + [Ag4]


0
→ [Ag

4
]
∙

d ⋅ ⋅ ⋅O


2 (ads) + [Ag4]
𝑥

0

(3)
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Figure 10: FEG-SEM of C. albicans biofilms with different concentrations of the HA@Ag solution: (a) 1000, (b) 500, (c) 250, (d) 125, (e) 62.5,
and (f, control) 0𝜇g/mL. N: HA@Ag nanoparticles, S: “shriveled” cells appearance, H: Hyphae.

The clusters formed by the complex silver oxide also
interact with water and split into hydroxyl radicals and
hydrogen ions according to the following reactions:

[Ag
4
]
∙

+H
2
O → [Ag

4
]
∙

⋅ ⋅ ⋅ H
2
O
(ads) (4)

[Ag
4
]
∙

⋅ ⋅ ⋅ H
2
O
(ads) → [Ag4]

∙

⋅ ⋅ ⋅OH∗
(ads) +H

∙ (5)

Products of the partial oxidation reaction between water
and a complex cluster [Ag

4
]
∙

d are hydroxyl radicals, OH
∗, and

hydrogen ions. These radicals exhibit high oxidation power
which produces a microorganism mineralization in water
(anodic oxidation) (5).

Primary reaction (cathodic) is the formation of a superox-
ide species [Ag

4
]
∙

d ⋅ ⋅ ⋅O


2
(2) and (3). These species then react

with H∙ (5) and produce the formation of hydrogen peroxide
radicals (HO

2

∗) according to the following reactions:

[Ag
4
]
∙

d ⋅ ⋅ ⋅O


2 (ads) +H
∙
→ [Ag

4
]
∙

d ⋅ ⋅ ⋅O2H
∗

(ads) (6)

The radicals OH∗ and O
2
H∗ may react with the fungal

cells which ultimately results in their oxidation.
The nature of the superoxide or hydroxyl radicals can be

described using a complex cluster model where the electron
transfer from the surface to the adsorbed molecular oxygen
occurs [40–42].

These reaction mechanisms involve oxygen and water
adsorptions that form an active complex cluster. Its decom-
position, desorption of the final products, and the electron
hole recombination process may have an important role in
fungicidal effects.

Therefore, HA@Ag was successfully obtained by main-
taining the structure of HA nanorods overlapped by
nanosphere Ag as confirmed by TEM images. The HA@Ag

obtained shows efficient antifungal action. The results of
antifungal tests can be explained by the interaction between
the structure and the defect density variation in the interfa-
cial (HA@Ag) and intrafacial (HA) region with the fungal
medium which results in antifungal activity.

4. Conclusions

HA@Ag was successfully obtained by maintaining the HA
nanorods structure overlapped by nanosphere Ag through a
co-precipitation method with HTMW.The HA@Ag solution
showed fungistatic and fungicidal effects against C. albicans
planktonic cells withMIC andMFC values of 62.5 𝜇g/mL and
250𝜇g/mL, respectively. Additionally, the HA@Ag solution
at concentrations of 1000𝜇g/mL, 500𝜇g/mL, and 250𝜇g/mL
also exhibited antibiofilm activity, affecting mainly the extra-
cellular matrix production. The morphological characteris-
tics of cells were altered, and the density of hyphal cells was
less noticeable in presence of the HA@Ag solution at higher
concentrations. A mechanism was proposed to justify the
antifungal activity by the interaction between the structure
and the defect density variation in the interfacial (HA@Ag)
and intrafacial (HA) region with the fungal medium.
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Silver and copper nanoparticles, respectively, were produced on glass slides via magnetron sputtering. The experiments show that
with magnetron sputtering the size and concentration of the nanoparticles can be easily controlled via sputter time and plasma
power. Silver nanoparticles growmuch faster than copper nanoparticles, which also require higher plasma power for their synthesis.
Exposed to albumin solution, the glass slides with silver nanoparticles clearly show a delay in albumin attachment compared to pure
glass slides. Glass slides with copper nanoparticles show a slight attachment of albumin even after 3 h of exposure. However, the
albumin concentration on the surface of the glass slides wasmuch smaller compared to pure glass slides and did not increase within
24 h.

1. Introduction

Infection as a result of bacteria attachment and biofilm
formation on biomedical devices and implants is a major
problem for the health system world wide [1]. One potential
approach for reducing the use of antibiotics is the introduc-
tion of antimicrobial surface coatings. Various antimicrobial
materials have been investigated to develop antibiofouling
surface coatings that have the ability to prevent the attaching
of proteins, bacteria, or marine organisms [2–9]. However,
many of the developed anti-biofouling coatings have failed
in medical applications due to bacteria mutation and their
ability to develop antibacterial resistance or because the
employed anti-biofouling components are highly toxic and,
therefore, not employable in medicine [10–12].

In recent times, the use of nanoparticles as antimicrobial
agent is studied intensively.Themostwidely studied nanoma-
terial for this purpose is silver nanoparticles (AgNPs) and the
antimicrobial [13–17], antiviral [18, 19], and even antifungal
[20, 21] are studied in detail. AgNPs have efficient antimi-
crobial properties due to their extremely large surface area,
which indicates that small AgNPs have better antimicrobial
properties than larger particles [22]. AgNPs get attached to

the cell membrane and can also penetrate the membrane
and travel into the bacteria. Studies indicate that AgNPs
interact with sulphur-containing proteins in the bacteria
membrane which results in the loss of essential bacteria
functions like respiration and permeability [22–25]. Other
studies suggest that AgNPs initiate the formation of radi-
cals that interact with the bacterial membrane causing cell
death [16]. Copper nanoparticles (CuNPs) have also attracted
interest for applications as anti-biofouling agent, due to their
catalytic and electrocatalytic properties [26, 27]. Although the
antimicrobial effect of AgNPs has been studied widely, the
attachment of proteins on surfaces coated with nanoparticles
has been investigated to a much lesser extent [28], although it
is known that proteins on surfaces can significantly accelerate
bacterial attachment and biofilm formation [29]. Therefore,
the prevention of protein attachment on surfaces and the
investigation of the ability of nanoparticles to prevent this are
well justified.

In this study, the attachment of albumin protein on
surfaces coated with AgNPs and CuNPs versus time using
matrix-assisted laser desorption/ionization mass spectrom-
etry (MALDI-MS) is studied. A large number of different
chemical (e.g., [16, 30]) and physical (e.g., [31]) methods have
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been developed to prepare metal nanoparticles. In this study,
nanoparticles on glass slides were synthesized via magnetron
sputtering and their growth as a function of sputter time is
also studied.

2. Experimental

2.1. Magnetron Sputtering. Glass slides with a dimension of
24 × 75mm2 were used as substrates. Before sputtering, the
substrates were cleaned with ethanol. For the deposition of
copper and silver nanoparticles, copper and silver targetswith
a purity of 99.99% were used. After placing the substrates
together with the grids for transmission electron microscopy
(TEM, Philips CM 200 transmission electron microscope)
into the sputter chamber, the chamberwas evacuated down to
3×10
−3mbar and subsequently theArgonplasmawas ignited.

Copper nanoparticles were produced at room temperature
using a plasma power of 50W and sputter times of 10 and
20 s, respectively. Silver nanoparticles were produced at room
temperature using a plasma power of 18W and deposition
times of 2, 5, and 10 seconds, respectively.

2.2. Albumin Attachment. Mouse serum albumin (MSA)
was used for the experiments (Aldrich, nitrogen content
14.8%, fraction V (9048-46-8), EC no. 232-936-2, A-3139, lot
083K7607, desiccate). An amount of 10.03𝜇g of MSA powder
was dissolved in 5mL of milli-q water in a vial and stored
at +8∘C for further use. Before the analyses, a drop of the
albumin solution was applied onto the samples by a syringe.
The samples were placed into a Petri dish and covered with
a wet cloth to avoid drying of the albumin solution during
the adsorption process, as drying of the droplet would result
in deposited, but not bonded, albumin on the surface, which
would artificially alter the MALDI-MS results.

2.3. Matrix-Assisted Laser Desorption/Ionization Mass Spec-
trometry (MALDI-MS). For MALDI-MS analysis was per-
formed using a Bruker Autoflex III MALDI MS/MS (Bruker,
Germany).

2.4. Uv-Vis Spectroscopy. UV-Vis absorption spectra of the
glass slides with deposited nanoparticles were obtained using
Cary 5 UV-Vis spectrometer (Varian Australia Pty Ltd.).

3. Results and Discussion

3.1. UV-Vis Spectrometry. The UV-Vis spectra of the glass
slide sputtered with silver for 5 s and copper for 10 s, respec-
tively, are shown in Figure 1. The spectrum of the glass slide
sputtered with silver clearly shows an absorption band at
420 nm which verifies the presence of AgNPs on the surface
of the glass slide [32]. The glass slides sputtered with copper
exhibits an absorption at about 600 nm which gives evidence
for the presence of CuNPs on the glass slide [33].

3.2. X-Ray Photon Spectroscopy (XPS). XPS analysis of the
surfaces of the glass slides shows clear peaks for silver and
copper, respectively. The sample sputtered with silver shows
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Figure 1: UV-Vis absorption spectra for glass slides with silver
nanoparticles (black) and copper nanoparticles (grey).

a silver Ag 3d 3/2 and AG 3d 5/2 peaks (Figure 2). The high
resolution XPS scan reveals that the AG 3d 3/2 peak can
be split into a peak at a binding energy of 373.56 eV and a
peak at a binding energy of 374.64 eV which gives evidence
of the presence of ionic silver of Ag

2
O and metallic silver,

respectively [34, 35]. The AG 3d 5/2 peak can also be split
into two peaks at binding energies of 367.56 eV and 368.64 eV,
respectively, also revealing the presence of Ag

2
O andmetallic

silver [35, 36]. The presence of Ag
2
O is presumably due to

partial surface oxidation of the AgNPs after deposition.
The high resolution XPS scan for copper shows two Cu

2p 3/2 peaks at binding energies of 932.45 eV and 934.52 eV
which can be attributed tometallic copper and ionic copper of
CuO, respectively [37, 38] (Figure 3).The Cu 2p 1/2 peak can
also be split into two peaks at binding energies of 952.26 eV
and 953.77 eV which also gives evidence for the presence
of metallic copper and CuO, respectively, on the surface of
the sample [39, 40]. The presence of CuO on the surface is
presumably also due to partial oxidation of the CuNPs after
deposition of the nanoparticles.

3.3. Transmission Electron Microscopy. The TEM images
of the samples clearly show the presence of nanoparticles
on the surface of the silica slides (Figures 4 to 8). It is
obvious that with increasing sputter time the size of the
nanoparticles increases. The AgNPs increase in size from
between 1 and 10 nm to between 5 and 50 nm within 10
seconds at a plasma power of 18W. In addition, the shapes of
the nanoparticles change from spherical (Figures 4 and 5) to
irregular (Figure 6). In contrast, the CuNPs appear to grow
much slower than the silver nanoparticles (Figures 7 and 8)
and their size is still below about 5 nm even after sputter
times of 20 seconds at much higher plasma power of 50W.
At plasma powers below 50W, CuNPs could not be detected
on the glass slides. The reason for this phenomenon is
presumably the high melting temperature and ionization
energy of copper compared to silver which influence the
kinetics of grain growth duringmagnetron sputter deposition
[41]. It also appears that with increasing sputter time, the
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Figure 2: High resolution XPS spectrum of glass slide with silver nanoparticles.

size of the CuNPs does not increase, whereas the number of
nanoparticles increases.

3.4. Matrix-Assisted Laser Desorption/Ionization Mass Spec-
trometry (MALDI-MS). The MALDI MS analyses of the
albumin adsorption experiments are shown in Figures 9, 10,
and 11. After only three hours of exposure to the MSA solu-
tion, theMALDI-MS analysis of the pure silica sample clearly
shows pronounced peaks at about 35000𝑚/𝑧 and 62000𝑚/𝑧.
All these peaks can be attributed to albuminabout1+ and
albuminabout2+ peaks [42], although the peak at 62000𝑚/𝑧 is
at slightly lower𝑚/𝑧 value than that reported in the literature
[42].This phenomenonmay be due to the attachment of none
complete albumin molecules. Minor peaks can be identified
at about 14000𝑚/𝑧, 22500𝑚/𝑧, and 28500𝑚/𝑧, which are
not identified, but my be attributed to albumin𝑛+ peaks with
2 < 𝑛 < 4 [43].

The samples sputtered with silver for 5 s do not show
any related peaks after 3 h of exposure to the MSA
solution. However, after 24 h of exposure the albumin1+
and albumin2+ peaks are clearly visible besides peaks at

28500𝑚/𝑧, 22500𝑚/𝑧, and 14000𝑚/𝑧. This observation
indicates that the adsorption of albumin on the surface with
attached AgNPs is significantly delayed compared to the pure
silica surface. However, after prolonged exposure, albumin is
clearly adsorbed by the surface with AgNPs.

The samples containing CuNPs sputtered for 20 s show
a very different result. Although albumin1+ and albumin2+
peaks are visible after 3 h and 24 h, respectively, the peaks
are significantly weaker compared to those on pure silica
and silica with AgNPs at albumin exposure for 24 h and
the peaks at 35000𝑚/𝑧 and 62000𝑚/𝑧 do not increase
between 3 and 24 h of exposure to albumin. The reason for
this phenomenon is believed to be caused by the fact that
CuNPs are significantly smaller thanAgNPs, so that the larger
albumin molecule (about 8 to 10 nm [44]) is able to attach
to the silica surface to some extent by bridging the smaller
nanoparticle. Nevertheless, as the adsorption of albumin does
not increase within 24 h of exposure, it is believed that CuNPs
have the ability to prevent further adsorption of albumin.
However, the underlying physical and chemical phenomena
that delays albumin attachment is yet to be clarified and will
be presented later.
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Figure 3: High resolution XPS spectrum of glass slide with copper nanoparticles.

100 nm

Figure 4: Ag nanoparticles sputtered on silica for 2 seconds.

4. Conclusion

Magnetron sputtering appears to be a very potent technology
to produce nanoparticles on surfaces. Size and concentration
of nanoparticles can easily be controlled by plasma energy
and sputter time as shown in this study.

100 nm

Figure 5: Ag nanoparticles sputtered on silica for 5 seconds.

The experiments conducted here also show that AgNPs
and CuNPs have the capacity to clearly delay the attachment
of albumin of the coated surfaces. However, in case of
AgNPs, it is obvious that attachment of albumin cannot be
completely prevented after prolonged exposure to albumin
solution for 24 h. In case of CuNPs, although a very minor
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Figure 6: Ag nanoparticles sputtered on silica for 10 seconds.
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Figure 7: Cu nanoparticles sputtered on silica for 10 seconds.
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Figure 8: Cu nanoparticles sputtered on silica for 20 seconds.
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Figure 9: MALDI-MS spectrum of pure silica after 3 h of contact
with MSA solution.
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Figure 10: MALDI-MS spectrum of silica with Ag nanoparticles
after 3 h (a) and 24 h (b), respectively, of contact with MSA solution.
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Figure 11: MALDI-MS spectrum of silica with Cu nanoparticles
after 3 h (a) and 24 h (b), respectively, of contact with MSA solution.
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albumin attachment is detectable after exposure for only 3 h,
no further increase of albumin attachment was observed
within 24 h of exposure. This observation may indicate that
the size of the nanoparticles may play a role in the albumin
attachment. Very small nanoparticles like those in case of
the CuNPs (1 to 5 nm) may not completely prevent albumin
attachment, as the albumin molecule has a size of about 8 to
10 nm, whereas nanoparticles in the size range of 10 to 20 nm
like AgNPs observed on the glass slides are able to prevent
albumin attachment.

The fact that albumin attachment can be delayed by
coatings of AgNPs and CuNPs is of some significance, as
biomedical tools are often used only once after removing
them from sterile packaging and are then used only for short
time, for example, during surgery. If protein attachment can
be prevented during that time period, as shown for surfaces
coated with AgNPs, the chance of infection is clearly reduced.
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Cardiovascular diseases represent the leading cause of death and disability in the world. At the end-stage of heart failure, heart
transplantation remains the ultimate option. Therefore, due to the numerous drawbacks associated with this procedure, new
alternative strategies to repair the wounded heart are required. Cell therapy is a potential option to regenerate functionalmyocardial
tissue. The characteristics of the ideal cardiac cell therapy include the use of the proper cell type and delivery methods as well as
the choice of a suitable biomaterial acting as a cellular vehicle. Since traditional delivery methods are characterized by several
counter backs, among which low cell survival, new engineered micro- and nanostructured materials are today extensively studied
to provide a good cardiac therapy. In this review, we report the most recent achievements in the field of cell therapy for myocardial
infarction treatment and heart regeneration, focusing on the most commonly used cell sources, the traditional approaches used to
deliver cells at the damaged site, and a series of novel technologies based on recent advancements of bioengineering, highlighting
the tremendous potential that nanoscaffolds have in this framework.

1. Introduction
According to the World Health Organization (WHO), car-
diovascular diseases (CVDs) represent the leading causes of
death anddisability in theworld. Ischemic heart diseases such
as myocardial infarction (MI), in particular, represent widely
spread pathologies, producing significant morbidity [1]. MI
is characterized by a decrease of blood supply to the cardiac
tissue with a consequent death of cardiomyocytes and loss of
contractile function. As a further consequence, the resulting
nonfunctional tissue, which is still subjected to mechanical
loads, generates abnormal stresses at the infarct and peri-
infarct zone, with an expansion of the left ventricle [2]. The
mechanical and biological stresses imply continuous changes
at the structural, mechanical, and molecular levels, known
as postinfarct left ventricle remodeling [3] (Figure 1). This
process is highly dynamic and time dependent, comprising
(i) an acute inflammatory phase, evolving to (ii) a granulation
stage and then to (iii) chronic fibrosis. This degeneration
progress often culminates in heart failure and death.

At the end-stage of heart failure, heart transplantation
remains the ultimate option. However, the procedure of
replacing the failed heart with a healthy one raises several
limitations such as lack of organ donors, immune rejection,
and many other complications. Because of these restrictions,
researchers are still looking for new alternative strategies
to repair the wounded heart and permanently restore its
function. Among all approaches, cell therapy is a potential
option to regenerate functional myocardial tissue. Stem or
nonstem cell-based procedures are of great interest at present,
and they hold great promises for a significant recovery of
cardiac function. As known, the therapeutic effect of exoge-
nous stem cells is due to four main general mechanisms:
(i) differentiation of the administered cells into the cellular
constituents of the regenerating myocardium; (ii) release of
factors capable of paracrine signaling (a form of cell signaling
in which the targeted cell is close to the signal-releasing one)
from the administered cells; (iii) fusion of the administered
cells with the existing constituents of the target organ; (iv)
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Ventricular remodeling after acute infarction

Initial infarct Expansion of infarct
(hours to days)
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(days to months)

Figure 1: Ventricular dilation associated with progressive heart failure. After the initial insult, infarct expansion and ventricular wall
thinning contribute to further ventricular remodeling, ultimately causing increased intraventricular pressure and decreased cardiac output.
Reproduced with permission of Elsevier.

restoration of endogenous stem cell niches in the target organ,
stimulated by exogenous cell delivery [4]. However, nonstem
cells have been also used for therapeutic purposes, such as
autologous or heterologous myoblasts.

The characteristics of the ideal “cardiac-therapeutic” cell
type include quantitative and temporal availability, safety of
administration, effectiveness of its engraftment, differentia-
tion ability, and (most importantly) cardiac repair capability
[5]. However, cell activity is not the only concern within this
picture; delivery methods and properly engineered bioma-
terials actually represent other two key aspects to consider.
As discussed in Section 3, all traditional delivery methods
lead towards low cell survival and/or limited therapeutic
efficacy [6]. Conversely, engineered micro- and nanostruc-
tured materials are widely studied at present to permit a
suitable cell differentiation and integration with the host
tissue as well as to release active compounds or to directly
or indirectly perform physical therapy. Cells in general and
stem cells in particular are strongly affected by extracellular
stimuli, such as soluble and adhesive factors, which bind to
cell-surface receptors. However, mechanical properties of the
extracellular matrix, especially rigidity, also play a key role in
cell signaling, proliferation, differentiation, andmigration [7,
8]. Similarly, topography is able to trigger specific behaviors
and/or to inhibit certain pathways [9]. The development of
properly engineered substrates mimicking natural stem cell
environment is therefore a crucial research field. In addition,
new active materials and highly technological integrated
devices are emerging, with the aim of providing injured heart
with locally delivered drugs and indirect or direct physical
stimulation [10–13]. Despite such synergistic joint efforts of
engineers, biologists, and material scientists, a number of
scientific and technological issues remain to be addressed
and solved before fully exploiting the potential of cell-based
regenerative therapies for heart-related pathologies. This will
be probably possible in a near future by means of even more
pronounced interdisciplinary research efforts [14].

This review aims to report the most recent achievements
in the field of cell therapy for MI treatment and heart
regeneration and to highlight the tremendous potential that
nanoscaffolds have within this challenge. Firstly, the most

common cell sources used in the last decades for cardiac
repair will be described showing also the most recent clinical
studies on humans. Then, the traditional approaches used to
deliver cells at the damaged site will be reported, discussing
their safety and their efficacy in inducing cardiac remod-
eling and healing. A series of novel technologies, based on
recent advancements of bioengineering will be then exposed,
including patches, fragments, active scaffolds, composite bio-
materials, and so forth. Finally, an original strategy for cardiac
repair based on magnetic nanosheets will be highlighted and
discussed, before drawing conclusions about the promises
of these new systems in the therapeutic challenge of heart
regeneration.

2. Sources of Cells for Cardiac Remodeling

Different cell sources and types determine different thera-
peutic outcomes. Cell-based treatment of cardiac pathologies
can be carried out by using either stem or nonstem cell
types. Concerning stem cells, their level of commitment
is strongly related to the therapeutic potential but also to
possible drawbacks, such as teratoma formation [15]. Based
on the differentiating potential, stem cells can be classified
into three categories. Pluripotent stem cells, such as induced
pluripotent stem cells (iPSCs) and human embryonic stem
cells (hESCs), show the greater healing potential thanks to
their ability to differentiate into cells of all three embryonal
layers (ectodermal, endodermal, and mesodermal). Multi-
potent stem cells, such as mesenchymal stem cells (MSCs),
can generate many cell types (e.g., muscle cells, hepatocytes,
blood cells, etc.) within a specific organ. Finally, oligopotent
stem cells (such as myeloid or lymphoid precursors) can
generate only few cell types (e.g., monocytes, macrophages,
etc.), and they are generally not taken into consideration for
cardiac repair.

Consistent differences can be also found between stem
cells of the same type but deriving from different sources. For
example, a comparative analysis between MSCs of different
origin revealed that those deriving from umbilical cord blood
show a limited isolation success rate and are not able to
differentiate in adipose tissue; however, they can be cultured
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for long periods and show a high proliferation capacity. On
the contrary, MSCs from bone marrow show high isolation
success rate and good differentiation capacity but very low
proliferation ability. Finally, MSCs from adipose tissue show
the highest colony frequency and good differentiation ability
[16].

hESCs and iPSCs have not been used in clinical studies
yet for the treatment of myocardial disease, due to a lack of
knowledge about their tendency to form tumor tissues when
used in vivo and to strong ethical issues related to the use
of human embryos (concerning hESCs) and to epigenetic
memory and other partly unknown phenomena related to the
use of iPSCs. However, the therapeutic potential of these cells
have been evidenced by many studies both in vitro [17–20]
and in vivo [21, 22], which highlighted the possibility of effi-
ciently differentiating pluripotent cells into cardiomyocytes
and, in general, of triggering cardiac regeneration.

Adult MSCs showed good promises not for their capa-
bility of directly differentiating into cardiac-like tissue, but
rather for their ability to induce “trophic effects” [23]. These
effects include secretion of cytokines and growth factors,
inhibition of fibrosis (and therefore prevention of scar for-
mation) and apoptosis, angiogenesis enhancement, and stim-
ulation of tissue-intrinsic reparative processes. Encouraging
results were obtained by using adipose tissue-deriving MSCs
in rat myocardial infarct models [24] and bone marrow-
derived MSCs in pig with damaged myocardium [25]. Con-
cerning MSC application to humans, the outcomes obtained
in eighteen clinical studies in which bone marrow-derived
cells (BMCs) were used for cardiac repair were reviewed and
meta-analyzed in 2007 [26].The results highlighted that BMC
transplantation is associated with modest improvements in
physiologic and anatomic parameters in patients with both
acute myocardial infarction and chronic ischemic heart
disease. However, research is still focused on the translation
of MSCs to the clinics by focusing on specific heart defects or
impairments [27].

Cardiac progenitor cells (CPCs) have been studied in
postnatal hearts, and specific surface markers expressed by
these cells have been identified. The most studied are the
CPCs expressing the tyrosine kinase receptor c-KIT [28].
Endogenous c-KIT+ cells (such as interstitial cells of Cajal,
thymic epithelium cells, and mast cells) are therefore under
study, in order to identify their regeneration potential. CPCs
from adult myocardium have been already reported to give
rise to cardiomyocytes in vitro and in vivo after transplan-
tation and to enhance cardiac function after infarction [29].
The “stemness” of CPCs has recently been questioned, and it
has been suggested that they are principally cardiac fibrob-
lasts, while CPC-derived cardiomyocytes are contaminants
derived from the original tissue [30].

Concerning other cells used for cardiac repair, the lit-
erature reports heterologous epicardium-derived cells [31],
skeletal myoblasts derived from skeletal muscle satellite cells
[32–34], fetal cardiomyocytes [35], fibroblasts, and smooth
muscle cells [36, 37]. In all these cases, even if some beneficial
effects were found to the infarcted heart (mainly due to
paracrine effects), the overall regeneration outcomes were
rather poor.

Another interesting possibility has been recently high-
lighted by Song and colleagues [38], who reprogrammed
cardiac fibroblasts into myocardial cells by using cardiac
transcription factors (GATA4, HAND2, MEF2C, and TBX5)
in mice.

In general, many years of in vitro and in vivo experiments
and clinical trials have permitted to draw some conclusions
[39]. Cell therapy is overall safe, with the caveat of ventric-
ular arrhythmias which still require careful scrutinization;
the cell type needs to be tailored to the primary clinical
indication, whereas the paracrine effects of bone marrow
cells may be therapeutically efficacious for limitation of
remodeling or relief of angina. Only cells endowedwith a true
cardiomyogenic differentiation potential are likely to affect
regeneration of chronic scars; autologous cells are primarily
limited by their variable and unpredictable functionality,
thereby calling attention to banked, consistent, and readily
available allogeneic cell products. Regardless of the cell type,
a meaningful and sustained therapeutic benefit is unlikely to
occur until cell transfer and survival techniques are improved
to allow greater engraftment rates. Furthermore, trial end
points probably need to be reassessed to focus onmechanistic
issues or hard end points depending on whether new or
already extensively used cells are investigated.

3. Traditional Approaches for the Delivery of
Cells in the Injured Heart

In addition to the cell type to be transplanted, another
key factor concerns the adoption of an efficient method
for cell delivery. The main objectives are (i) to ensure a
safe transplantation, (ii) to transplant a sufficient amount
of cells into the cardiac region of interest, (iii) to obtain
maximum retention of cells within the target area, and (iv) a
sufficient local engraftment [40]. Although there is a number
of available options to direct cells to the heart, in this section,
we focus on three basic strategies, namely, systemic therapy,
focused coronary infusion and direct myocardial injection.

3.1. Systemic Therapy. Systemic administration of cells can
be achieved through both growth factors mobilization and
peripheral venous injection [40].

In the growth factor treatment [41], myocardial regen-
eration via stem cells mobilization and migration from
tissues to injured myocardium is favoured by using specific
growth factors like stromal cell-derived factor-1 (SDF-1) and
stem cell factor (SCF). In particular, when the natural cell
processes are not sufficient for MI healing, these phenomena
are artificially induced and accelerated by supra doses of
such chemical agents. Askari et al. [42] investigated the
expression of SDF-1 by the myocardium after MI, finding a
significant upregulation immediately after infarction and a
downregulationwithin 7 days; the results suggested that SDF-
1 is sufficient to induce therapeutic stem-cell homing to MI.
Finally, though some findings showed general enhancement
of cardiac performance per se, the efficacy of the growth factor
therapy is improved when the treatment is combined with
standard cellular transplantation [43].
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Compared with invasive delivery methods such as direct
intramyocardial injection, intravenous (IV) injection of cells
[44, 45] is the simplest and noninvasive delivery strategy to
treat myocardial diseases in humans. Moreover, the admin-
istration of a large numbers of cells can be easily repeated.
Peripheral infusion of stem cells (by the jugular vein, the
femoral vein, the scalp vein, etc.) is also used in small
animal (e.g., rats) and porcine models of MI showing limited
myocardial infarct size, reduced remodeling, and improve-
ment of cardiac function [46–48]. However, entrapment of
cells to noncardiac organs such as the lungs [45], lowering
the selectivity and efficiency of this approach, limits its
applicability.

3.2. Intracoronary Infusion. Selective intracoronary infusion
of cells in the proximity of ischemic myocardial areas allows
the delivery of a higher cell concentration in comparisonwith
systemic therapies. Successful experimental [49] and clinical
[50] studies have recently showed that BMCs and MSCs
delivered by the intracoronary route regenerated damaged
myocardium in acute MI. Chen at al. [51] investigated the
efficacy of intracoronary injection of BMCs in patient with
acute MI, confirming significant improvement on cardiac
function and on left ventricle remodeling. The infusion of
cells to the injured myocardium carried out in these studies
is technically simple to perform: cells are injected through
the central lumen of an over-the-wire balloon catheter during
transient balloon inflations in order to maximize the expo-
sure time of cells with the microcirculation of the infarct-
related vessel. Moreover, clinical trials also demonstrated the
feasibility, safety, and efficacy of this method [52]. However,
possible drawbacks may be the nonselective distribution of
the injected cells and, depending on the delivered cell type,
their ability to migrate from coronary vessels and to infiltrate
into the infarcted site without causing obstruction.

3.3. Direct Intramyocardial Injection. Direct myocardial inje-
ction is suitable to deliver cells in patients with chronic
myocardial diseases, such as chronic ischemia [53], or other
advanced coronary artery diseases [54], but it could be also
used to treat acute MI. Direct injection can be realized
transepicardially, transendocardially, or via the coronary
venous system [40].

Transepicardial cell injection can be performed during
open heart surgery, allowing for a direct visualization of
the myocardium. Due to its invasiveness, this technique
is commonly used in animal studies, whereas its clinical
application is limited to patients undergoing sternotomy for
different cardiac surgery. Menasché et al. [55] transplanted
autologous skeletal myoblasts in patients undergoing coro-
nary artery bypass grafting operations via multiple epicardial
echo-guided needle injections. Even if this first clinical trial
failed and no improvements in regional or global LV function
were found, the increased number of early postoperative
arrhythmic events after cell injection and LV remodeling for
high-dose injection laid the groundwork for future investiga-
tions.

Another possible strategy for direct cell injection is the
less invasive transendocardial delivery via a percutaneous

catheter-based approach [56]. To date, a multiplicity of
catheter systems are available for transendocardial injection
such as the Stiletto [57] or MyoStar [58] catheters. Basically,
all these systems are made up of multicomponent catheters
consisting of an injection needle for cell delivery and a
support catheter to direct the needle to the desired site.
Therefore, by passing the catheter retrogradely across the
aortic valve, it is placed against the endocardial surface,
thus allowing intramyocardial cell injection into the left
ventricular (LV) wall. Moreover, some of the catheter systems
described before integrate additional navigation capability
to facilitate the selection of target areas. Perin et al. [59]
performed an electromechanical mapping (EMM) of the
endocardial surface by integrating the MyoStar catheter with
the NOGA system; this study demonstrated the safety of
intramyocardial injection of bone marrow-derived stem cells
in patients with severe LV dysfunction and an improvement
in both perfusion and myocardial contractility.

The last emerging technique for direct cell repopulation
is transcoronary vein injection. In this approach, cells can
be intramyocardially injected through the coronary veins by
using a catheter placed inside the coronary vein itself. In
particular, Thompson et al. [60] reported a study in which
the coronary venous system of pigs was used as a road
map for direct cell injection. For this purpose, a special
catheter system incorporating an intravascular phased array
ultrasound tip for guidance and a preshaped extendable
nitinol needle for transvascular myocardial access were used.
While they demonstrated the feasibility (e.g., the widespread
intramyocardial access from the anterior interventricular
coronary vein) and safety (e.g., no death, no ventricular
arrhythmia, or other procedural complications) of percuta-
neous intramyocardial access, the efficiency of cell grafting or
functional properties of the myocardium after the injection
were not assessed. Nevertheless, the study carried out by
Thompson is an important step regarding the treatment of
myocardium via the coronary venous system.

In contrast to peripheral venous injection and intracoro-
nary infusion, where the specificity of the delivery is very low,
direct intramyocardial injection of cells represents a more
attractive route. This is due to the specific regions of the
myocardium that can be targeted (noncardiac entrapment of
the cells is reduced) and, as a consequence, to a highest local
tissue concentration that can be reached.

Finally, based on both the advantages and drawbacks
of the delivery methods previously reported, it is possible
to conclude that the choice of the more suitable strategy
depends on several factors, such as the specific disease the
patient is affected by and the type of cells to be transplanted.
For this reason, and as a consequence of the fast and
sophisticated technological improvements we are witnessing,
further studies and more clinical trials should be performed
in the near future.

4. New Approaches: Cell Sheet Engineering,
Fragments, and Patches

This section aims to report tissue engineering technolo-
gies recently developed for the treatment of MI. The most
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Figure 2: Cell sheet detachment from temperature-responsive cul-
ture surfaces. (a) ECM assures cell attachment to hydrophobic sur-
faces, and cell-to-cell junction proteins keep cells packed together;
(b) enzymatic digestion causes ECM, and junctions are disrupted,
and cells are released separately; (c) thermoresponsive culture
surfaces allow the release of cell sheets by lowering temperature.
Reproduced with permission of Wiley & Sons.

important features of these techniques are summarized in
Table 1.

In the nineties, Okano’s group developed an innovative
tissue engineering method named “cell sheet technology”
[61, 62]. Such technology is based on thermoresponsive
culture dishes designed by using a temperature-responsive
polymer, poly(N-isopropylacrylamide) (PNIPAAm), cova-
lently immobilized onto common tissue culture polystyrene
surfaces (TCPSs). By controlling the hydrophobicity of the
dish through temperature, it is possible to switch on and off
cell adhesion (Figure 2).

Through this method the seeded cells detach sponta-
neously and can be harvested in a noninvasive way as an
intact sheet together with their deposited extracellularmatrix
(ECM). In comparison with conventional tissue engineering
methodologies, cell sheet engineering shows several advan-
tages. Firstly, there is the possibility to harvest cells as
an entire sheet without using proteolytic enzymes such as
trypsin, which causes the breaking of adhesive proteins and
membrane receptors; furthermore, the presence of ECM on
the sheet allows the sheet to be directly transplanted into host
tissues without any mediators. Another important point is
the elimination of biodegradable scaffolds, thus reducing the
inflammatory response after implantation. Finally, the ability
to harvest cell sheets as both single layers and multilayers

(thus creating three-dimensional structures) paves the way to
advanced regenerative therapies, not only for the treatment
of MI. As regards myocardial reconstruction, cell sheets
obtained from PNIPAAm-grafted TCPS have been used with
different sources of cells [61, 63–66] and with cardiomyocyte
sheets layered in different numbers (from two up to four).
In vitro histological analyses showed an integration of the
single sheets, resulting in a homogeneous, continuous, and
cell-dense structure; moreover, thanks to the formation of
gap junctions after the layering, electrically synchronized cell
pulses were observed. In vivo, spontaneous beatings were
macroscopically noticed, and typical heart-like structures
were found out.

Sung’s group proposed an alternative approach, relying on
the same philosophy of cell sheet engineering [67–69]. A con-
tinuous cell sheet was harvested by using a thermoresponsive
methylcellulose (MC) hydrogel coated on TCPS dishes; then,
fragmented cell sheets were obtained by means of a stainless
screen. Finally, the collected fragments were transplanted by
injection through a needle (Figure 3).

In these studies, different cell types were used. Chen et al.
[67] and Wang et al. [68] reported fragmented sheets of rat
bone marrow MSCs, transplanted via intramyocardial injec-
tion directly into the periinfarct area using a needle. After
sheet preparation, both studies confirmed the preservation
of endogenous ECM; subsequent to injection, the MSC sheet
fragments showed the maintenance of their activity. In com-
parison with traditional delivery methods, a higher number
of MSCs were retained in the interested area, thus resulting
in a higher heart recovery. In a more recent work, Yeh et al.
[69] used human amniotic fluid stem cells (hAFSCs), known
to have angiogenic capability and cardiomyogenic potential.
After hAFSC isolation and expansion, cell sheet fragments
were prepared and transplanted into the peri-ischemic area of
a rat model. Again, the fragments preserved the endogenous
ECM, thus leading to enhanced cell retention in the area of
interest, and significant improvements in the cardiac function
were also observed.

Cardiac patches represent another interesting approach
for the treatment of heart pathologies [70–73]. Although
heart patches can be developed in different ways, they are
basically developed starting from both biological and syn-
thetic scaffolds laden with cells. Figure 4 shows an example
of cardiac patch.

Therefore, the two most important features being addre-
ssed during the development of cardiac patches are (i) the
choice of biomaterials to be used as scaffolds (showing
suitable mechanical properties, such as sufficiently strength
to resist the movement of myocardial tissue, adjustable
biodegradation times, and ability to both carry and preserve
cells) and (ii) the choice of proper cell sources for myocar-
dial repair. Based on these assumptions, several studies
can be found in the literature. Piao et al. [70] used rat
bone marrow-derived mononuclear cells (BMMNCs) seeded
onto a poly-glycolide-co-caprolactone (PGCL) scaffold; its
implantation into the epicardial surface of a rat MI model
producedmigration and differentiation of these cells towards
cardiomyocyte-related phenotypes. Chen et al. [73] also
fabricated a hybrid heart patch, demonstrating its capability
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Figure 3: Representation of cell sheet fragments preparation and suspension. Cells cultured on a thermoresponsive hydrogel (a) are allowed
to reach confluence and then fragmented bymeans of a stainless screen (b). Fragments are detached (c), suspended, and collected in a syringe
(d) to be injected in the host organ.
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Figure 4: Scheme of preparation of a MSC-based therapeutic cardiac patch. Reproduced with permission of Elsevier.

to sustain cell viability and attachment as well as active cell
beating for long periods; moreover, in vivo tests showed
that the implanted patch remained undamaged over two
weeks without affecting ventricular function. In this case, the
cardiac patch was fabricated using again a synthetic scaffold
made of poly(glycerol sebacate) (PGS), seeded with different
cell types. In addition to synthetic scaffolds, biologicalmateri-
als can also be used to fabricate cardiac patches.Wei et al. [71]
and Huang et al. [72] used sliced porous biological scaffolds
(e.g., acellular bovine pericardia) and thermoresponsive MC
hydrogels coated on TCPS dishes and seeded with rat bone
marrowMSCs andmurineESCs, respectively. In both studies,
in vitro tests showed high cell viability and adhesion, whereas
a good integration into the host and an improvement of heart
functions were observed during in vivo test.

Since all these bioengineering-based components have to
be implanted into the human body, their future clinical appli-
cations will firstly require an eligible candidate and proven
safety of both cell sources and biomaterials. A good outline
of several newly developed tissue engineering techniques for
the treatment of heart diseases is reported in [74].

A deep inside analysis of both traditional methods of cell
delivery and the new bioengineering-based ones highlight
that, despite the direct cell injection should be an inefficient
route of delivery because of a high loss or death (more than
90% [75]) of cells, the combination of these approaches could
prevent cell loss augmenting the cell transfer efficiency and
giving a site-directed repair.

Finally, special attention has to be paid to biomaterials
because, if the cell sheet engineering avoids the use of
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Table 2: Advantages and disadvantages of novel tissue engineering technologies for the treatment of heart diseases.

Approach Advantages Disadvantages

Cell sheet
engineering

(i) Elimination of the use of biodegradable scaffolds, increased
cell-to-cell connections, and reduced inflammatory responses

(ii) Noninvasive cells harvesting as intact monolayer sheets: cultured
cells detach spontaneously by lowering temperature, thus avoiding
the use of proteolytic enzymes

(iii) Harvested cell sheets can be easily transferred and directly
attached to the host tissue

(iv) Ability to layer the harvested cell sheets: rapid cell-to-cell
connections between the layers

(i) Transplantation of cell sheets alone cannot
provide the proper mechanical strength
necessary for replacing the infarcted
myocardium

(ii) Need to rely on open surgery

Cell sheet fragments

(i) No use of proteolytic enzymes when harvesting cells
(ii) Injectable without open surgical methods
(iii) Good ability on cell attachment and proliferation when

transferred to other surfaces
(iv) High cell retention in the infarcted myocardium

(i) Lack of a controlled delivery inside vessels
(ii) Risk of thrombosis inside vessels

Bioengineered
cardiac patches

(i) Integration of the advantages of tissue-engineered scaffolds and
cell sheets

(ii) Ability to provide the required mechanical strength to support
seeded cell sheet systems

(iii) Prevention of cell loss to augment cell transfer efficiency, thus
allowing a site-directed repair

(i) Immunogenicity caused by residual
degraded scaffolds

(ii) Invasive open chest surgery
(iii) Materials should be optimized according

to the cell source

biodegradable scaffolds reducing inflammatory responses,
they are used to develop cardiac patches involving the
choice of the more suitable material up to the cell source.
Table 2 aims at resuming an exhaustive overview of the main
advantages and disadvantages of the above described novel
tissue engineering technologies.

5. Advanced Biomaterials for
Heart-Related Applications

As mentioned, the achievement of effective MI treatments
depends not only on the choice of themost suitable cell source
but also on the employed biomaterials. Since a biomaterial,
especially if used for clinical trials, interacts with biological
structures, the following main requirements are demanded
[76]: (i) biocompatibility with human body in general and
cardiac tissues in particular; (ii) safe biodegradability; (iii)
specific mechanical properties resembling those of the native
heart, such as strength and flexibility; and (iv) contraction
capability. An exhaustive list of biomaterials used in the last
decade forMI treatment is reported in Table 3, while Figure 5
shows, for some of them, their chemical structure, their
degradation times, and representative images of 2D or 3D
scaffolds.

The source of thematerial (i.e., natural, synthetic, or com-
posite-derived) marks several differences between its prop-
erties and possible applications [76–81]. Furthermore, its
delivery strategies should be also taken into account (i.e.,
injection, 3-D scaffolds, or patches) [77, 79, 81].

Concerning naturally derived materials, such as alginate,
chitosan, collagen, and fibrin are themost used ones. Alginate
is an anionic polysaccharide found in the cell walls of brown
seaweed and, thanks to its biocompatibility and gelation with
divalent cations (such as Ca++) of the myocardial tissue,

it shows good potential for MI treatment. Leor et al. [82]
prepared an alginate-calcium solution that was intracoronary
injected into a swine model of MI: the solution diffused
into the infarcted zone and replaced the damaged ECM,
thus preventing LV dilation. Chitosan is another linear
(cationic) polysaccharide. Because of its biocompatibility and
biodegradability, it is often used in biomedical applications
ranging from drug delivery to tissue engineering. Wang et al.
[83] intramyocardially injected a temperature-responsive
chitosan hydrogel provided with specific growth factors into
rat infarction models, obtaining significant improvements
in cardiac functions. Fibrin glue, a biomaterial made up of
fibrinogen and thrombin, can be also used for controlled
release of growth factors. Nie et al. [84] demonstrated an
enhancement in myocardial perfusion and cardiac func-
tions in a canine infarct model by means of fibrin glue
incorporating basic fibroblast growth factors. As described
previously, all these materials can be either injected or used
as delivery vehicles. An in-depth description of biological
materials (concerning structure and mechanical properties)
can be found in [85].

Syntheticmaterials represent another category of bioscaf-
folds used for heart regeneration. Widely used biodegradable
and biocompatible polymers are poly(lactic acid) (PLA),
poly(glycolic acid) (PGA), and their copolymers, for example,
poly(lactic-co-glycolic acid) (PLGA) [76, 77, 80]. Caspi et
al. [86] reported the achievement of an engineered human
cardiac tissue showing good contracting ability, thus demon-
strating the capability of developing a highly vascularized
tissue with specific cardiac structures and functions. The
3D biodegradable polymeric scaffold used in this study was
half made of PLGA and the other half of another widely
used polymer, poly(L-lactic acid) (PLLA). This substrate was
subsequently seeded with different cell culture combinations,
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Table 3: Biomaterials for MI treatment reported in literature, in the
last decade.

Biomaterial Delivery
strategies Reference

Naturally derived materials

Alginate Injectable [80]
3D scaffold [76–79]

Chitosan Injectable [77]
Patches [78, 79]

Collagen
Injectable [80]
3D scaffold [76]
Patches [77, 78]

Extracellular matrix Injectable [76]
Patches [79]

Fibrin and fibrin glue Injectable [76]
3D scaffold [77–79]

Gelatin Injectable [76, 77]
Silk fibroin Patches [77]

Synthetic materials

PEG Injectable [76]
Films [78]

PLA 3D scaffold [76, 77, 80]
PGA 3D scaffold [76, 77, 80]
PLGA 3D scaffold [76, 77, 80]
PU 3D sheet [76, 77]
PEU 3D scaffold [77]

PEUU 3D scaffold [76]
Patches [77]

TMC Films [76]
PTMC Films [77]
DLLA Films [76]

PNIPAAm Cell sheet [76]
Injectable [78]

PGCL Patches [76]
PGS 3D scaffold [77]
PCL Patches [77]
Self-assembling peptides Injectable [78, 79]
Other synthetic hydrogels Injectable [79]

Composites materials
𝜀-Caprolactone-co-L-lactide
reinforced with PCLA, gelatin or
PGA

Patches [80]

PEUU with type I collagen 3D scaffold [76]
Poly(caprolactone) with type I
collagen 3D scaffold [76]

Decellularized materials
Urinary bladder matrix, SIS Injectable [78]
Porcine ventricular and pericardial
tissue Patches [78]

MTE: myocardial tissue engineering; 3D: three dimensional; PEG: poly
(ethylene glycol); PLA: poly(lactic acid); PGA: poly(glycolic acid); PLGA:
poly(lactic-co-glycolic acid); PU: polyurethane; PEU: polyester urethane;
PEUU: Poly(ester urethane) urea; TMC: 1,3-trimethylene carbonate; PTMC:
poly(1,3-trimethylene carbonate); DLLA: D,L-lactide; PNIPAAm: poly(N-
isopropylacrylamide); PGCL: poly-co-caprolactone; PGS: poly(glycerol
sebacate); PCL: poly(𝜀-caprolactone); PCLA: poly(L-lactide); SIS: small
intestine submucosa.

each one based on the use of hESCs; by adding endothelial
cells (ECs) and embryonic fibroblasts (EmFs), vascularization

was finally encouraged. Such triculture system (composed of
fibroblasts, endothelial cells, and cardiomyocytes) was also
reported by Iyer and Radisic [76, 87], who used poly(ethylene
glycol) (PEG) scaffolds as substrates for cell seeding.

Poly(𝜀-caprolactone) (PCL) [76, 77] is a biodegradable
polyester which is degraded, in physiological conditions,
by hydrolysis of its ester linkages; for this reason, it has
been approved by the Food and Drug Administration (FDA)
and, today, is widely used in several biomedical applications.
PCL is often copolymerized with glycolide, resulting in
poly(glycolide-co-caprolactone) (PGCL). Piao et al. [70, 76]
fabricated cardiac patches made of PGCL and seeded them
with BMMNCs; therefore, implants in rat MI models were
performed, and a reduced LV remodeling and systolic dys-
function were achieved.

A recently developed biodegradable material for soft
tissue engineering purposes is a special elastomer, named
poly(glycerol sebacate) (PGS) [73, 77].Thanks to its mechan-
ical properties, comparable to those of the heart tissue, it has
been used as cardiac patch by Chen et al. as previously men-
tioned [73]. Finally, another interesting synthetic material
is poly(N-isopropylacrylamide) (PNIPAAm), a temperature-
sensitive polymer that switches its surface properties from
hydrophobic to hydrophilic below physiological temperature.
As already mentioned, this property has been used for cell
sheet engineering approaches.

The combination of natural and syntheticmaterials allows
the preparation of composite scaffolds. Some examples are
represented by poly(ester urethane) urea (PEUU) blended
with type I collagen [76], and 𝜀-caprolactone-co-L-lactide
reinforced with poly(L-lactide) (PCLA), gelatin, or PGA [80]
(see Table 3).

Finally, decellularized materials (tissues and organs) have
been also used as bioscaffolds for tissue engineering and
regenerative medicine applications [71, 72, 78, 88]. Decel-
lularization consists of the removal (by means of physical,
chemical or enzymatic methods) of cells from a tissue or an
organ, maintaining only its ECM. Even if the native source
tissue/organ and the decellularization methods affect the
structure of the ECM scaffold and therefore its response
before and after the implantation in the body, this could
represent a good way to provide cells with the best environ-
ment in which they can grow, proliferate, migrate, and dif-
ferentiate. Furthermore, decellularization is helpful because
the removal of antigens could avoid inflammations and,
consequently, a transplant rejection. Singelyn and Christman
[78] reported some examples of decellularized materials
used for cardiac applications such as decellularized small
intestine submucosa (SIS), intact rat and porcine hearts, and
decellularized ventricular and pericardial ECM. In particular,
Christman’s group [78, 89] carried out in vitro and in vivo
studies on an injectable decellularized myocardial matrix,
made of porcine ventricular tissue, in order to characterize
its composition and structure. The experiments showed
the capability of myocardial matrix to gel both in vitro
and in vivo upon epicardial injection, to self-assemble in
nanofibrous scaffolds, and to promote both in vitro and in vivo
migration of endothelial and smooth muscle cells within the
structure.
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Figure 5: Biomaterials widely used for MI treatment. For each of them, the chemical structure (top), representative images of the scaffold
(middle) and the degradation time (bottom) are reported. Reproduced with permission of Elsevier and Wiley & Sons.
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Figure 6: Polymeric nanofilms. (a) Scheme of single and multilayer nanofilm fabrication process; (b) magnetic nanofilms: injection (top)
and ejection (bottom) sequence. Reproduced with permission of Elsevier, Springer, and Wiley & Sons.

6. Cells on Magnetic Nanosheets and
Their Guidance

In addition to the already described technologies, an original
approach based on polymeric nanofilms recently emerged,
and it holds great promises for the treatment of heart diseases.

Nanofilms are polymeric films showing a relatively large
area (∼100 cm2) and a nanometric thickness (10–100 nm),
which leads to define them as “quasi 2D structures”. Their
flexibility, associated with robustness and high biocompat-
ibility as well as the possibility to use numerous polymers
to fabricate them, opens the way to several applications in
the biomedical field, ranging from biochemical or physi-
cal sensors, drug delivery systems, or substrates for tissue
engineering [90, 91]. Concerning their fabrication, polymeric
nanofilms can be prepared both as single and multilayer
films by means of a simple method firstly proposed by
Takeoka’s group, namely, spin coated assisted deposition [90].
In Figure 6(a), a simple scheme of the spin coating process

is shown. This technique is used as a single or a multistep
process, according to the required number of layers [92–94].
Two different approaches are exploited in order to produce
ultrathin nanosheets [95, 96].The former uses awater-soluble
polymer as a sacrificial layer, which is directly spun onto a
substrate via spin coating; subsequently, another layer of the
desired polymer is deposited on top. In the latter, a polymeric
layer is firstly deposed onto the substrate, followed by the
spinning of the polymeric supporting layer.

Since one of the key purposes of ultrathin films concerns
their use as drug or cell carriers (as discussed below), the
handling, control, and positioning of nanofilms inside the
human body represent crucial requirements. A possibility
that recently emerged consists of the development of mag-
netic nanofilms, specifically nanosheets containing magnetic
elements. This feature allows an external and noninvasive
approach, based on the use of an outer magnetic field, which
can be adopted for an accurate displacement of the film
within the body. A recent study performed byMattoli’s group
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Table 4: Novel approach based on ultrathin nanofilms.

Authors Technology Methods Cell types Materials Possible applications Reference

Pensabene et al., 2009
Mattoli et al., 2009

Polymer
nanosheets

bearing magnetic
nanoparticles

Spin coating
method

(i) PVA
(ii) PLLA
(iii) NPs

Biomedical field as
free-standing carriers

or as plasters
[95, 96]

Ricotti et al., 2010
Polymer

nanosheets
bearing cells

Spin coating
method

C2C12 mouse
myoblast cell line

(i) PVA
(ii) PLA

(i) Regenerative
medicine

(ii) Muscle tissue
engineering

(iii) Drug delivery

[101]

Fujie et al., 2010
Polymer

nanosheets
bearing cells

Layer-by-layer
assembly method

NIH-3T3 mouse
fibroblast cell line

(i) COL
(ii) HA

(i) Regenerative
medicine

(ii) Cell biology
[97]

Fujie et al., 2011
Polymer

nanosheets
bearing cells

Spin coating
method

H9c2 embryonic
myocardium rat cell

line

(i) PVA
(ii) PLLA

Building of specific
cell culture

environments
[99]

PVA: poly(vinyl alcohol); PLLA: poly(L-lactic acid); NPs: iron oxide nanoparticles; PLA: poly(lactic acid); COL: collagen; HA: hyaluronic acid.

[96] was based on the fabrication of nanofilms functionalized
with paramagnetic nanoparticles (NPs).Themagnetic behav-
ior of the nanosheet, floating in water, was evaluated by using
an external permanent magnet (field intensity Br = 350mT):
results showed a fine film controllability and highlighted that
velocities were strictly correlated to the concentration of the
loaded NPs. A practical application of magnetic nanofilms
was described by Pensabene et al. [95]. In this work, magnetic
nanofilmswere developed and evaluated as both drug carriers
and nanoplasters. Magnetic nanosheet manipulation was
tested by using a micropipette (Figure 6(b)); adhesion to the
gastric mucosa was also assessed. Furthermore, the control
and positioning of the films in a liquid environment (water)
were finally addressed, showing their ability to reach and
attach on the tissue.These outcomes allowed to conclude that
the use of magnetic nanofilms constitutes a feasible strategy
for bringing and releasing in a controlled way drugs or cells
in different areas of the human body. Of course, further
studies will be required in order to assess both the proper
concentration of magnetic components and the appropriate
values of external magnetic fields.

As previously mentioned, free-standing polymeric ultra-
thin films can be also used as novel cell culture systems and
cell carriers, in order to be applied to several biomedical
applications (e.g., cell biology, tissue engineering and regen-
erative medicine applications, and included MI therapy).
The most recent studies focusing on the adhesion and
proliferation properties of cells seeded onto single layer or
multilayer nanofilms are summarized in Table 4.

In [97], Fujie et al. reported the fabrication of two types
(i.e., fibril and nonfibril) of free-standing ECM-like mul-
tilayer nanosheets made of biopolymers such as type I
collagen (COL) and hyaluronic acid (HA). Both layer-by-
layer (LbL) assembly method [98] and supporting tech-
nique [95, 96] were used. Subsequently, the morphological
and mechanical features of the ECM-like nanosheets as
well as their mechanical effects on the adhesive properties
of NIH-3T3 mouse fibroblasts seeded on it were studied.
Results showed that the elongation of cells increased on the

fibril-based nanofilms, whereas it decreased on the nonfibril-
based ones.This study demonstrated that cell adhesion prop-
erties were tuned by simply varying the structural ECM
components of the nanosheets (e.g., the content of HA and
COL fibrils). The mechanical effects of freely suspended
polymeric nanofilms on cell adhesion properties have been
also assessed by studying how nanosheet stiffness affects
biological responses. Fujie et al. [99] synthesized ultra-
thin films, composed of PLLA and showing different stiff-
nesses, obtained by changing their thickness; H9c2 cells (an
embryonic myocardium rat cell line) were then cultured
onto these substrates. The adhesion properties of H9c2 on
these nanofilms were valued by estimating adhesion area
and elongation ratio of cells, highlighting similar results to
previously reported ones [97]: cells preferentially adhered
on rigid substrates in comparison to soft ones. Pensabene
et al. [100] used single similar nanosheets to sustain human
mesenchymal stem cell adhesion, proliferation, and differen-
tiation, thus highlighting the possibility of using nanosheets
as smart carriers of therapeutic cells. Finally, another example
in which nanosheets were used as cell culture systems was
reported by Ricotti et al. [101]. Here, the development of free-
standing single layer PLA nanofilms as cellular scaffolds was
described. After their characterization in terms of thickness
and roughness, viability, adhesion, and proliferation proper-
ties of C2C12mousemyoblasts cultured onto these substrates
were assessed. Early differentiation was also verified.

In conclusion, cell adhesive properties can be tuned by
changing both the structural components and themechanical
properties of polymeric nanosheets. Furthermore, the use of
suitable biocompatible polymers as well as the choice of the
proper cell line should allow the development of novel ultra-
thin films acting like cell-based matrices to be transplanted
in human bodies for the treatment of several heart diseases
(such as MI). Such results also suggested the possibility of
using polymeric ultra-thin films as structural components for
the development of bio-hybrid actuators, opening different
and parallel applicative routes with respect to those related to
pure regenerative medicine [102].
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7. Conclusions

At present, researchers are looking for new alternative strate-
gies to repair the wounded heart and restore its function.
Among the several approaches pursued, cell-based treatment
is a promising option for cardiac pathologies. In this review,
we reported the most recent achievements in the field of
cell therapy for MI treatment and heart regeneration. The
most common cell sources used in the last decades for
cardiac repair and the traditional approaches employed to
delivery cells at the damaged site have been described. Then,
a series of novel technologies based on recent advance-
ments of bioengineering and tissue engineering have been
illustrated, including patches, fragments, and biomaterials.
Finally, an original strategy for cardiac repair based on
magnetic nanosheets has been discussed, highlighting the
tremendous potential and promises that nanoscaffolds have
within the therapeutic challenge related to heart regeneration.

On the basis of the findings reported in this last section,
the magnetic nanofilm-based approach looks really promis-
ing. This therapeutic philosophy implies that the injection
of cell-seeded nanosheets inside the body and its guidance
up to the damaged heart site can deeply improve MI ther-
apeutic outcomes. Furthermore, the possibility of loading
the nanofilm with specific growth factors or drugs makes
this new bioengineering approach even more appealing and
promising.
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The aim of this study was the evaluation of (Ca
10−𝑥

Ag
𝑥
)(PO
4
)
6
(OH)

2
nanoparticles (Ag:HAp-NPs) for their antibacterial and

antifungal activity. Resistance to antimicrobial agents by pathogenic bacteria has emerged in the recent years as a major public
health problem worldwide. In this paper, we report a comparison of the antimicrobial activity of low concentrations silver-doped
hydroxyapatite nanoparticles.The silver-doped nanocrystalline hydroxyapatite powderwas synthesized at 100∘C in deionisedwater.
The as-prepared Ag:Hap nanoparticles were characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM),
FT-IR, and FT-Raman spectroscopy. X-ray diffraction (XRD) studies demonstrate that powders obtained by coprecipitation at
100∘C exhibit the apatite characteristics with good crystal structure, without any new phase or impurities found. FT-IR and FT-
Raman spectroscopy revealed the presence of the various vibrational modes corresponding to phosphates and hydroxyl groups
and the absence of any band characteristic to silver. The specific microbiological assays demonstrated that Ag:HAp-NPs exhibited
antimicrobial features, but interacted differently with the Gram-positive, Gram-negative bacterial and fungal tested strains.

1. Introduction

Nanotechnology is at the base of recent and future devel-
opments in technological and industrial applications. In
last years, the progress made in the area of engineered
nanomaterials allowed us to have spectacular inside knowl-
edge about materials at an atomic and molecular scale.
Recently, biomaterials are emerging as the most studied area
of materials science [1–6]. Biomaterials could be defined as
“implantable materials that perform their function in contact
with living tissues” [7]. This is a new interdisciplinary branch
set to achieve new and improved materials with biological
properties for use in clinical applications. The aim of this
research direction is to study, facilitate, and improve the
biological interactions betweenmaterials and organisms.The
inorganicmaterials with good biological properties are inten-
sively studied for this purpose.Themost studied biomaterials

are those based on calcium phosphate, which belongs to the
so-called apatite’s family. An important representative of the
apatite’s family is hydroxyapatite with the general formula
Ca
10
(PO
4
)
6
(OH)
2
. Due to its outstanding properties such

as biocompatibility, osteoconductivity, and bioactivity, the
hydroxyapatite (HAp) has been extensively investigated [8,
9]. It is found naturally in the human body as one of the
major constituents of bones and teeth. HAp nanoparticles
have been investigated as coatings of medical implants for
use in dentistry and orthopaedics as prosthesis due to their
excellent properties [10]. Even though these nanoparticles
have excellent biocompatibility, one of the most significant
problems nowadays when using implants is the risk of
infections.The development of surgical infections is common
and widely spread amongst patients despite the hospitals
tremendous efforts to avoid them. Due to the high costs
and mortality rates, the research towards developing new
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compounds with high biocompatibility and antimicrobial
properties is a hot topic at global scale. Silver has been
used since ancient times as an efficient antimicrobial agent,
being active against a wide range of microorganisms [11]. In
agreement with Clement and Jarrett [12], the understanding
of silver toxicity to bacteria and of bacterial resistance mech-
anisms has a long way to go. Silver binds to many cellular
components, the interactionwith themembrane components
probably being more important than that with the nucleic
acids [12]. Hydroxyapatite has the ability to achieve the
substitution of Ca2+ ions with other metal ions such as Cu2+,
Zn2+, and Ag2+, without changing its initial structure and
properties.

In this paper, we report a novel compound based on low
silver concentrations in silver doped hydroxyapatite nanopar-
ticles with high biocompatibility, synthesized at low temper-
ature using the coprecipitation method. Characterization of
the Ag:Hap (0 ≤ 𝑥Ag ≤ 0.1) using X-ray diffraction (XRD)
and transmission electronmicroscopy (TEM) confirmed that
the product consists of pureHAp ellipsometric nanoparticles.
The antimicrobial properties of (Ca

10−𝑥
Ag
𝑥
)(PO
4
)
6
(OH)
2
,

with 0 ≤ 𝑥Ag ≤ 0.1 nanoparticles were evaluated on Gram-
negative (Escherichia coli ATCC 25922, E. coli 714, K. pneu-
moniae 2968) and Gram-positive (Bacillus subtilis) bacterial
strains as well as Candida krusei 963 yeast.

2. Experimental Section

2.1. Sample Preparation. The reagents used for the synthesis
of silver doped hydroxyapatite were ammonium dihydrogen
phosphate [(NH

4
)
2
HPO
4
] (Alpha Aesare, Germany, 99.99%

purity), calcium nitrate [Ca(NO
3
)
2
⋅4H
2
O] (Alpha Aesare,

Germany, 99.99% purity), silver nitrate AgNO
3

(Alpha
Aesare, Germany, 99.99% purity), and ammonium hydroxide
NH
4
OH (Alpha Aesare, Germany, 99.99% purity).
The synthesis of (Ca

10−𝑥
Ag
𝑥
)(PO
4
)
6
(OH)
2
, with 𝑥Ag = 0,

𝑥Ag = 0.02, 𝑥Ag = 0.05, 𝑥Ag = 0.07, and 𝑥Ag = 0.1was carried
out as reported [13, 14].The synthesis of Ag:HApwith 𝑥Ag = 0
was carried out as reported [13, 14] by the following reaction
[15]:

10Ca(NO
3
)
2
⋅4H
2
O + 6(NH

4
)
2
HPO
4
+ 2NH

4
OH

→ Ca
10
(PO
4
)
6
(OH)
2
+ 20NH

4
NO
3
+ 46H

2
O

(1)

The pH of solution was adjusted to 10 with ammonium
hydroxide (NH

4
OH) in accord with [16]. Nanocrystalline

hydroxyapatite doped with Ag was performed by setting the
𝑥Ag from 0 to 0.1 (0 ≤ 𝑥Ag ≤ 0.1) and [Ca+Ag]/P as 1.67.
TheAgNO

3
andCa(NO

3
)
2
⋅4H
2
Owere dissolved in deionised

water to obtain 300mL [Ca+Ag]-containing solution. On
the other hand, the (NH

4
)
2
HPO
4
was dissolved in deionised

water to make 300mL P-containing solution. The [Ca+Ag]-
containing solution was stirred at 100∘C for 30 minutes.
Meanwhile the pH of P-containing solution was adjusted
to 10 with ammonium hydroxide (NH

4
OH) and stirred

continuously for 30 minutes. The P-containing solution was
added drop by drop into the [Ca+Ag]-containing solution
and stirred for 2 h and the pH was constantly adjusted

and kept at 10 during the reaction. When the reaction was
complete, the deposited mixtures were washed several times
with deionised water. The resulting material (Ag:HAp) was
dried at 100∘C for 72 h.

Silver doped hydroxyapatite powders (Ag:HAp) with
𝑥Ag ̸=0, setting the 𝑥Ag from 0.02 to 0.1 (0.02 ≤ 𝑥Ag ≤ 0.1),
were prepared assuming that silver ions would substitute for
the calcium site in the HAp lattice.

According to Nath et al. [17], it is important to note that
the acceptable reason for this phenomenon is that the radius
of silver ion is bigger than that of the strontium ion (11.5%)
with fewer valence electrons. It is also important to note that
Ma et al. [18] and Corami et al. [19] in two separate research
studies suggested some reactions for ion exchange between
heavy metals and apatite particles.

The diffusion of Ag inHAp lattice can be characterized by
the following equation [17]:

Ca
10
(PO
4
)
6
(OH)
2
+ 2𝑥Ag O

→ 2Ca
10−𝑥

Ag
2𝑥
(PO
4
)
6
(OH)
2

+ 𝑥CaO
(2)

This equation indicates that Ag can be incorporated into
the lattice of HAp, which is schematically shown by [17].
According to Nath et al., the complex crystal structure of
HAp is described by Ca triangle around the OH column. It
is worth mentioning that, in the presence of Ag, one of the
Ca2+ sites can be substituted by Ag. Nath et al. also confirmed
this substitution mechanism using Raman spectroscopy by
confirming the presence of Ag–O bond. Nath et al. [17] and
Nazari et al. [20] showed that because of valency difference
between Ca and Ag ions, a vacancy will be created in the
anion site, as per the following defect reaction:

2Ag Ca2+
→ 2AgCa + VO

∞ (3)

As shown by Nath et al. and Nazari et al., it can be per-
ceived that the creation of oxygen vacancy will enable the
proton of OH-bond to be attracted towards Ag-defect in the
HAp structure.

2.2. Sample Characterization. The X-ray diffraction mea-
surements for the Ag:HAp samples were recorded using a
Bruker D8 Advance diffractometer, with nickel filtered Cu
K
𝛼
(𝜆 = 1.5418 Å) radiation with a high efficiency one-

dimensional detector (Lynx Eye type) operated in integration
mode.The diffraction patterns were collected in the 2𝜃 range
20∘–70∘, with a step of 0.02∘ and 34 s measuring time per
step. Transmission electron microscopy (TEM) studies were
carried out using a FEI Tecnai 12 equipped with a low dose
Gatan digital camera. The specimen for TEM imaging was
prepared by ultra microtomy in order to obtain thin section
of about 60 nm. The powder was embedded in an epoxy
resin (polaron 612) beforemicrotomy. TEMmodes used were
bright field (BF) and selected area diffraction (SAD). The
functional groups present in the prepared nanoparticles and
thin films were identified by FTIR using a Spectrum BX
spectrometer. In order to obtain the nanoparticles spectra,
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1% of the nanopowder was mixed and ground with 99%
KBr. Tablets of 10mm diameter were prepared by pressing
the powder mixture at a load of 5 tons for 2min. The
spectrumwas recorded in the range of 500 to 4000 cm−1 with
4 cm−1 resolution. Micro-Raman spectra on powders were
performed in a backscattering geometry at room temperature
and in ambient air, under a laser excitation wavelength of
514 nm, using a Jobin Yvon T64000 Raman spectrophotome-
ter under a microscope. Chemical analyses of samples were
performed by HITACHI Z-8100 Polarized Zeeman Atomic
Spectrophotometer performed at the Fonctionnement et
Evolution des Biogéosystèmes Continentaux (Institut des
Sciences de la Terre d’ Orléans, France).

For the antimicrobial assays, microbial suspensions of
1.5 × 10

8 CFU/mL corresponding to 0.5 McFarland density
obtained from 15 to 18 h bacterial cultures developed on solid
media were used. The tested substances were solubilised in
DMSO and the starting stock solution was of 5000 𝜇g/mL
concentration. The quantitative assay was performed by
liquid microdilution method [21–27].

3. Results and Discussions

Figure 1 shows the XRD patterns of pure HAp (𝑥Ag = 0),
Ag:HAp (𝑥Ag = 0.02, 𝑥Ag = 0.05, 𝑥Ag = 0.07, and 𝑥Ag = 0.1)
and the standard data for the hexagonal hydroxyapatite. For
pure HAp (𝑥Ag = 0) and Ag:HAp (𝑥Ag = 0.02, 𝑥Ag = 0.05,
𝑥Ag = 0.07, and 𝑥Ag = 0.1), the diffraction peaks can be well
indexed to the hexagonal Ca

10
(PO
4
)
6
(OH)
2
in P6
3
m space

group (ICDD-PDF No. 9-432). The XRD analysis of Ag:HAp
nanoparticles did not give the characteristic peak for silver
or other phases. The XRD patterns of HAp and Ag:HAp also
demonstrate that powders made by coprecipitation at 100∘C
with low silver concentrations in silver doped hydroxyapatite
nanoparticles exhibit the apatite characteristics with good
crystal structure and no new phase or impurity is found in
good accord with our previous studies [13, 14, 28, 29].

The absence of other phases in XRD pattern of Ag:HAp
samples demonstrates that the Ag+ ions have successfully
substituted Ca2+ ions without affecting the crystal structure
of the original HAp.This result is in agreement with previous
studies conducted by Ravindran et al., in 2010 [29], and
Shirkhanzadeh et al., in 1995 [30].

The morphology and particle size of nanopowders were
determined by TEM observation. Figure 2 shows TEM
images of Ag:HAp (𝑥Ag = 0). As shown in Figure 1, Ag:HAp
nanoparticles exhibited an ellipsoidal morphology which is
consistent with the SEM results [13].

Figure 3 exhibits the TEM images of Ag:HAp (𝑥Ag = 0.02,
𝑥Ag = 0.05, 𝑥Ag = 0.07, and 𝑥Ag = 0.1) at low resolution.
No obviousmorphological changes are observed between the
initial HAp and the corresponding Ag:HAp (𝑥Ag = 0.02,
𝑥Ag = 0.05, 𝑥Ag = 0.07, and 𝑥Ag = 0.1), and new fine par-
ticles were formed. The Ag:HAp nanoparticles preserve
the morphology of pure HAp prepared by coprecipitation
method [14, 28]. The long axis corresponded to the c-axis of
the hexagonal HAp structure.
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Figure 1: Comparative representation of the experimental XRD
patterns of the Ag:HAp samples synthesized 𝑥Ag = 0, 𝑥Ag = 0.02,
𝑥Ag = 0.05, 𝑥Ag = 0.07, and 𝑥Ag = 0.1, and the characteristic lines of
hydroxyapatite according to the ICDD-PDF number 9-432.

Figure 2: The TEM images of Ag:HAp (𝑥Ag = 0) at low resolution.

It can be seen from the HRTEM image of Ag:HAp
(Figure 4(a)) the crystalline phase of hydroxyapatite with
well-resolved lattice fringes. The distances between the adja-
cent lattice fringes (2.81 Å and 1.94 Å) agree well with the d

211

and d
222

spacing values from the literature (ICDD-PDF no. 9-
432). All the samples exhibit a uniform ellipsoidal morphol-
ogy with particles from 5 nm to 15 nm. Figure 4(b) shows a
selected area electron diffraction (SAED) pattern recorded
from an area containing a large number of ellipsometric
nanoparticles. The rings in the SAED pattern can be indexed
as (002), (210), (211), (310), (222), (213), (004), and (304)
reflections of the hexagonal HAp, in agreement with the XRD
results. No extra reflections are observed andwe can therefore
conclude that the product consists of pure HAp ellipsometric
nanoparticles.
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𝑥Ag = 0.1𝑥Ag = 0.07

𝑥Ag = 0.05𝑥Ag = 0.02

Figure 3: The TEM images of Ag:HAp (𝑥Ag = 0.02, 𝑥Ag = 0.05, 𝑥Ag = 0.07, and 𝑥Ag = 0.1) at low resolution.

1.94 ̊A/(222)

2.81 ̊A/(211)

(a) (b)

Figure 4: HRTEM image and SAED analysis of Ag:HAp with 𝑥Ag = 0.05.

These results are well consistent with the XRD results
revealing that the doping components have little influence
on the surface morphology of the samples. The morphology
identifications indicated that the nanoparticles with good
crystal structure could be made by coprecipitation method
at low temperature.

FT-IR spectroscopy was performed in order to investi-
gate the functional groups present in nanohydroxyapatite,
Ca
10−𝑥

Ag
𝑥
(PO
4
)
6
(OH)
2
, (𝑥Ag = 0, 𝑥Ag = 0.02, 𝑥Ag = 0.05,

𝑥Ag = 0.07, and 𝑥Ag = 0.1) synthesized at 100∘C by copre-
cipitation method. Figure 5 shows the FT-IR results obtained
from Ag:HAp-NPs when the 𝑥Ag increases from 0.05 to 0.3.
The absorption peak in the region of 1600–1700 cm−1 ascribed
toO–Hbendingmode is evidence of the presence of absorbed
water in the synthesized products [31, 32].

Thedata clearly reveals the presence of various vibrational
modes corresponding to phosphate and hydroxyl groups.
For all the samples, the presence of strong OH vibration



Journal of Nanomaterials 5

4000 3500 3000 2500 2000 1500

34
49

14
08 13

81

14
52

16
30

Wavenumber (1/cm) Wavenumber (1/cm)

Tr
an

sm
itt

an
ce

 (a
.u

.)

Tr
an

sm
itt

an
ce

 (a
.u

.)

47
3

56
360

363
487

5

10
95 10

33

96
0

1200 1100 1000 900 800 700 600 500 400

𝑥Ag = 0.1

𝑥Ag = 0.07

𝑥Ag = 0.05

𝑥Ag = 0.02

𝑥Ag = 0

𝑥Ag = 0.1

𝑥Ag = 0.07

𝑥Ag = 0.05

𝑥Ag = 0.02

𝑥Ag = 0

Figure 5: Transmittance infrared spectra of the Ag:HAp samples synthesized with 𝑥Ag = 0, 𝑥Ag = 0.02, 𝑥Ag = 0.05, 𝑥Ag = 0.07, and 𝑥Ag = 0.1.

peak could be noticed. The peak observed at 634 cm−1 is
attributed to the characteristic stretching and vibrational
modes of structural OH groups [33]. The band at 1630 cm−1
corresponds to the adsorbed H

2
O [33]. The broad bands in

the regions 1600–1700 cm−1 and 3200–3600 cm−1 correspond
to H–O–H bands of water lattice [34].

Bands characteristics of PO
4

3− tetrahedral apatite’s struc-
ture are clearly observed at 473 cm−1, 563 cm−1, 603 cm−1,
960 cm−1, and 1095–1033 cm−1 [35, 36]. The peak at 473 cm−1
is attributed to PO

4
]
2
. The peaks at 563 cm−1 and 603 cm−1

belong to PO
4
]
4
.The peak at 960 cm−1 is attributed to PO

4
]
1

and the peaks at 1095–1033 cm−1, to PO
4
]
3
. A CO

3

2− band
occurred in the spectra at 1452 and 1400 cm−1. The bands at
875 cm−1 are attributed to HPO

4

2− ions [37, 38].
Complementary information can be obtained from

Raman spectroscopy. Raman spectra of Ag:HAp from
1200 cm−1 to 400 cm−1 is shown in Figure 6. The OH− vibra-
tional bands expected in the region of 630 cm−1 are not clearly
detected. This behavior is in good accord with the previous
studies [39].

We assigned the bands present at 1026 cm−1 (]
3
),

1047 cm−1 (]
3
), and 1074 cm−1 (]

3
) to the asymmetric ]

3

(P–O) stretching. The internal modes of the PO
4

3− tetra-
hedral ]

1
frequency (960 cm−1) correspond to the symmet-

ric stretching of P–O bonds. The 616 cm−1, 590 cm−1, and
576 cm−1 bands arise from ]

4
PO
4
[37]. The vibrational

bands at 429 cm−1 (]
2
) and 449 cm−1 (]

2
) are attributed to

the O–P–O bending modes. The band at 1070 cm−1 (]
1
)

attributed to CO
3

2− impurity was obscured by the intensity
of PO

4
band at 1074 cm−1. The other CO

3
modes ]

3
, ]
4
,

and ]
2
have band positions not obscured by the PO

4
bands,

but they have weak intensities and were not detected [40].
Water vibrationalmodes give rise to weak intensity stretching
and bending bands in Raman spectra. These water bands,
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Figure 6: Raman spectra of the Ag:HAp samples synthesized with
𝑥Ag = 0, 𝑥Ag = 0.02, 𝑥Ag = 0.05, 𝑥Ag = 0.07, and 𝑥Ag = 0.1.

expected at about the same wave number in FTIR spectra,
were not observed in Raman spectra.

The results on chemical analyses of samples are reported
in Table 1. The synthesis allowed a good control over the
chemical composition of Ag:HAp powders (𝑥Ag = 0, 𝑥Ag =
0.02, 𝑥Ag = 0.05, 𝑥Ag = 0.07, and 𝑥Ag = 0.1), with the
Ca/P and (Ca+Ag)/P atomic ratios being close to the stoi-
chiometric value of 1.67.

The antimicrobial activity of Ag:HAp (0 ≤ 𝑥Ag ≤ 0.1)
nanoparticles was tested using strains belonging to the most
commonly encountered pathogens: E. coli ATCC 25922, E.
coli 714, K. pneumoniae 2968, B. subtilis, and C. krusei 963.
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Figure 7: Antibacterial activity of Ag:HAp-NPs (𝑥Ag = 0, 0.02, 0.05, 0.07, and 0.1) on E. coli ATCC 25922, E. coli 714, K. pneumoniae 2968,
B. subtilis, and C. krusei strains.

The results of microbiological assays of Ag:HAp (0 ≤ 𝑥Ag ≤
0.1) nanoparticles are shown in Figures 7(a)–7(e). The
Ag:HAp (𝑥Ag = 0) nanoparticles exhibited no inhibitory
effect on the microbial growth as compared to the positive
growth control (C+) (Figure 7(a)).TheAg:HApnanoparticles
with 𝑥Ag = 0.02 exhibited an inhibitory effect on the
growth ofK. pneumoniae at the first two tested concentrations
and of C. krusei 963 at the first three tested concentrations
(Figure 7(b)).TheAg:HApnanoparticleswith higher concen-
trations of Ag (𝑥Ag = 0.05; 0.07 and 0.1) showed an improved
antimicrobial activity against the same two pathogens, that is,
K. pneumoniae and C. krusei, but maintained for the entire

range of the tested concentrations, from 5 to 0.01mg/mL
(Figures 7(c), 7(d), and 7(e)). Starting with the 𝑥Ag = 0.05,
the tested nanoparticles started to exhibit also an inhibitory
effect against one of the two E. coli tested strains, that is, E.
coli ATCC 25922, which is totally susceptible to antibiotics,
being recommended as a reference strain for performing sus-
ceptibility testing. In exchange, the second E. coli 714 strain,
which is a clinical strain, resistant to beta-lactam antibiotics,
proved to be resistant to almost all tested nanoparticles,
irrespective to the silver ions concentration, except the
Ag:HAp nanoparticles doped 𝑥Ag = 0.1, demonstrating that
a potential cross-resistance mechanism could be responsible
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Table 1: Chemical analyses of samples.

Samples Ca/P (molar ratio) Ag (%) (Ca+Ag)/P
(molar ratio)

𝑥Ag = 0 1.668 — —
𝑥Ag = 0.02 1.673 1.89 1.675
𝑥Ag = 0.05 1.668 4.91 1.673
𝑥Ag = 0.07 1.666 6.97 1.669
𝑥Ag = 0.1 1.665 9.98 1.667

for the concomitant resistance to antibiotics and silver ions
in this strain. As for B. subtilis strain, only the nanoparticles
doped with the highest concentration of silver exhibited an
inhibitory effect. These results are clearly demonstrating that
the antimicrobial effect of the silver doped nanoparticles is
dependent on the structure of the microbial cell wall.

Kreibig and Vollmer [40], Morones et al. [41], and
Pal et al. [42] demonstrated that the nanosize of the nanopar-
ticles assures a large surface contact area with the microbial
cells and, hence, a better interaction with the microbial target
will occur. Raimondi et al. [43] and Bai et al. [36], studying
the inhibition of bacterial growth by differentially shaped
nanoparticles, showed that the antibacterial efficacy of the
nanoparticles depends on the shape of nanoparticles. In their
studies, Pal et al. [42] show that, in the case of spherical
nanoparticles, total silver content of 12.5 𝜇g is needed while
the rod shaped particles need a total of 50 to 100 𝜇g of
silver content. Our study demonstrates that the antibacterial
activity of Ag:HAp nanoparticles is dependent on the silver
concentration, with the intensity of the inhibitory effect
increasing proportionally from 0.01mg/mL to 5mg/mL. In
order to obtain a large and effective antimicrobial spectrum,
including the Gram-negative, Gram-positive bacterial and
fungal strains, a higher Ag:Hap concentration of 5mg/mL is
required for this type of nanoparticles.However, further stud-
ies are needed to evaluate the cytotoxicity of the nanoparticles
doped with this silver concentration, before recommending
them for in vivo clinical applications.

4. Conclusions

The Ag:HAp nanoparticles obtained by coprecipitation me-
thod at low temperature have good crystal structure and
doping components have little influence on the surface
morphology of the samples. The DRX analysis of Ag:Hap did
not exhibit the characteristic peak for silver. Low silver con-
centrations are required to be effective against Gram-negative
bacterial and fungal strains, but, however, the intensity of the
antimicrobial effect against these strains is increasingwith the
silver ions concentration. Only high Ag:HAp concentration
of 5mg/mL was effective against the Gram-positive bacterial
strains. The antimicrobial properties of Ag:HAp nanoparti-
cles are supporting their potential use for various medical
applications, for example, textile dressings, orthopedic and
dental prostheses, or implants with improved resistance to
microbial colonization.
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This study was to develop antibodies conjugated fluorescent dye-doped silica nanoparticles (FDS-NPs) aiming to increase signals
for the rapid detection of Escherichia coliO157:H7 with glass slide method. The FDS-NPs were produced with microemulsion/sol-
gel techniques resulting in spherical in shape with 47 ± 6 nm in diameter. The particles showed high intensity and stable orange
color Rubpy luminescent dye.TheXRD spectrum showed a broad diffraction peak in the range of 18–30∘ (centered at 22∘) indicating
an amorphous structure. Surface modifications for bioconjugation with affinity chromatography purified (IgGs) antibodies were
successful. The properties were evident from FTIR spectra at 1631.7 cm−1. Results indicated that nanoparticles could attach onto
cells of E. coli O157:H7 coated on a glass slide, and give distinctively bright color under epifluorescence microscope (400x). It was
shown that FDS-NPs could detect a very low amount of cells of E. coliO157:H7 (16 CFU in 10ml) in 60min.The phosphate buffered
saline (PBS)with ionic strength of 1.70 gave zeta potential of good particle dispersion (−40mV).Thiswork demonstrated that highly
sensitive bioconjugated E. coliO157:H7 FDS-NPs were successfully developed with a potential to be used for the rapid detection of
E. coli O157:H7 in foods.

1. Introduction

Rapid detection and identification of pathogens are of great
importance formedical and food analyses. Traditionalmicro-
biological methods of detecting and enumerating bacteria
require several days to yield reliable results. Inmany cases, the
products have already been used by the consumers before the
analyses are completed. Alternative and rapid assays based on
different microbiological methods are constantly developed
[1]. The effective testing of bacteria requires methods of
analysis that meet a number of challenging criteria. Time
and sensitivity of analysis are the most important limitations
related to the usefulness ofmicrobiological testing.Thedetec-
tion methods must give rapid results and highly sensitive
since the presence of even a single pathogenic organism in the
body or food may be an infectious dose [2]. To achieve good
detections, fluorescent labeling probes are among the most
popular methods. However, the traditional fluorophore such
as fluorescein isothiocyanate (FITC) is not photostable in

addition to the problem of relatively low fluorescence inten-
sity [3]. Fluorescent-doped silica nanoparticles (FDS-NPs)
have been developed [4].The advantages of these particles are
high intensity of the fluorescent signal, high photostability,
high solubility, no toxicity, and efficient conjugation with
various biomolecules because the silica surface is simple to
modify. In this experiment, we synthesized, characterized and
performed amine modification the FDS-NPs for the rapid
detection of E. coli O157:H7. The aim was to increase the
fluorescent signals surrounding E. coli O157:H7 cells to the
detection level rather than increasing cell numbers which
requires much longer time for growth, thereby significantly
reduces the detection time.

2. Materials and Methods

2.1. Preparation of Purified IgGs. Purified IgGs against E. coli
O157:H7 was prepared from concentrated E. coli O157:H7



2 Journal of Nanomaterials

rabbit polyclonal antiserum using affinity chromatography
method. Slide agglutination test was used to confirm effi-
ciency of the antiserum against E. coli O157:H7.

2.1.1. Preparation of Antiserum. E. coli O157:H7 polyclonal
antiserum was obtained from S&N Laboratory, Bangkok,
Thailand. It was diluted with 0.85% NaCl (ratio 1 : 1). Tris-
HCl (pH 8.0) was added to maintain pH, and then the anti-
serum solution was precipitated with saturated (NH

4
)
2
SO
4
.

The sample was centrifuged at 8000×g, 4∘C, for 30min to
collect the precipitate of mixed protein. The precipitate was
dissolved in 1x PBS, pH 7.2 to remove salt or other small
molecules, and then the sample was further desalted using
centrifugal ultrafiltration (Vivaspin 20; 30,000MWCO) for 3
wash cycles.The product was filtered through a 0.20 𝜇mfilter
before purification step.

2.1.2. Purification of IgGs. The mixed protein solution was
purified using protein A-sepharose affinity column (HiTrap
Protein A HP, 5mL). The column was equilibrated with 5
columnvolumes of binding buffer (20mMsodiumphosphate
buffer, pH 7.0). Then, the antiserum was applied and washed
with 5–10 column volumes of binding buffer to remove
impurities and unbound materials. The 1mL fractions were
collected and determined for amount of protein by UV
absorption at 280 nm. After that, the column was eluted with
5 column volumes of elution buffer (0.1M citric acid, pH
3.0). The fractions of IgGs were neutralized with tris-HCl
(pH 9.0) and pooled together. It was desalted using Vivaspin
20 ultracentrifugation. The purified IgGs was further deter-
mined for protein concentration with Lowry method [5] and
for purity using sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE).

2.2. Preparation of Test Organisms. In this study, E. coli
O157:H7 was used as a target organism for the detection with
FDS-NPs and MNPs, while E. coli ATCC 8739, E. aerogenes,
P. mirabilis, S. Typhimurium DMST 16809, B. cereus ATCC
11778, and S. aureus ATCC 25923 were used as challenge
organisms to study the specificity of the nanoparticles. All
test bacteria were grown in TSB at 37∘C for 24 h before
experiment. The bacterial inoculum was spreaded on PCA
plate using sterile swab. Then, sterile glass slide was placed
on the surface of that agar medium and incubated at 37∘C
for 8 h to allow the bacteria to grow and attach on the glass
slide. After incubation, the slide was gently washed to remove
unbound cells before detection with FDS-NPs.

2.3. Fluorescent Dye-Doped Silica Nanoparticles

2.3.1. Preparation of FDS-NPs. The method was modified
from that described by Tansub et al. [6]. Briefly, cyclohexane,
1-hexanol, Triton X-100, 20mM Rubpy dye solution, TEOS,
and 30%NH

4
OHweremixed together and stirred (1500 rpm)

in a 50mL flask for 24 h. After the reaction was completed,
FDS-NPs were separated from the solution with acetone
precipitation. FDS-NPs were then washed with 95% ethanol
and distilled water several times to remove the solvent and

surfactant. The nanoparticles were dried in hot air oven at
100∘C for 48 h. After that, the nanoparticles were ground and
stored in dark bottles.

2.3.2. Characterization of FDS-NPs. Characterization of
FDS-NPs was carried out as described by Tansub et al. [6].
Size and morphology of FDS-NPs were examined under
TEM. Elemental components were analyzed by using scan-
ning electron microscope with SEM-EDS. Particle structure
was analyzed by using XRD (40 kV, angle 4–45 degree, incre-
ment 0.02 degree/step, and scan speed 0.3 sec/step). Optical
properties, excitation, and emission spectra of Rubpy dye and
the FDS-NPs were obtained using the spectrofluorometer for
investigation. The photostability was obtained from the flu-
orescence intensity measured with spectrofluorometer every
5min.

2.3.3. Surface Modification and Coating of IgGs onto FDS-NPs

Surface Modification. Amino group modification of FDS-
NPs was carried out before coating with IgGs. FDS-NPs
of 2mg/mL was suspended in 1mM acetic acid containing
5% APTES and stirred at room temperature (30∘C) for 3 h.
Then, the amino-functionalized FDS-NPs were washed with
distilled water. The nanoparticles were stored in a dark bottle
at 4∘C. They were characterized by FT-IR spectrometer to
confirm the existence of free amino group on the particle
surface. The sample was prepared by milling the FDS-NPs
withKBr (ratio 1 : 100) to forma very fine powder.Thepowder
was then compressed to a thin pellet before it was analyzed
with FT-IR spectrometer at midinfrared wave (wave number
4000–400 cm−1) with resolution of 4.0 cm−1 and number of
scan of 32.

Coating of IgGs onto FDS-NPs. The suspension of amino-
functionalized FDS-NPs in 1x PBS (2mg/mL, pH 7.4) with
2.5% glutaraldehyde was stirred at room temperature for 2 h.
The particles were separated by centrifugation and washed
with PBS to remove free glutaraldehyde. After that, they were
redispersed into 1x PBS. The glutaraldehyde treated FDS-
NPs were then incubated with purified IgGs against E. coli
O157:H7 by adjusting the final concentration of FDS-NPs and
IgGs to 2 and 0.1mg/mL, respectively. The suspension was
divided to two portions. One was incubated at 4∘C and the
other at 37∘C to study the effects of temperature. The amount
of protein on the particles at 3, 6, 12, and 24 h of incubation
was determined by Lowry method [5]. Noncovalent binding
of IgGs on particles was also studied using unmodified FDS-
NPs incubated with IgG solution at the same conditions as
described above.

2.3.4. Zeta Potential Measurement. Effect of ionic strength
on aggregations of FDS-NPs in terms of zeta potential was
investigated. Uncoated and IgG-coated FDS-NPs were dis-
persed in 0.1x PBS (0.2mg/mL), pH 7.4 (a standard solution),
and that containing different NaCl concentrations. FDS-NP
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suspension was analyzed for zeta potential with zeta meter.
The ionic strength (𝐼) of a solution was calculated by (1):

𝐼 =

1

2

𝑛

∑

𝑖=1

𝑐
𝑖
𝑧
2

𝑖
, (1)

where 𝑐
𝑖
is a molar concentration of 𝑖th ion present in the

solution and 𝑧
𝑖
is its charge.

Stability and dispersibility of particles at each zeta poten-
tial (in the unit of mV) can be interpreted as follows. The
values from −30 to +30 are considered unstable and tend to
aggregate, from −40 to −30 and +40 to +30 are moderately
stable, −60 to −40 and +60 to +40 are good stability, and the
values beyond −60 or +60 indicated excellent stability [7].

2.3.5. Testingwith Bacteria. FDS-NPswere testedwith targets
on the effects of incubation time and particle concentration
and with nontarget bacteria in terms of specificity. All
samples were stained with DAPI (a fluorescent dye which
binds to DNA of organisms and exhibits blue luminescence
when it is excited with UV light) before observation to easily
distinguish between particle bound and unbound cells. The
samples were observed under epifluorescence microscope
with UV and blue light excitation. Each treatment of all
experiments was performed in triplicate.

Effect of Incubation Time. Glass slide with E. coliO157:H7 was
flooded with 0.5mL of IgG-coated FDS-NPs (0.2mg/mL)
and incubated at room temperature at various reaction times
(15, 30, 60, 120, and 180min). After the incubation, the
slide was washed to remove unbound particles and then was
stained with DAPI solution. The slide was observed under
epifluorescence microscope. Capture efficiency of FDS-NPs
at each incubation time was assessed as the percentage of
bacterial cells attached by particles to the total bacterial cells
in the slide in the same field for 3–5 fields. Capture efficiency
was calculated by (2):

Capture efficiency (%) = (
𝑁
𝑎

𝑁
0

) × 100, (2)

where 𝑁
𝑎
is number of bright orange dots (FDS-NPs bound

cells) and𝑁
0
is the sum of bright orange and blue dots (total

cells) which were found in the microscopic field.

Effect of FDS-NP Concentration. IgG-coated FDS-NPs were
dispersed and diluted to 0.2, 0.5, and 1.0mg/mL in 1x PBS (pH
7.4). Then, glass slide with E. coli O157:H7 was flooded with
0.5mL of particle suspension and incubated for 60min at
room temperature.Then, it was washedwith distilledwater to
remove unbound particles. The slide was stained with DAPI
solution and observed under epifluorescence microscope.
Capture efficiency of FDS-NPs at each concentration was
calculated by (2). Nonspecific binding of FDS-NPs was also

observed using uncoated FDS-NPs incubated with E. coli
O157:H7.

Specificity.The specificitywas tested using the same glass slide
method but using non-E. coli O157:H7 bacteria with IgG-
coated FDS-NPs.The attachment was considered nonspecific
binding of the FDS-NPs.

3. Results and Discussion

3.1. Purification of Antiserum. E. coli O157:H7 polyclonal
antiserum purchased from S&A Reagent Lab was tested with
suspension of E. coli O157:H7 and other bacteria. Positive
result which refers to agglutination was obtained from E. coli
O157:H7, while negative results were observed with E. coli
ATCC 8739, E. aerogenes, P. mirabilis, S. typhimuriumDMST
16809, B. cereus ATCC 11778, and S. aureus ATCC 25923.
Results indicated thatE. coliO157:H7 antiserumhad adequate
efficiency to use for further experiments.

3.2. Purification of IgGs. The antiserum had protein content
of 56mg/mL. Because total protein of antiserum was 280mg
(56mg/mL, 5mL) that was greater than the binding capacity
of the protein-A sepharose affinity column (about 100mg
IgGs), the E. coli O157:H7 antiserum was prior divided into
4 portions. Each portion was applied into column for 2
cycles.The target IgGs were obtained only from the first cycle
of purification. None was detected from portions from the
second cycle. Figure 1 shows amount of protein and IgGs of
each fraction. For portions 1, 2, 3, and 4, IgG was collected
from fractions 22 to 33, from 29 to 40, from 29 to 42, and from
34 to 40, respectively.The purified IgG was further examined
for the purity by SDS-PAGE.The results confirmed its purity
by showing two bands of heavy chain, 50 kDa, and light chain,
25 kDa (Figure 2).

For this research, an E. coli O157:H7 antiserum from a
rabbit was purified with protein A-sepharose affinity column.
Protein A is a surface protein found in cell wall of Staphylo-
coccus aureus. Protein A consists of six different regions, five
of which show strong, specific binding for the Fc-part of IgG,
leaving the antigen-binding sites free. Immobilized protein A
can bind at least twomolecules of IgG permolecule.When an
antiserumwas applied into a column, IgGwill bind to protein
A-sepharose, while other proteins do not.The binding of IgG
and protein A can be broken by acidity of elution buffer.

3.3. Synthesis and Characterization of FDS-NPs. FDS-NPs
were successfully synthesized bymodified sol-gel reaction via
water-in-oil microemulsion method. At the early step, the
mixture was a homogeneous solution with clear orange color.
After the reaction had passed 24 h, there was no change in
the mixture. But when acetone was added to isolate NPs, the
mixture changed from clear orange solution to precipitate like
a gel indicating that the formation of FDS-NPs has completed.
The FDS-NPs were washed, dried, and ground. The obtained
product was fine orange powder. The FDS-NPs were quite
uniform in spherical shape with average sizes of 47 ± 6 and
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Figure 1: Purification of IgGs from E. coli O157:H7 antiserum.
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Figure 2: SDS-PAGE of the purified IgGs. Lane 1 is protein standard
(ladder). Lanes 2 and 3 are IgGs from E. coli O157:H7 antiserum.

mode of 50 nm (Figure 3). The TEM image shows that FDS-
NPs were quite uniform in spherical shape.

In the synthesis of FDS-NPs, TEOS, as a precursor,
reacts with water to form polymer of SiO

2
or silica by sol-

gel process [4]. A polymerization reaction is initiated by
NH
4
OH. In water-in-oil microemulsion, the aqueous phase

is dispersed as microdroplets surrounded by a monolayer of
surfactant and cosurfactant molecules (Triton X-100 and 1-
hexanol) in the continuous hydrocarbon phase (cyclohex-
ane). The aqueous cores of microemulsion systems can serve
as compartmentalized media for chemical reactions, as a
microreactor for the synthesis of NPs [8]. In addition, the size
of the NPs can be manipulated as needed, by changing the
water-to-surfactant molar ratio [6, 9]. While this reaction is

50 nm

Figure 3: The TEM image of FDS-NPs at 160000x.

proceeding, a lot of Rubpy dyemolecules, which are dissolved
in water phase, are trapped inside a silica matrix. That makes
this particles have a luminescence property.

3.4. Structure of FDS-NPs Using X-Ray Diffraction. The SiO
2

materials can be divided into two states: the crystalline
and amorphous. XRD measurement to characterize the
structure of FDS-NPs was performed. The XRD spectrum
(Figure 4) shows a broad diffraction peak in the range
of 18–30∘ (center at 22∘), which indicates an amorphous
structure [10–12]. In this study, XRD spectrum of FDS-
NPs did not match with any standard XRD pattern in the
database of Inorganic Crystal Structure Database (ICSD). It
is also reported that silicon dioxide is an amorphous solid
which does not have a characteristic X-ray diffraction pattern
(http://www.ltschem.com/sio2.htm).

3.5. Optical Properties of FDS-NPs: Excitation and Emission
Spectra. The study of luminescence properties showed that
both FDS-NPs and pure Rubpy had an excitation band
in the range of UV light to blue light maximum with
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Figure 4: XRD spectrum of FDS-NPs.

the maximum excitation wavelength at 455 nm (Figure 6).
Emission spectrum of FDS-NPs was the same as that of pure
Rubpy dye, which had a maximum emission wavelength at
606 nm (the range of orange light) (Figure 7). These results
indicated that the structure of silica did not change optical
properties of fluorescent dye.

3.6. Photostability. The FDS-NPs were excited with UV light
(365 nm) of mercury lamp (8W) for 60min (Figure 6).
After excitation for 60min, the FDS-NPs showed a slight
decrease (1.5%) of the emission intensity, while the emission
intensity of pure Rubpy dye was decreased by 6%. This
study chose high hydrophilic Rubpy dye as an inorganic
fluorescent dye. Therefore, it can dissolve in water and hence
suit to be applied with FDS-NPs synthesis using water in oil
microemulsion. The dye molecules appear to be more stable
and well protected by FDS-NPs structure from photobleach-
ing and photodegradation that often affect conventional dyes.
Moreover, a large number of dye molecules incorporated
inside a very small volume of silica particle made FDS-
NPs a very bright luminescence when excited (Figure 7).
The maximum fluorescent intensity of dyes in the particles
appears to be higher than that of the pure formbecause a large
number of molecules were trapped in the FDS-NPs particles.

3.7. Elemental Components and Surface Modification of FDS-
NPs Particles. Elemental components of FDS-NPs product
were characterized by SEM-EDS. The results showed that
the elements of FDS-NPs comprised of Si (11.31% atomic),
O (64.43% atomic), Ru (0.15% atomic), and C (24.11%
atomic). The existence of Ru confirmed that Rubpy dye was
doped inside the particles. Carbon was also detected. Three
possible presumptions for the existence of carbon in FDS-
NPs could be from either Rubpy dye molecules, alcohol from
condensation reaction, or organic components which bound
tightly with FDS-NPs. A large amount of oxygen higher than
a general 1 : 2 atomic ratio of SiO

2
was found in FDS-NPs.

This suggested that the extra oxygen molecule was from
H
2
Omolecules which bound to the particles. This result was

confirmed by the FT-IR spectra (data not shown), where the
appearance of H

2
O was confirmed.

Based on the FTIR spectra of FDS-NPs with amino-
functionalized surface modification, it was found that the
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Figure 5: Amount of IgGs on FDS-NPs after incubation at various
conditions.

amine group was successfully attached onto the particle
surface.Thewave numbers from 3400 to 3280 cm−1 represent
–NH
2

asymmetric and symmetric stretching vibrations.
The wave numbers from 1650 to 1600 cm−1 represent N–H
bending vibration. Since IR bands that refer to N–H bending
vibration and –NH

2
stretching vibration overlap with the

IR bands of –OH groups and C–N stretching vibration was
overlapped with the absorption peak of Si–O–Si stretching
vibration, it is difficult to distinguish between modified and
unmodified FDS-NPs.

There were two points that were quite different between
them. First, a broad IR band in the rage from 3600 to
3000 cm−1 generally refers to O–H stretching vibrations of
Si–OH and adsorbed H

2
O [13–15]. This range also overlaps

with the asymmetric and symmetric stretching vibrations of
the –NH

2
groups. From the result, this band ofmodified FDS-

NPs was wider than unmodified one. This can be explained
by the absorption of amino group which was added into
modified particles. Second, a band around the range from
1630 to 1600 cm−1 of modified particles was also wider
than that of the unmodified particles [13, 14]. Tansub et
al. [6] found similar overlapping. The authors successfully
confirmed the existence of amino group on particle surface
by FT Raman.

3.8. Antibodies Conjugation (IgGs) with FDS-NPs. Effects
of reaction temperature and time on coating IgG on
FDS-NPs were determined from amount of immobilized
protein on FDS-NPs. The high concentration of IgG solution
(100 𝜇g/mL) was incubated with amino-modified FDS-NPs
to obtain the maximum IgG loading capacity of FDS-NPs.
Protein assay by Lowry method was used for determining
the remaining protein. The total protein concentration sub-
tracted by the remaining protein yields the protein attached
on FDS-NPs particles.

Results that showed average amount of immobilized IgGs
on amino-modified FDS-NPs at 4∘C for 3, 6, 12, and 24 hwere
14.20, 18.90. 20.89, and 22.30 𝜇g/mg, respectively (Figure 5).
Whereas at 37∘C, the immobilized IgGs on FDS-NPs were
19.83, 20.85, 24.83, and 33.02 𝜇g/mg, respectively (Figure 5).
The longer incubation time resulted in higher immobilized
IgGs on FDS-NPs. Higher rates of immobilization were
obtained from incubation at 37∘C compared with that of 4∘C.
Thus, condition of 37∘C and 24 h was used as an appropriate
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Figure 6: Zeta potential at various ionic strength of FDS-NPs
(uncoated FDS-NPs) and IgG-coated FDS-NPs.

condition for IgG coating for subsequent experiments. The
attachments were not significant at 4∘C, but the incubation
at 37∘C gave a significant increase of bound protein on FDS-
NPs. At 3 h incubation, for example, IgGs on particles were
detected at much lower concentrations (3.43 𝜇g/kg) than the
IgGs on amino-modified FDS-NPs (20 𝜇g/kg).

Since the immobilization of protein onto particles can
occur via both physical and chemical approaches, noncova-
lent binding was also observed using unmodified FDS-NPs.
The amount of IgGs after incubation for 3, 6, 12, and 24 h
were 4.74, 10.94, 12.01, and 12.65 𝜇g/mg for incubation at 4∘C
and were 3.34, 6.20, 9.43, and 10.86 𝜇g/mg for incubation
at 37∘C. It indicated that noncovalent binding may occur
in this procedure due to electrostatic force, van der Waals
interaction, or hydrogen bonding.

There are numerous techniques to choose to immobilize
protein onto nanoparticle, depending on functional groups
on the nanoparticle surface and biomolecules. In this case,
FDS-NPs were modified to have amino groups on their
surface that facilitate the bioconjugation with the target
antibodies. Thus, glutaraldehyde, which is well known as a
crosslinking reagent between two amino groups of protein,
was used for FDS-NPs-IgGs conjugation. Two aldehyde
groups at both sides of glutaraldehyde molecule are reactive
groups that can bind to amino group via covalent bonding.
This allowed IgGs to be immobilized on FDS-NPs. From the
experiment, this technique is easy to manipulate, does not
require many reagents, and has short time consumption with
high efficiency.

3.9. Zeta Potential of FDS-NPs. Zeta potential is an electric
potential in colloidal system. It is useful for prediction of
dispersion stability of particles in solution sincemany factors,
such as pH, conductivity, type of ion, and ionic strength in a
medium have an effect on this value. However, pH 7.4 is the
favorable pH for antigen-antibody interaction. Thus, only an
effect of ionic strength to the zeta potential of FDS-NPs was
studied.

Generally, zeta potential particles in the range from 30
to −30mV will be unstable and tend to aggregate, that is,

undesirable to any application, and they are more stable
when the value is far from zero point. From the results,
zeta potential of uncoated FDS-NPs at all ionic strengths
was well below −30mV (Figure 6), indicating that the FDS-
NPs were well dispersed and stable when ionic strength was
0.167. However, after FDS-NPs were coated with IgGs, the
zeta potential of each ionic strength has changed, suggesting
that these changes derived from an effect of IgGs coated on
particle surface. The zeta potentials of IgG-coated FDS-NPs
at all ion concentrations were about −40mV and slightly
decreased when ionic strength increased. This means the
FDS-NPs are, moderately to well, dispersed in all conditions
of this experiment. Although at high ion concentration,
coated FDS-NPs had more stability. However, high ionic
strength can cause the antibody to denaturalize, thereby
decrease the efficiency of antigen-antibody interaction.Thus,
ionic strength of 0.167 was considered as an appropriate
condition for further experiment.However, the ionic strength
(0.167) is approximate to the ionic strength of 1x PBS (ionic
strength 0.17). Therefore, 1x PBS (pH 7.4) was used as a
solution for further experiment.

3.10. Testing with Bacteria. The antibody conjugated FDS-
NPs were tested for their capturing ability of the target E.
coli O157:H7 cells using glass slide method. The target cells
exhibit bright orange color under epifluorescencemicroscope
(Figure 7).

3.10.1. Effect of Incubation Time. Effects of incubation time
were observed under epifluorescence microscope (Figure 7),
and the targets were excited with both blue and UV lights
to compare the ratio of bound and free cells. It was found
that, the FDS-NPs gave distinctively bright color under
epifluorescence microscope that facilitated the detection of
target bacteria by increasing the signals not the cell numbers.
The signals increment requires only 15–60min to reach the
detection level, while the cell growth requires 24–48 h to
reach the detectable level from 105 to 108 cfu/g.

The capture efficiency of FDS-NPs was 58.17%, 74.48%,
87.83%, 85.23%, and 90.91% for 15, 30, 60, 120, and 180min,
respectively. The longer incubation time resulted in the
greater capture efficiency. However, when the incubation
time had passed 120min, the amount of bacteria which
were bound with FDS-NPs was not different from that of
the 60min. This indicated that it reached to the maximum
binding capacity of FDS-NPs. Thus, 60min were assumed
optimal incubation time for this experiment.

3.10.2. Effects of FDS-NP Concentration. E. coliO157:H7 cells
were incubated with various concentrations of FDS-NPs.
Capture efficiency of 0.2mg/mL FDS-NPs was 87.31%, while
0.5mg/mL and 1.0mg/mL FDS-NPs were 87.77% and 88.77%
because 0.2mg/mL FDS-NPs gave a percent capture closed
to that of 1.0mg/mL FDS-NPs. Hence, 0.2mg/mL was used
as the concentration of FDS-NPs in the subsequent exper-
iments. Moreover, to ensure whether E. coli O157:H7 cells
were captured by FDS-NPs via antigen-antibody interaction,
uncoated FDS-NPs were incubated with the target bacteria



Journal of Nanomaterials 7

15 min

30 min

60 min

120 min

180 min

(a)

15 min

30 min

60 min

120 min

180 min

(b)

Figure 7: Fluorescence images at 1000x of E. coliO157:H7 incubated with IgG-coated FDS-NPs at various incubation times: (a) excited with
blue light and (b) excited with UV light.
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as a control. The results showed that the capture efficiency
of all trials were about 3%–5% indicating that few cells were
captured by uncoated FDS-NPs (Figure 8). This capture was
nonspecific binding and could occur by weak interaction
between surface of bacterial cells and surface of FDS-NPs
such as electrostatic force. However, for this experiment, it
was confirmed that the bacterial cells were captured by IgGs
on FDS-NP surface rather than other unspecific interactions.

4. Conclusion

This study demonstrated that the FDS-NPs nanoparticles
prepared by microemulsion combined with sol-gel tech-
niques were successful having spherical shape with nanosize
(40–50 nm) with high photostability of luminescence (1.5%
decrease when excited with 8W UV light for 60min). The
nanoparticles were modified to add functional group (amino
group) on their surface using APTES. Glutaraldehyde was
used as crosslinker between IgGs and particle surface that
allowed IgGs to coat on FDS-NPs. Loading capacity of IgGs
on particle surface was about 33 𝜇g/mg when incubated
with IgGs at 37∘C for 24 h. IgG-coated FDS-NPs tended
to create aggregates in the detection of targeted bacteria,
while the detection of E. coli O157:H7 on glass slide was
successful. FDS-NPs could attach onto target organism and
give distinctively bright color under fluorescencemicroscope.
The detection of bacteria with this nanoparticle is very
promising, though at low levels of the cells, due to their
ability of amplify light signal in the detection step. Capture
efficiency at 0.2mg/mL FDS-NPs and 60min incubation
was 87.31%. IgG-coated FDS-NPs had low cross-reaction to
nontarget bacteria despite using polyclonal antibody with
affinity purification.
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Retinoic acid (R) grafted chitosan (C) copolymers with different degree of substitution of retinoic acid on the chitosan were
synthesized. Retinoic acid targeted chitosan-albumin nanoparticles were prepared for targeted delivery of doxorubicin in
hepatocellular carcinoma by coacervation method. Physical properties of nanoparticles including particle size, zeta potential, drug
loading efficiency, and drug release profiles were studied. TEM micrographs were taken to see the morphology of nanoparticles.
The cytotoxicity of doxorubicin-loaded nanoparticles was studied on HepG2 cells using MTT assay and their cellular uptake
by fluorescence microscopy. FTIR and 1HNMR spectra confirmed successful production of RC conjugate which was used in
production of the targeted RC-albumin nanoparticles. IC

50
of drug loaded in these nanoparticles reduced to half and one-third

compared to nontargeted nanoparticles and free drug, respectively.

1. Introduction
Hepatocellular carcinoma (HCC) is the fifth most common
malignancy in the world, the most common primary malig-
nancy of the liver, and the thirdmost common cause of cancer
deaths [1, 2]. The data from epidemiological surveys show
that the incidence is rising in North America, Oceania, and
central Europe [1]. Unfortunately, the 5-year survival rate of
the disease is very low (<5%), and about 600,000 lives are
lost each year because of HCC [3]. Important risk factors for
HCC include hepatitis B and chronic hepatitis C infection,
alcoholic cirrhosis, and nonalcoholic steatohepatitis [4].

Patients diagnosed at early stage benefit from surgical
resection, percutaneous ablation, and liver transplant, but
more than 80% of patients are diagnosed at intermediate
stage [5–9]. Even after curative treatments like resection or
percutaneous ablation the recurrence rate is high [10]. The
other problem is poor sensitivity to radiotherapy and high

resistance to available anticancer drugs [11, 12]. In addition,
side effects of chemotherapeutic agents are one of major
limitations in cancer treatment; for example, cardio toxicity
is one of most important risks of anthracyclines which are
used in different types of malignancies including: leukemias,
lymphomas, breast, uterine, ovarian, and lung cancers. Sug-
gested mechanisms of action for anthracyclines are three
mechanisms: (1) inhibition of DNA and RNA synthesis by
intercalating between base pairs of the DNA/RNA strand,
thus preventing the replication of rapidly growing cancer
cells, (2) inhibition of topoisomerase II enzyme, preventing
the relaxing of supercoiled DNA and thus blocking DNA
transcription and replication, and (3) creation of iron-
mediated free oxygen radicals that damage the DNA and cell
membranes [13, 14].Themost important reported side effects
of these drugs include cardiotoxicity and vomiting which
considerably limit their usefulness. Considering these facts,
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designing a drug delivery systemwithminimumpossible side
effects appears to be reasonable.

Nanoparticulate drug carriers require more considera-
tions in HCC, because Kupffer cells in liver sinusoids take up
the nanoparticles and make the drug delivery difficult [15–
17]. If the nanoparticle is targeted somehow to release the
drug almost only into HCC affected liver cells, the cytotoxic
activity will be less than nontargeted ones as was shown with
doxorubicin [18]. Vascular endothelial growth factor, growth
factor receptor, galactose, transferrin, folate, and retinoic acid
can be used as potential targeting agents in HCC [19–23].
Among them retinoic acid would be one of the best choices
since the retinoic acid receptor-𝛼 is reported as the dominant
receptor in HCC, and its mRNA has been shown to be at low
levels in normal liver but at high levels in HCC [22, 24].

Retinoic acid (R) is a derivative of vitamin A with an
important role in regulation of cell proliferation and differ-
entiation [25], and its inhibitory effect on cancer cell growth
is well established [26–30].

Chitosan (C) a chitin derivative is the second biomass
found in huge amounts on earth and along with its deriva-
tives is known as a low-toxic, biocompatible, biodegradable,
mucoadhessive, and low production cost material [31, 32]
which has been used as a delivery system for proteins, nut-
raceuticals, gene, and drugs [33–37]. Because of its positively
charged nature at low pH values, chitosan can associate with
anions to form polyelectrolytes in solution [31].

Albumin, a versatile protein carrier for drug delivery, has
been shown to be nontoxic, nonimmunogenic, biocompatible
and biodegradable. Therefore, it is ideal material to fabricate
nanoparticles for drug delivery. Albumin nanoparticles have
gained considerable attention owing to their high binding
capacity of various drugs and beingwell toleratedwithout any
serious sideeffects [38].

Ionic coacervation method is a suitable preferred tech-
nique for production of nanoparticles as colloidal drug car-
riers which have the capability of being decorated with the
specific receptor binding ligands. Since there is no organic
solvent used in this method and nanoparticles are prepared
without involving toxic cross linking agents like glutaralde-
hyde, the resulting nano-dispersion has no toxic residue to
be removed which, in turn reduces production costs, and a
safer drug delivery system will be resulted.

The aim of the present study was designing a targeted
delivery system of doxorubicin to hepatocellular carcinoma
by anchoring retinoic acid to chitosan-albumin nanoparti-
cles. Epirubicin is the anticancer agent of choice used in
HCC [23], but as there is no evidence suggesting any survival
or response difference between epirubicin and its isomer,
doxorubicin, at similar doses [39], doxorubicin was used in
the present study due to its lower cost.

2. Materials and Methods

2.1. Materials. Doxorubicin HCl was provided from Han-
gzhou ICH Biopharm Co., Ltd. (Zhejiang, China), retin-
oic acid from Solmag (Italy), and chitosan oligosaccha-
ride (90% deacetylated, Mw = 8.6 kDa) was supplied by
Yuhuan Marine Biochemistry Co., Ltd. (Zhejiang, China).

N-hydroxysuccinimide (NHS), N, N-Dicyclohexylcarbo-
diimide (DCC), and 3-[4, 5-dimethylthiazol-2-yl]-2, 5-
diphenyl tetrazolium bromide (MTT) were from Sigma
(USA). Egg albumin, anhydrous dimethylsulfoxide (DMSO),
and acetic acid were from Merck Chemical Company (Ger-
many). RPMI-1640 culture medium was from PAA (Austria)
and antibiotic mixtures were from GIBCO Laboratories
(Scotland). HepG2 cell line was supplied by Pasteur Institute
(Iran).

2.2. Preparation of Retinoic Acid Anchored Chitosan (RC).
The coupling reaction of retinoic acid and chitosan was done
as reported in our previous work [40] with little change.
Briefly, chitosan (2 g) was dissolved in acetate buffer (0.1M,
pH 4.7). Retinoic acid (calculated amounts for substituting 2
and 4 amine groups), DCC, and NHS (each in 1.5-fold of R)
were dissolved in 12mL of anhydrous DMSO, and after 24 hr
of stirring under nitrogen flush, this solution was added drop
wise to chitosan solution and was left to be stirred overnight
in darkness at room temperature. After completion of the
reaction, diluted aqueous solution of NaOH was added drop
wise to adjust the pH of reaction flask to 9. The product was
then dialyzed (Mw cutoff 2000, Membra-Cel, Viskase, USA)
against phosphate buffer at pH 7.4 and water (each for 2 days)
and finally lyophilized for maximum purification (Freeze-
dryer, Christ, 𝛼-2-4 LDPlus, Germany). Chitosan with 2 or
4 groups substituted was tagged as R2 or R4, respectively.

2.3. Preparation of RC-Albumin Nanoparticles. To fabricate
RC-albumin nanoparticles, an aqueous coacervation tech-
niquewas used.Different amounts of each type of synthesized
RC (6.66–66.6mg of R4 or R2) were dissolved by levigating
with a few drops of water and acetic acid.Then enough water
was added, and the pHwas adjusted to 2.49.The solution was
then sonicated using probe sonicator (HD 3200, Bandeline,
Germany) for 4 min with the power of 40w for amounts less
than 50mg and 60w for 50mg and more. The drug (2.6–
50mg) was then added to this solution while being stirred.
The albumin solution was prepared simply by dissolving egg
albumin (3.34–50mg) in deionized water. In the next step,
albumin solution was added drop wise to the solution of RC
while being stirred at 600 rpm.

2.3.1. Experimental Design. To evaluate the effect of process-
ing variables on the responses of particle size, zeta potential,
encapsulation efficiency (EE%), and drug release efficiency
(RE%) and to screen the most effective ones, an irregular
factorial design was used. Four different variables including
total polymer, polymer type, albumin amount, and drug
content were studied each in two levels. Table 1 shows the four
control factors selected in the optimization study.

An overview of the formulations investigated is presented
in Table 2.

A run involved the corresponding combination of lev-
els to which the factors in the experiment were set. All
experiments were done in triplicate. The effects of the
studied variables on the responses were then analyzed by
the Design Expert software (Version 7.1, USA) to obtain
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Table 1: Description and trial levels of studied factors in irregular
factorial design used in preparation of doxorubicin loaded in RC-
albumin nanoparticles.

Studied variables Levels
I II

Total mass of RC-albumin (mg) 10 100
Polymer type R2 R4
Albumin/RC 0.5 1
Drug/RC-albumin 0.25 0.5

Table 2: Composition of different formulations investigated in
preparation of doxorubicin loaded in RC-albumin nanoparticles
using irregular factorial design.

Formulation
code

Total mass of
RC-albumin
(mg) (A)

Albumin/RC
(B)

Drug/RC-
albumin
(C)

Polymer
type
(D)

A100B1C0.5R2 100 1 0.5 R2
A10B0.5C0.5R2 10 0.5 0.5 R2
A10B0.5C0.25R2 10 0.5 0.25 R2
A100B0.5C0.5R4 100 0.5 0.5 R4
A100B0.5C0.5R2 100 0.5 0.5 R2
A10B1C0.5R2 10 1 0.5 R2
A100B1C0.25R2 100 1 0.25 R2
A100B0.5C0.25R4 100 0.5 0.25 R4
A10B1C0.5R4 10 1 0.5 R4
A100B1C0.25R4 100 1 0.25 R4
A10B0.5C0.25R4 10 0.5 0.25 R4
A10B1C0.25R4 10 1 0.25 R4

independently the main effects of these factors, followed by
the analysis of variance (ANOVA) to determinewhich factors
were statistically significant. The optimum conditions were
determined by the optimizationmethod to yield a heightened
performance.

2.4. Particle Size and Zeta Potential Measurements. Themean
particle size and zeta potential of RC-albumin nanoparticles
were measured by photon correlation spectroscopy (PCS)
at a fixed angle of 90∘ (Zetasizer, ZEN 3600, Malvern
Instrumental, UK). Nanodispersion was suitably diluted to
measure mean particle size and polydispersity index.

2.5. Entrapment Efficiency. A 600 𝜇L of RC-albumin nano-
dispersion was centrifuged (Microcentrifuge Sigma 30 k,
UK) at 10000 rpm for 5min in eppendorf tubes (cut-off
10000Da). The supernatant, containing the free drug, was
diluted 1 : 7 with deionized water, and the UV absorbance
of resulting solution was evaluated spectrophotometrically
(UV-mini 1240, Shimadzu, Kyoto, Japan) at 𝜆max = 247 nm.
The solution contained all components but the drug was
used as the blank. The amount of entrapped drug was deter-
mined through the difference between the total and the free

drug. The entrapment efficiency (EE) of doxorubicin in RC-
albumin nanoparticles was calculated using the following:

EE (%) =
entrapped drug in nanoparticles
total amoutn of drug added

× 100. (1)

2.6. Drug Release Studies. Two ml of each nanoparticle
dispersion was transferred to a dialysis bag (Mw cutoff 12000,
Membra-Cel, Viskase, USA), and the bag was placed in
phosphate buffer solution (pH 7.4) containing 2% Tween 20
while stirred at 37 ± 1∘C. 700𝜇L samples were taken and
doxorubicin absorbance of each sample was measured at
𝜆max = 499.4 nm at specific time intervals until 70% of
entrapped drugwas released into themedia.Theparameter of
release efficiencywithin 60min (RE

60
%)was used to compare

the release profiles:

RE
60
% =
∫

𝑡

0
𝑦 ⋅ 𝑑𝑡

𝑦100 ⋅ 𝑡

× 100. (2)

2.7. Optimization of the RC-Albumin Nanoparticle Formula-
tions. Data processing was done using Design Expert soft
ware and the effects of each independent variable on the
studied responses were, determined. All responses fitted in
the linear model.

The constraints of particle size was 148.0 ≤ 𝑌
1
≤

472.2 nm with particle size targeted on minimum, for zeta
potential it was 29.3 ≤ 𝑌

2
≤ 46.8mV while it was desired

to be in range of obtained results, for loading efficiency the
constraints were 7.3 ≤ 𝑌

3
≤ 58.0% with the goal set at the

maximum and RE
60
% had constraints of 41.5 ≤ 𝑌

4
≤ 76.8%

with desired target set at the maximum.

2.8. Transmission Electron Microscopy (TEM). Samples of
well-dispersed optimum formulation of nanoparticles were
placed on a 300mesh carbon coated copper grid, and the grid
was left to dry in room temperature.Micrographs were taken
with different levels of magnification with an accelerating
voltage of 80 kv using a transmission electron microscope
(Zeiss, EM10C, Germany).

2.9. Cell Culture. HepG2 cells (purchased from the Pas-
ture Institute, Iran) were maintained in tissue culture
flask in 5% CO

2
, 95% humidified atmosphere at 37∘ in

RPMI-1640 medium containing 10% (v/v) of FBS (Fetal
Bovine Serum), and 1% of antibiotics mixture (peni-
cillin/streptomycin 50 IU/mL).

2.10. Cell Proliferation Assay (MTT Assay). HepG2 cells in
logarithmic phase of growth were plated in 96-well plates at
2 × 10

4 cells/mL and grown for 24 hr. The cells were then
treated with doxorubicin-loaded RC-albumin nanoparticles,
chitosan-albumin nontargeted nanoparticles, and free dox-
orubicin all at 0.25, 0.5, and 1 𝜇g/mL concentrations at 37∘C
for 48 hr. In each case blank nanoparticles with the same
concentration were used for comparison. After this period,
each well was exposed to 20𝜇L of MTT, and plates were
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incubated for an additional 3 hr.Then in eachwell, the culture
mediumwas removed and blue-violet formazan crystals were
dissolved by adding 150 𝜇L of DMSO. The absorbance of
each well was measured at wavelength of 570 nm using an
ELISA plate reader (Awareness, USA). Untreated cells and
cells treated with doxorubicin were used as negative and
positive controls, respectively.

2.11. Cellular Uptake Studies. The cellular uptake tests on
HepG2 cells were performed after 24 hr culturing the cells.
The nanoparticles were loaded with sodium fluorescein as
the fluorescent probe marker. The remained free marker
was removed by dialyzing against deionized water, and then
the washed loaded nanoparticles were used for the cellular
uptake test. Then sodium fluorescein-labeled nanoparticles
of RC-albumin nanoparticles, nontargeted chitosan-albumin
nanoparticles, and also the solution of sodium fluorescein
were incubated with the cells for 1 and 4 hr, and then
micrographs were taken using visible or fluorescent light
using a fluorescent microscope (Olympus, IX71, Japan).

3. Results and Discussion

3.1. Synthesis of RC Copolymer. The synthesis of RC copoly-
mer was confirmed by 1H NMR and FT-IR spectra. The
results are shown in Figures 1 and 2.
1H NMR spectra (400MHz, DMSO-d

6
) of R, C, and

RC copolymer are shown in Figure 1. Absence of the acidic
proton of R in the area of 12 ppm with the downfield shift
of the (g) proton of retinoic acid accompanying with the
presence of other reference picks of chitosan and R led us to
conclude that the chemical bonding between chitosan and R
has occurred.

FT-IR spectra of these substances are shown in Figure 2.
The absorption band at 1635 cm−1 in spectra of chitosan
(Figure 2(a)) was attributed to the carbonyl of O=C-NHR of
chitosan, and the absorption band at 1521 cm−1 was assigned
to the amino groups of chitosan with high deacetylation
degrees. The absorption band at 1680 cm−1 in spectra of R
(Figure 2(b)) was assigned to the carbonyl group of R, and
the absorption band around 2931 cm−1 was attributed to its
aliphatic alkanes. In the spectra of RC (Figure 2(c)) additional
absorption band that has appeared at 1736 cm−1 demon-
strated conjugation betweenR and chitosan; furthermore, the
presence of other reference bands of R and chitosan indicates
the occurrence of conjugation between R and chitosan.

3.2. Particle Size. Twelve different formulations of RC-
albumin nanoparticles loaded with doxorubicin (Table 1)
were prepared, and their physical properties were measured
as shown in Table 3.

As it can be seen in Figure 3,mean diameter of nanoparti-
cles is dependent mainly on the interaction between polymer
type and drug content. Statistical analysis of the results
showed that increase in degree of substitution of R in
copolymer led to decrease in particle size. The total mass
of copolymer and albumin also had a significant impact on
particle diameter. Comparing the contribution percentage

of total mass of copolymer and albumin with the ratio of
albumin/RC on the particle size of nanoparticles (Figure 3),
it can be concluded that the albumin part of the total amount
of RC-albumin plays a quite less significant role than the
chitosan part.

Retinoic acid is a hydrophobic molecule, so the more
retinoic acid is attached to chitosan the less water soluble
it will be, and this causes enhancement in hydrophobic
interactions which make the particle decrease its surface, and
more packed nanoparticles will be formed [40].

On the other hand, doxorubicin is protonated in nano
dispersion and is a water soluble drug [41], so the drug
entrapped in particles naturally tends to leave them and
enter the water. When hydrophobic interactions were less
significant (R2 compared to R4) the particles could swell.The
total mass of copolymer and albumin also had a significant
impact on particle diameter. From previous studies [42–44]
it was expected that increased chitosan concentration led to
increase in size.

Comparing the contribution percentage of total mass of
copolymer-albumin with the ratio of albumin/RC on the
particle size of nanoparticles (Figure 3), it can be concluded
that the albumin part of the total amount of copolymer and
albumin plays a quite less significant role than the chitosan
part. Even statistical analysis of the effect of each variable on
the particle size showed that albumin/RC caused decrease in
the particle size of nanoparticles. The increase in albumin
concentration induced more negative charge in nanodisper-
sion, and the positively charged chitosan molecules formed
more ionic bonds which made the particles wall to form
tighter surface leading to the shrinkage and decrease in the
surface of the particles, so in higher amounts of albumin,
the effect of chitosan in increasing the size is somewhat
attenuated.

3.3. Zeta Potential. As Figure 4 indicates the zeta potential of
nanoparticles depended mostly on the amount of total mass
of RC-albumin and the interaction between the drug content
and albumin. Statistical analysis showed that in drug content
level of 0.25 increasing the albumin to RC ratio had a slim
effect on zeta potential but, as the albumin concentration was
increased, switching to higher level of drug content had quite
significant impact on zeta potential.

Zeta potential is often a key factor in the stability of
colloidal dispersions. Table 3 indicates that the changes of
zeta potential were between 39.5 ± 1.8 to 46.8 ± 3.2mV. This
demonstrates that the nanoparticles dispersion obtained by
coacervation method in an aqueous system is a physically
stable system. As Figure 4 indicates the zeta potential of
nanoparticles depended mostly on the amount of total
mass of RC-albumin and the interaction between the drug
content and albumin. As was mentioned before, albumin
imparts negative charge to the nanoparticles, and the higher
albumin concentration resulted in less positively charged
nanoparticles. This reducing impact on zeta potential is
more profound than the increasing effect of chitosan on zeta
potential (Figure 4).

Freitas and Müller [45] have shown that the increased
drug content could reduce the charge density and absolute
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Figure 1: 1H NMR spectra: (a) retinoic acid, (b) chitosan, and (c) retinoic acid-chitosan conjugate.

values of zeta potential. Statistical analysis of our results
revealed that in drug content level of 0.25 increasing the
albumin to RC ratio had slim effect on zeta potential, but as
the albumin concentrationwas increased, switching to higher
level of drug content had quite significant impact on zeta
potential.

3.4. Entrapment Efficiency. As it can be seen in Figure 5, the
amount of total RC and albumin was the most important
factor affecting the entrapment efficiency, while the role of
albumin alone was negligible.Therefore, it may be concluded
that the main factor was the amount of RC. Increased drug
content resulted in lower entrapment efficiency (Table 3).
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Figure 2: FT-IR spectra: (a) chitosan, (b) retinoic acid, (c) retinoic
acid-chitosan conjugate.
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Figure 3: Contribution percent of studied variables on the particle
size of RC-albumin nanoparticles loaded with doxorubicin.

The interaction of albumin/RC with drug content/albumin-
RC was also another effective parameter on doxorubicin
entrapment efficiency.

Many factors have been reported to affect the entrapment
efficiency of drugs in nanoparticles with chitosan structures
such as drug to polymer ratio, chitosan concentration, the
properties of the drug itself, and the stirring rate. In present
study the stirring rate was set to be the same for all tests so its
effect did not interfere in entrapment efficiency.

As mentioned earlier, Figure 5 indicates that the amount
of total RC and albumin was the most important factor
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Figure 4: Contribution percent of studied variables on the zeta
potential of RC-albumin nanoparticles loaded with doxorubicin.
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Figure 5: Contribution percent of studied variables on entrapment
efficiency of RC-albumin nanoparticles loaded with doxorubicin.

affecting the entrapment efficiency, while the role of albumin
alone was negligible. Therefore, it may be concluded that the
main factor was the amount of RC. Bayomi [37] observed
that high concentration of albumin solution and accordingly
the increase of albumin-to-chitosanweight ratio were accom-
panied with increase in particle size and incorporation effi-
ciency of indomethacin in albumin-chitosan microspheres,
while a slow drug release was observed.

In another study reported by Bayomi et al. [44], they
prepared casein-chitosan microspheres using an aqueous
coacervation method to encapsulate diltiazem hydrochloride
and reported the amount of protein (casein) as the major
variable affecting the entrapment efficiency of the drug.

Although some reports from previous studies [46, 47]
showed that with higher levels of chitosan concentration
used in production of chitosan nanoparticles entrapment
efficiency had increased, in the present study statistical
analysis of data showed that increase in RC concentration
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Table 3: Physicochemical properties of different doxorubicin-loaded RC-albumin nanoparticles.

Formulation code Particle size (nm) PdI Zeta potential (mv) Loading efficiency% RE60%
A100B1C0.5R2 357.0 ± 39.8 0.53 39.5 ± 1.8 33.3 ± 7.2 41.5 ± 1.2

A10B0.5C0.5R2 232.4 ± 19.3 0.31 43.7 ± 1.2 40.6 ± 14.5 66.6 ± 128

A10B0.5C0.25R2 148.0 ± 16.0 0.44 41.3 ± 3.8 56.8 ± 13.4 50.5 ± 9.4

A100B0.5C0.5R4 264.5 ± 86.7 0.77 46.8 ± 3.2 8.3 ± 2.8 76.8 ± 2.4

A100B0.5C0.5R2 472.2 ± 78.9 0.94 44.8 ± 1.9 7.3 ± 6.3 55.6 ± 3.1

A10B1C0.5R2 370.0 ± 51.9 0.93 29.3 ± 6.9 50.7 ± 4.7 52.6 ± 7.8

A100B1C0.25R2 234.0 ± 8.0 0.86 45.0 ± 2.2 28.9 ± 9.9 54.8 ± 10.6

A100B0.5C0.25R4 340.7 ± 64.6 0.76 41.2 ± 4.7 32.5 ± 6.8 32.2 ± 4.2

A10B1C0.5R4 188.0 ± 65.8 0.94 37.4 ± 6.6 57.7 ± 7.1 43.4 ± 3.6

A100B1C0.25R4 349.0 ± 65.3 0.70 42.3 ± 2.3 34.2 ± 5.1 53.8 ± 8.1

A10B0.5C0.25R4 248.2 ± 59.3 0.65 43.3 ± 4.2 48.7 ± 8.0 72 ± 8.7

A10B1C0.25R4 186.4 ± 18.3 0.74 42.5 ± 0.3 41.1 ± 26.2 46.4 ± 5.4
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Figure 6: Doxorubicin HCl release profile from different formulations of RC-albumin nanoparticles prepared from (a) R2 or (b) R4
copolymer with different studied variables (mean ± SD, 𝑛 = 3).

significantly decreased the entrapment efficiency. This might
be due to higher viscosity of RC solution in higher con-
centrations and less chance of the drug to be entrapped
into the particles [46]. Moreover, as was mentioned before,
doxorubicin has positive charge, so when it came in contact
with positively charged RC electrical repulsion inhibited the
drug to enter into the nanoparticles, and as the albumin
ratio was increased, its negative charge neutralized the total
positive charge and entrapment efficiency of doxorubicin was
enhanced (Table 3). Increased drug content resulted in lower
entrapment efficiency (Table 3), and this effect agreed with
what was reported by Sinha et al. [46].

3.5. In Vitro Drug Release Studies. Generally, a fast release
profile for doxorubicin was observed in all formulations
(Figure 6).

Figure 7 shows the most effective factors that determine
release behavior. Some of these variables are the total mass
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Figure 7: Contribution percent of studied variables on release
efficiency (RE

60
%) of RC-albumin nanoparticles loaded with dox-

orubicin.
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of RC and albumin, polymer type, the interaction of these
two variables, the interaction effect of the drug and albumin
content, and also the interaction of albumin and polymer
type. Statistical analysis of release data showed that increasing
the total mass of RC and albumin significantly decreased the
RE. Albumin content had low effect on release behavior of
doxorubicin from the nanoparticles.

Doxorubicin release profiles from the most of nanoparti-
cle formulations showed a near zero order process (Figure 6).
However, some of the nanoparticles especially those prepared
with R4 polymer like A

100
B
0.5
C
0.5
R4, A

100
B
1
C
0.25

R4, and
A
10
B
0.5
C
0.25

R4 showed a biphasic release pattern for doxoru-
bicin so that at first, a quick release and then a slowphasewere
observed.The initial rapid release is probably caused by drug
release which is dissolved in the surface of nanoparticles that
leaks promptly into the release medium, and the next slow
release phase is due to the drug diffusion through the core of
the nanoparticles matrix.

Statistical analysis of release data showed that increasing
the total mass of RC and albumin significantly decreased the
RE. Albumin content had low effect on release behavior of
doxorubicin from the nanoparticles this effect agrees well
with what Nishioka et al. [47] have reported. In the study
reported by Bayomi [37] on the release of indomethacin
from chitosan-albuminmicrospheres, they found that higher
drug loading around 40% w/w or higher started to interfere
with the coacervation process and increased the rate of drug
release. Similar results were obtained with coacervation of
chitosan with gumkaraya [48], and it was concluded that
this effect may be due to an increase in the number of drug
particles, which reduced the amount of coacervated phase
within the microspheres and might have interfered with
cohesion of coacervate. In spite of the reported effect of drug
loading (more than 40%) on the release rate of drug from
chitosan-albumin microspheres [37], in our work the drug
to polymer ratio was set at 0.5 or 0.25 (Table 2), but still at
these high loading its effect on drug release efficiency was
negligible (Figure 7). This may be attributed to the different
drug solubility of indomethacin (as a low water soluble drug)
used in previous studies and doxorubicin HCl (a quite water
soluble drug) used in the present study that does not interfere
with coacervation process.

3.6. Optimization. In many formulations, not just pharma-
ceutical in nature, it is necessary to balance several different
measures of quality (i.e., properties) in order to find the best
overall product. Changes to the formulation to improve one
property may have a deleterious impact on another property.
The process of finding the best compromise has been more
rigorous by the process of desirability optimization, to pro-
duce numerical value of a desirability function.

Computer optimization of the results from irregular
factorial design will allow the estimation of a specific
combination of the variables that will optimize the indi-
vidual responses and will yield a product with desirable
qualities. The criteria for the optimization of all studied
factors are shown in Table 1. Twelve different formulations
were designed with Design Expert software by an irreg-
ular factorial design. Then considering the results of the

experiments done on these formulations (Table 3), opti-
mization was done using Design Expert software, and
A
10
B
1
C
0.37

R2 was suggested as the optimum formulation
which showed a good particle size of 286 nm, zeta potential
was 30.5mV, an acceptable entrapment efficiency of 43.6%,
and relatively high release efficiency of 56.17%.

Comparing the results predicted by this software for the
optimum formulation of nanoparticles with the actual values
showed that the error percent was −33%, 12%, 3.11%, and 13%
for particle size, zeta potential, entrapment efficiency, and
release efficiency, respectively.

3.7. Transmission Electron Microscopy (TEM) of the Nanopar-
ticles. The morphology of the prepared nanoparticles is
shown in Figure 8. The nanoparticles are obviously discrete;
some spherical and some irregular shapes and the scale bar
of the graphs confirm the particle size of the nanoparticles
obtained by PCS method (Table 3).

The results of particle size of the nanoparticles obtained
by PCS method (Table 3) were confirmed by the TEM
pictures as seen in Figure 8. Although the pH of the solution
was adjusted at 2.49 in all formulations, but some irregularity
was seen in the particles. After preliminary studies the, pH of
2.49was selected as the cross-linking interactionwas initiated
at acidic pH in the presence of amino groups. It was expected
as the pH of solution was increased, the efficiency of cross-
linking reaction was decreased and the particles became less
rigid, resulting in irregular particles. This trend of changes
was maximum at pH 4.52, which is close to the isoelectric
point of egg albumin where the molecules are nearly overall
electroneutral, and incomplete coacervation (if any) and/or
incomplete cross linking of the nanoparticles is possible
[38].

3.8. Cell Proliferation Assay. Cell survival percentage of
HepG2 cells is shown in Figure 9. Doxorubicin-loaded
nanoparticles targeted with retinoic acid (RC-albumin) were
compared with nontargeted ones (chitosan-albumin) and
free doxorubicin. As can be seen from Figure 9, the IC

50
is

decreased in both targeted and nontargeted nanoparticles
compared to free doxorubicin. The retinoic acid targeted
nanoparticles had the lowest IC

50
. The highest growth

inhibitory effect was observed in cells treated with RC-
albumin nanoparticles at 0.5 𝜇g/mL concentration that is
approximately two and three times greater than the effect
observed with nontargeted and free doxorubicin at the same
concentration, respectively.

However, the cell survival percentage shows an increase
in doxorubicin-loaded RC-albumin nanoparticles-treated
group at 1 𝜇g/mL concentration and its blank nanoparticles.
Antonyak et al. [49] reported that retinoic acid and its
various synthetic analogs affected mammalian cell growth,
differentiation, and apoptosis. Whereas treatment of the
human leukemia cell line HL60 with retinoic acid resulted
in cellular differentiation, addition of the synthetic retinoid,
N-(4-hydroxyphenyl) retinamide (HPR), and induced HL60
cells to undergo apoptosis. Moreover, pretreatment of HL60
cells as well as other cell lines (i.e., NIH3T3 cells) with
retinoic acid blocked HPR-induced cell death. Therefore,
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Figure 8: TEMmicrographs of RC-albumin nanoparticles loaded with doxorubicin with different magnifications.
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Figure 9: Viability of HepG2 cells after treatment with different
concentrations of doxorubicin-loaded nanoparticles of chitosan-
albumin with or without retinoic acid conjugate in comparison with
free doxorubicin by MTT assay (𝑛 = 3).

it may be concluded that the growth inhibitory effect of
retinoic acid on HepG2 cells that is exerted via 𝛼-receptors
over expressed in hepatocellular carcinoma may be dose
dependent. When the concentration of nanoparticles was
increased to deliver 1𝜇g/mL of doxorubicin to the cells,
the concentration of carrier itself, that is, RC-albumin, was
increased too, and the increased retinoic acid may have
blocked cell death induced by doxorubicin that is loaded in
RC-albumin nanoparticles. Consequently the viable cells had
increased at 1𝜇g/mL concentration.

3.9. Cellular Uptake Study. The results are represented in
Figure 10. As this figure shows after 1 hr of incubation just

RC-albumin nanoparticles show a brief accumulation of
fluorescence in the cells. After 4 hr, the green fluorescence
is sighted more significantly in cells that are incubated with
sodiumfluorescein loaded in RC-albumin nanoparticles than
nontargeted chitosan-albumin nanoparticles, and there is
no significant fluorescence in cells that are incubated with
solution of sodium fluorescein. It should be reminded that
after loading the nanoparticles with the fluorescein solution,
the free fluorescein was removed from the solution by dialysis
method, and just the washed loaded nanoparticles were
exposed to the cells.

These results depict robust uptake of the nanoparticles
in HepG2 cells. Control cells incubated with free solution of
fluorescein did not show any fluorescence.The cells incubated
with nontargeted nanoparticles (chitosan-albumin) loaded
with fluorescein exhibited a brief green fluorescence com-
pared to rapid internalization and accumulation of retinoic
acid targeted nanoparticles (RC-albumin) by the cancer
cells (Figure 10). Further investigation on the mechanism of
retinoic acid targeted nanoparticles uptake, and the kinetics
of drug uptake and retention in the HepG2 cells compared to
a free drug in vivo will be useful to establish the efficacy of
nanoparticles for various therapeutic applications.

4. Conclusions

Chitosan-albumin nanoparticles targeted with R were pre-
pared for targeted delivery of doxorubicin to hepatocellular
carcinoma. R was grafted to chitosan by DCC-NHS chem-
istry, and RC copolymer was synthesized successfully. An
aqueous coacervation method was used to attach albumin to
RC copolymer. Preparation of the targeted nanoparticles of
RC-albumin containing doxorubicin was optimized statisti-
cally by an irregular factorial design. The best formulation
of the RC-albumin nanoparticles was A

10
B
1
C
0.37

R2 which
was prepared by copolymer of chitosan and retinoic acid
in which 2 amine groups were substituted, 10mg of RC-
albumin was used in its preparation, the ratio of albu-
min/RC was 1 and the ratio of drug/RC-albumin was 0.37.
The particle size of these nanoparticles was 286 nm, zeta
potential of 30.5mV, an acceptable entrapment efficiency
of 43.6%, and relatively high release efficiency of 56.17%
until 1 hr of release test. The highest growth inhibitory
effect was observed in HepG2 cells treated with RC-albumin
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Figure 10: Fluorescent and visible light microscopic images of HepG2 cells after incubation with fluorescein loaded in nanoparticles of RC-
albumin and chitosan-albumin or as free fluorescein solution for 1 and 4 hr.

nanoparticles at 0.5 𝜇g/mL concentration that is approxi-
mately two and three times greater than the effect observed by
nontargeted and free doxorubicin at the same concentration,
respectively. This may reduce needed dose of doxorubicin
and consequently reduces the required doses which in turn
reduces the cardiotoxicity of this drug. The results should be
checked in vivo to confirm the promising results on the cell
culture.
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A new Ti-15Zr-5Nb alloy with suitable microstructure and mechanical properties was processed by galvanostatic anodization in
0.3M H

3
PO
4
solution and a continuous nanostructured layer of protective TiO

2
oxide was electrodeposited. The obtained anatase

oxide layer has a nanotubes-like porosity (SEM observations) and contains significant amount of phosphorus in phosphotitanate
compound embedded in the oxide lattice (Raman, FT-IR, SEM, and EDX analysis). This layer composition can stimulate the
formation of the bone and its porosity can offer a good scaffold for bone cell adhesion. The electrochemical behaviour, corrosion
stability, and variations of the open circuit potentials,𝐸oc, and corresponding open circuit potential gradients,Δ𝐸oc, for 1500 soaking
hours in Ringer solutions of 3.21, 7.58, and 8.91 pH values were studied. The anodized layer was more resistant, stable (from EIS
spectra), and was formed from an inner barrier insulating layer that assures the very good alloy corrosion resistance and an outer
porous layer that provides the good conditions for cell development.Thenanostructured alloy has higher corrosion stability, namely,
a more reduced quantity of ions released and a lower toxicity than that of the bare one. The monitoring of 𝐸oc and Δ𝐸oc showed
the enhancement and stabilizing of the long-term passive state of the anodized alloy and, respectively, no possibility at galvanic
corrosion.

1. Introduction

Titanium and its alloys are used as orthopaedic and dental
implants due to their good mechanical and anticorrosive
properties and biocompatibility. However, it is an increasing
necessity to obtain new alloys with a low elastic modulus,
close to that of the human bone (10–40GPa) [1], and based
only on nontoxic, nonallergic, biocompatible elements as Zr,
Nb, and Ta [2, 3]. Titanium alloys containing these biocom-
patible metals are relatively bioinert and the implant-bone
integration is a longer process than that of the bone healing.

The alloy bioactivity depends on its surface chem-
istry, topography, porosity, and roughness; a rough surface
enhances the contact with the bone and improves the
bioactive bone-binding activity.Thus, surface treatments that
form thin or thick, uniform, resistant, porous, rough layers

on the implant surface and also incorporate constituent
elements of the human bone (calcium and phosphorus)
or protective compounds (phosphates, hydroxyapatite) are
applied in the last time [4–7]. Electrochemical anodic or
cathodic deposition of the oxide layers is an important, cheap,
efficient method to increase the protective and osseointegra-
tive properties of the titanium alloys; oxide nanotubes are
formed on the alloy surface being a good matrix for bone cell
colonization [8].

Electrochemical potentiostatic anodization technique
was performed on Ti and its alloys in different solutions, and
controlling the polarization parameters, the bioactive TiO

2

nanotubes were obtained enhancing the alloy biocompatibil-
ity [9–14].

Electrochemical galvanostatic anodization method was
accomplished on Ti and some of its binary, ternary, and
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quaternary alloy surfaces using especially acidic solutions;
varying solution composition, pH, temperature, and anodiz-
ing parameters, biofunctionalized surfaces were realized [15–
17].

To obtain a biocompatible surface is a complex problem
because must be an alloy containing only nontoxic, nonal-
lergic, biocompatible elements, having very goodmechanical
properties and then must be taken into consideration the
most favorable method adapted for the improvement of its
bioactivity.

In this paper, a new Ti-15Zr-5Nb alloy was elabo-
rated to satisfy the most important requirements of an
implant material; this alloy (containing only nontoxic and
nonallergic elements) has an 𝛼 + 𝛽 microstructure, type
Widmanstatten, a low Young’s modulus (82.69GPa), and
a good correlation between its mechanical properties and
corrosion resistance. Its biocompatibility and anticorrosive
properties were enhanced by galvanostatic anodization in
0.3M H

3
PO
4
(orthophosphoric acid) solution assuring the

formation of a continuous nanostructured layer of protective
TiO
2
oxide; this layer incorporated phosphorus as phospho-

titanate (P
2
O
5

2−) ions, increasing the alloy bioactivity.

2. Experimental Details

2.1. Materials. The new Ti-15Zr-5Nb alloy was obtained by
vacuum, cold-crucible, semilevitation melting; alloy com-
position is (%wt.) 0.011% H

2
; 0.02% N

2
; 0.12% O

2
; 0.052%

Mg; 0.00235% Ca; 0.00831% Cr; 0.02048% Fe; 0.0077% Ni;
0.0181% Ta; 14.97% Zr; 5.111% Nb; balance Ti. From as-cast
ingots were cut cylindrical samples for experiments.

2.2. Electrodeposition of the Nanostructured Oxide Layer.
Before the anodic galvanostatic processing, the samples were
groundwithmetallographic paper till 2000 grade to eliminate
any surface defects and then were ground with metallo-
graphic paper of 600 grades to assure the necessary roughness
and were washed with bidistilled water. Then, the samples
were ultrasonically degreased in acetone and bidistilled water
(for 15min), dried in air, and fixed in a Stern-Makridesmount
system.The anodic galvanostatic polarization was applied by
a DC power source (MATRIX, China) that supplied current
densities of 5mA/cm2 and 10mA/cm2 between the working
electrode (Ti-15Zr-5Nb alloy) and auxiliary electrode (Pt);
these current densities were constantly maintained for differ-
ent time periods of 15, 30, 45, and 60min. The anodization
solution was orthophosphoric acid (H

3
PO
4
) of 0.3M and 1M

concentrations; three processing parameters were varied: the
solution concentration, current density, and time; different
oxide layers were obtained and the nanostructured surface
with themost favorable structural andmorphological proper-
ties was selected and its electrochemical behaviour, corrosion
stability, and long-term behaviour in different simulated
physiological solutions were studied.

2.3. Characterization of the Nanostructured Oxide Layer.
Composition of the obtained layers was verified by Raman
microscopy and Fourier transform infrared (FT-IR) analysis.

Raman spectraweremeasured at room temperature using
a LABRam Jobin Yvon (Japan) equipment. Acquisition time
was 40 s; the green line (𝜆= 514.5 nm) of Ar+ laser was used to
excite Raman spectra at a power of ∼20mW. Measurements
were carried out under a microscope, with a 90x microscope
objective; the laser spot size was around 1-2 𝜇m. Raman
measurements covered the range between 100 and 1100 cm−1.

FT-IR spectra were registered as a resolution of 4 cm−1,
over the frequency range from 1400 to 600 cm−1, using a
spectrophotometer model Nicolet 6700 FTIR (USA). The
spectra were taken from thin transparent (∼20mg/cm2) KBr
pellets containing approximately 0.5%wt samples. Pellets
were prepared by compacting and vacuum pressing of an
intimate mixture obtained by grinding 1mg of substance in
200mg KBr.

The morphology, microstructure, and elemental com-
position of the nanostructured electrodeposited layer were
analyzed by scanning electron microscopy (SEM) using a
Quanta 3D FEG apparatus (The Nederland) working at an
accelerating voltage of 20 kV and equipped with an energy
dispersive X-ray (EDX) spectrometer.

2.4. Electrochemical Behaviour of Bare and Anodized Ti-15Zr-
5Nb Alloys. The electrochemical behaviour of the anodized
Ti-15Zr-5Nb alloy was examined in comparison with the
bare alloy in Ringer solution of different pH values (acid
pH = 3.21, obtained by HCl addition; neutral pH = 7.58,
normal; alkaline pH = 8.91, obtained by KOH addition)
that simulate the severe functional conditions from the
human body: in the case of surgery, the pH decreases till
3-4 value [18, 19] and must long time to come back to 7.4
value; in the case of inflammations or infections, the pH
can increase till 9 value [20]. Ringer solution composition
was (g/L) NaCl—6.8; KCl—0.4; CaCl

2
—0.2; MgSO

4
⋅7H
2
O—

0.2048; NaH
2
PO
4
⋅H
2
O—0.1438; NaHCO

3
—1.1; glucose—1.

The working temperature was 37∘ ± 1∘C.
The electrochemical behaviour was studied by cyclic

potentiodynamic polarization method and electrochemical
impedance spectroscopy (EIS).

The cyclic potentiodynamic measurements were applied
beginning from −0.5 V till +2V (versus saturated calomel
electrode, SCE) at a scan rate of 1mV/s. Voltalab 80 equip-
ment (Radiometer, France) with its VoltaMaster 4 program
was used. From voltammograms, the main electrochemical
parameters that characterize the bare and anodized Ti-
15Zr-5Nb alloy behaviour were determined:𝐸corr—corrosion
potential (like zero current potential); 𝐸

𝑝
—passivation

potential (the potential value at which the current becomes
constant); |𝐸corr − 𝐸𝑝|—tendency to passivation (low values
show a rapid, easy passivation);Δ𝐸

𝑝
—passive potential range

(potential range for constant current, plateau range; larger
potential range proves a more resistant material); 𝑖

𝑝
—passive

current density (lower values indicate a more protective
passive layer).

EIS measurements were carried out at open circuit
potential-𝐸oc with the same VoltaLab 80 equipment; Nyquist
and Bode spectra were recorded applying sine wave of 5mHz
in the frequency range from 100mHz to 100 kHz, with 7
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points per decade. The electric equivalent circuit was fitted
using nonlinear least square ZVIEW program.

2.5. Corrosion Stability of Bare and Anodized Ti-15Zr-5Nb
Alloys. Linear polarization measurements were performed
for ±50mV around the open circuit potential at a scan rate
of 1mV/s, using the same Voltalab 80 equipment. From
Tafel representation, the VoltaMaster 4 program directly
supplied the values of the corrosion current density—𝑖corr,
corrosion rate—𝑉corr, and polarization resistance—𝑅

𝑝
; the

total quantity (ng/cm2) of ions released in biofluid was
calculated [21, 22] as

Ion release = 1.016 ⋅ 𝑉corr ⋅ 10
5
, (1)

where 𝑉corr = corrosion rate in mm/year.

2.6. Long-Term Behaviour of Bare and Anodized Ti-15Zr-
5Nb Alloys. The long-term behaviour of bare and anodized
alloys was monitored by the measurements of the open
circuit potentials—𝐸oc (with a performing Hewlett-Packard
multimeter) at regular time periods, till 1500 soaking hours
in Ringer solutions. The shift of 𝐸oc to more positive values
shows the increase of the thickness of oxide passive film and
lower corrosion rate [23]. The decrease of 𝐸oc value suggests
dissolution processes at the interface and its subsequent
increase, the formation of new oxide layer [23]. Also, taking
into consideration that the human biofluid pH can vary from
acid to alkaline values, different pH values can appear along
the implant surface; thus, 𝐸oc will have various values on dif-
ferent zones of the implant, producing potential gradients—
Δ𝐸oc—that can initiate galvanic cells and can accelerate the
implant corrosion; simulating these conditions, the following
gradients were calculated [24–26]:

Δ𝐸oc1 (pH) = 𝐸
pH = 3.21
oc − 𝐸

pH = 7.58
oc ,

Δ𝐸oc2 (pH) = 𝐸
pH = 3.21
oc − 𝐸

pH = 8.91
oc ,

Δ𝐸oc3 (pH) = 𝐸
pH = 7.58
oc − 𝐸

pH = 8.91
oc .

(2)

Also, the time variations of Δ𝐸oc values were registered
with the aim of evaluating the possible susceptibility to
galvanic or local corrosion.

3. Results and Discussion

3.1. Characterization of the Alloy Nanostructured Surface.
Composition of the electrodeposited layer was determined
from Raman spectra and FT-IR analysis. The morphology,
microstructure, and elemental composition of the surface
layer were analyzed by SEM and EDX methods.

3.1.1. Characterization of the Alloy Surface Galvanostatically
Anodized in 0.3M H

3
PO
4
for 45min. at a Current Density of

10mA/cm2. SEM observations of the alloy surface after gal-
vanostatic anodization (Figure 1) revealed the formation of
a layer showing two hierarchical features: hill-like protuber-
ances with a typical width between 5 and 10𝜇m (Figure 1(a)),

where the layer is locally thicker, and nanotube-like porosity
with diameters in the one to a few hundred manometers
(Figure 1(b)). The chemical analysis by EDX determined that
the nanostructured layer contains significant amount of P and
O, as well as the constituent alloy elements (Figure 2).

Raman microspectroscopy is especially suitable for the
analysis of the presence of oxides [27, 28] and/or phosphates,
[29–31] even if present as nanocrystalline or secondary phases
in surface layers, difficult to detect by other methods. Raman
measurements (Figure 3) clearly showed the existence of
titanium oxide with anatase-like structure, indicated by the
existence of a strong band at 149 cm−1, coincident with
the main 𝐸

𝑔
vibrational band of anatase. The significant

shift from reported values at ∼142–145 cm−1 [27, 28] of
different anatase nanoparticles with dimensions between 12
and 30 nm and the width of the main band clearly indicate
smaller dimensions of the anatase nanocrystallites nucleated
in the anodized surface layer. Besides, the additional spectral
features reveal a substantial modification of the crystalline
structure of anatase during anodization in H

3
PO
4
: the wide

bands centered at ∼400 cm−1 and at ∼600 cm−1 cannot
be unambiguously matched with the secondary features of
anatase at 395 cm−1 (𝐵

1𝑔
) and 638 cm−1 (𝐸

𝑔
) [27, 28], while

the (𝐴
1𝑔
) band at 515 cm−1 is not present and the 𝐸

𝑔
band

at 195 cm−1 is masked by the wide main band. Different
authors have reported similar wide Raman bands in titania
modified layers containing phosphorus, either as phosphate
(PO
4

3−) or as pyrophosphate (P
2
O
7

4−) groups, embedded in
the O–Ti(Nb)–O oxidized surface layer [32, 33] and caused
by modification of Ti–O–Ti bonds into P–O–Ti and P–O–
P bonds in the oxide lattice. Raman analysis of the anodized
surface, on the other hand, found no evidence of the presence
of the PO

4

3− group characteristic main vibrational band at
∼1000 cm−1 [29–31].

Because the sensitivity of Raman method for Ti–O
bonding is significantly higher than that for phosphate bonds,
we used FT-IR vibrational spectroscopy to investigate the
presence of phosphate groups, in order to complete the
compositional analysis of the electrodeposited films.The two
wide bands, centered at ∼800 cm−1 and 1100 cm−1, detected
by FT-IR (Figure 4) can only be attributed to the ]

3
bending

mode of the P–O–P bonds in phosphotitanate glass oxide,
due to the incorporation of P5+ ions [33, 34] into the oxide
coating, promoted by the acidic conditions.

We can conclude that the layer electrodeposited in 0.3M
H
3
PO
4
solution is formed by anatase oxide that contains

phosphorus as P
2
O
7

4− ion in phosphotitanate compound,
phosphorus being the main inorganic component of the
human bone thus stimulating the formation of bone [35].
Also, this nanolayer has a nanotube-like porosity that can
provide a good scaffold for the bone cell development [35].

3.1.2. Characterization of the Alloy Surface Galvanostatically
Anodized in 1M H

3
PO
4
for 45min. at a Current Density of

10mA/cm2. The analysis of the galvanostatic anodization Ti-
15Zr-5Nb alloy surface by vibrational Raman (Figure 5) and
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(a) (b)

Figure 1: SEM micrographs of Ti-15Zr-5Nb alloy surface galvanostatically anodized in 0.3M H
3
PO
4
solution for 45min. at 10mA/cm2: (a)

hill-like protuberances; (b) nanotube-like porosity.
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Figure 2: EDX spectrum of Ti-15Zr-5Nb alloy surface galvanostat-
ically anodized in 0.3M H

3
PO
4
solution for 45min. at 10mA/cm2.

FT-IR (Figure 6) spectroscopies detected the same compo-
sition of the electrodeposited layer, namely, TiO

2
anatase

oxide, modified with phosphorus as pyrophosphate bonds in
titania-based oxide.

SEM micrographs (Figure 7) of the sample processed
electrochemically in 1M H

3
PO
4
showed the deposition of

loose aggregates (Figure 7(b)) of submicron sized particles on
top of the porous layer (Figure 7(a)). The additional features
have the same composition of the continuous passivating
layer, as determined from the EDX analysis (Figure 8). It
results in the fact that in 1M H

3
PO
4
solution was obtained

a nanolayer with lower microstructural properties.
From the previous experimental results, it appears that

the most favorable properties of Ti-15Zr-5Nb alloy surface
were obtained by the galvanostatic anodization in 0.3M
H
3
PO
4
solution for 45min. at 10mA/cm2. The electrochem-

ical behaviour, corrosion stability, and long-term behaviour
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Figure 3: Raman spectrum of Ti-15Zr-5Nb alloy surface gal-
vanostatically anodized in 0.3M H

3
PO
4
solution for 45min. at

10mA/cm2.

of the alloy surface processed by this method will be studied
later on (named anodized alloy).

3.2. Electrochemical Behaviour of the Bare andAnodizedAlloys
in Ringer Solutions of Different pH Values. Electrochemical
behaviour of the bare and anodized alloys in Ringer solutions
of 3.21, 7.58, and 8.91 pH values was determined from cyclic
potentiodynamic and EIS measurements.

3.2.1. Electrochemical Behaviour from Cyclic Potentiody-
namic Measurements. Cyclic potentiodynamic curves from
Figure 9 make evident a nobler behaviour of the anodized
alloy than that of the bare one, because all the electrochemical
parameters (Table 1) have more favorable values [10, 15]:
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Figure 4: FT-IR spectrum of Ti-15Zr-5Nb alloy surface galvanostat-
ically anodized in 0.3M H

3
PO
4
solution for 45min. at 10mA/cm2.
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Figure 5: Raman spectrum of Ti-15Zr-5Nb alloy surface galvanos-
tatically anodized in 1M H

3
PO
4
solution for 45min. at 10mA/cm2.

(i) corrosion, 𝐸corr and passivation, 𝐸
𝑝
potentials have

more electropositive values and passive current den-
sities, 𝑖

𝑝
are lower, showing a more protective, more

resistant nanostructured layer on the anodized alloy
surface [23],

(ii) tendency to passivation, |𝐸corr −𝐸𝑝|, has lower values
indicating that the processed alloy is more easily,
more rapidly passivated, as a result of the existence
of the electrodeposited nanolayer that improves the
protective properties of the native passive layer by its
thickening [23, 25].

In acid and alkaline Ringer solutions, the main elec-
trochemical parameters presented slightly more unfavorable
values both for the bare and the anodized alloys due to the
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Figure 6: FT-IR spectrum of Ti-15Zr-5Nb alloy surface galvanostat-
ically anodized in 1M H

3
PO
4
solution for 45min. at 10mA/cm2.

slight higher aggressivity of these solutions; nevertheless, the
anodized alloy revealed a very good passive behaviour.

3.2.2. Electrochemical Behaviour from EIS Measurements.
Nyquist spectra (Zreal versus Zimag) exhibited semicircles
with large curvature radii (Figure 10) that describe a capac-
itive behaviour, a resistant passive film [15, 36, 37]. Because
the curvature radii have higher values for the anodized alloy,
it results in the fact that its passive film is more resistant.
The impedance values for the electrochemical anodized alloy
exceed two times the values for the bare alloy; these results
indicate a very protective nanostructured layer [15, 36, 37].

Bode spectra (phase angle versus log𝑓) displayed both for
bare and anodized alloys (Figure 11) phase angles around the
value of −90∘ that represent a capacitive behaviour, a passive
film like an electric insulator [16]. Same better behaviour of
the anodized alloy than that of the bare one resulted:

(i) in Ringer solution of pH= 3.21; the bare alloy presents
two phase angles at −81∘ and −79∘, and the anodized
one higher values at−83∘ and−81∘ that denote a better
capacitive behaviour for the nanostructured alloy;

(ii) in Ringer solution of pH = 7.58; the phase angles have
values of −84∘ and −80∘ for the bare alloy and of
−86∘ and −82∘ for the anodized alloy, namely, a more
insulating passive film existing on the nanostructured
alloy surface;

(iii) in Ringer solution of pH = 8.91; values of −79∘ and
−76∘ were registered for the bare alloy and of −81∘ and
−78∘ for the anodized alloy.

Those two phase angles indicate a protective film formed
by two layers: an inner barrier insulating layer characterized
by the higher phase angle in the low frequency range and
an outer porous layer represented by the lower phase angle
in the intermediate frequency range; through this porous
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(a) (b)

Figure 7: SEM micrographs of Ti-15Zr-5Nb alloy surface galvanostatically anodized in 1M H
3
PO
4
solution for 45min. at 10mA/cm2.

Table 1: Main electrochemical parameters for bare and anodized Ti-15Zr-5Nb alloys obtained in Ringer solutions at 37∘C.

Ti-15Zr-5Nb 𝐸corr (mV) 𝐸
𝑝
(mV) Δ𝐸

𝑝
(mV) |𝐸corr − 𝐸𝑝| (mV) 𝑖

𝑝
(𝜇A/cm2)

Ringer pH = 3.21
Bare −350 −200 >2000 150 3.9
Anodized −250 −150 >2000 100 1.9

Ringer pH = 7.58
Bare −200 0 >2000 200 1.0
Anodized −100 0 >2000 100 0.9

Ringer pH = 8.91
Bare −350 −200 >2000 150 4.1
Anodized −200 −100 >2000 100 2.0

1 2 3 4 5 6 7 8 9
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Figure 8: EDX spectrum of Ti-15Zr-5Nb alloy surface galvanostat-
ically anodized in 1M H

3
PO
4
solution for 45min.

layer can penetrate the aggressive ions from the physiological
solutions and can corrode the inner compact layer, but, in

the same time, in these pores can be incorporated calcium
and phosphorous ions from biofluid that can provide a good
scaffold for the bone cell adhesion [38].

According to the literature [39, 40], an electric equivalent
circuit with two time constants (Figure 12) was modeled:
the first time constant illustrates the inner barrier layer by
its resistance, 𝑅

𝑏
, and capacitance, CPE

𝑏
; the second time

constant refers to the outer porous layer by its resistance, 𝑅
𝑝
,

and capacitance, CPE
𝑝
.

The inner barrier layer resistances, 𝑅
𝑏
, and the porous

layer resistances, 𝑅
𝑝
, of the anodized alloy are higher than

those of the bare one (Table 2), showing that the galvanostatic
processing generated a more resistant nanolayer; this fact
is confirmed by the values of the frequency independent
parameters 𝑛1 and 𝑛2 which are bigger for the processed
alloy, indicating a better capacitor (𝑛 = 1 represents an
ideal capacitor), namely, superior protective properties [39].
Barrier layer resistances,𝑅

𝑏
, for both bare and anodized alloys

have values of about 100 times higher than those of the porous
layer, 𝑅

𝑝
, proving that the barrier layer assures the alloy

good resistance against the physiological solution aggressivity
[41, 42]; on the other hand, lower values of 𝑅

𝑝
denote that

the porous layer has inferior protective properties, permitting
the diffusion and incorporation of the ions from the biofluid
through and into this layer [36, 43]; thus, this porous layer



Journal of Nanomaterials 7

Bare
Anodized

2100
1800
1500
1200

900
600
300

0
−300
−600
−900

10110
0

10
−1

10
−2 10110

0
10

−1
10

−2

𝐸
(m

V
) v

er
su

s S
CE

Ringer pH = 3.21 2100
1800
1500
1200

900
600
300

0
−300
−600
−900

𝐸
(V

) v
er

su
s S

CE

Bare
Anodized

Ringer pH = 7.58 2100
1800
1500
1200

900
600
300

0
−300
−600
−900

𝐸
(m

V
) v

er
su

s S
CE

10110
0

10
−1

10
−2

Bare
Anodized

Ringer pH = 8.91

𝑖 (𝜇A/cm2) 𝑖 (𝜇A/cm2) 𝑖 (𝜇A/cm2)

Figure 9: Cyclic potentiodynamic curves for bare and anodized Ti-15Zr-5Nb alloys recorded in Ringer solutions at 37∘C.
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Figure 10: Nyquist spectra for bare and anodized Ti-15Zr-5Nb alloys recorded in Ringer solutions at 37∘C.
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Figure 11: Bode spectra for bare and anodized Ti-15Zr-5Nb alloys recorded in Ringer solutions at 37∘C.
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Table 2: Fitting parameters of the two time constants electric equivalent circuit.

Ti-15Zr-5Nb 𝑅sol (Ω ⋅ cm
2) 𝑅

𝑏
(Ω ⋅ cm2) CPE

𝑏
(S ⋅ s𝑛 ⋅ cm−2) 𝑛1 𝑅

𝑝
(Ω ⋅ cm2) CPE

𝑝
(S ⋅ s𝑛 ⋅ cm−2) 𝑛2

Ringer pH = 3.21
Bare 14.2 7.3 × 10

6
2.2 × 10

−6 0.96 1.2 × 10
4

2.5 × 10
−5 0.90

Anodized 14.8 8.7 × 10
6

1.8 × 10
−6 0.98 1.5 × 10

4
2.6 × 10

−5 0.91
Ringer pH = 7.58

Bare 13.6 8.1 × 10
6

2.0 × 10
−6 0.97 1.8 × 10

4
2.1 × 10

−5 0.91
Anodized 15.1 9.9 × 10

6
1.6 × 10

−6 0.99 1.9 × 10
4

2.3 × 10
−5 0.93

Ringer pH = 8.91
Bare 14.5 6.2 × 10

6
2.3 × 10

−6 0.95 1.6 × 10
4

2.6 × 10
−5 0.90

Anodized 14.9 8.3 × 10
6

1.9 × 10
−6 0.97 1.7 × 10

4
2.7 × 10

−5 0.92

Table 3: Main corrosion parameters for bare and anodized Ti-15Zr-5Nb alloys obtained in Ringer solutions at 37∘C.

Ti-15Zr-5Nb 𝑖corr (𝜇A/cm
2) 𝑉corr (𝜇m/Y) Resistance class Ion release (ng/cm2) 𝑅

𝑝
(kΩ ⋅ cm2)

Ringer pH = 3.21
Bare 0.081 0.751 PS 76.3 330
Anodized 0.029 0.269 PS 27.33 1295

Ringer pH = 7.58
Bare 0.039 0.358 PS 36.4 397
Anodized 0.0054 0.050 PS 5.08 3020

Ringer pH = 8.91
Bare 0.071 0.657 PS 66.75 305
Anodized 0.019 0.175 PS 17.78 1380
PS: perfect stable.

sol

CPE

CPE

𝑅

𝑅𝑝𝑝

𝑏

𝑅𝑏

𝑝

Figure 12: Electric equivalent circuit with two time constants.

provides the necessary conditions for the interactions of the
alloy with human fluid, namely, the bioactivity of the surface
layer [43].

3.3. Corrosion Stability of the Bare and Anodized Alloys
in Ringer Solutions of Different pH Values. The corrosion
stability of the bare and anodized alloys was appreciated from
the values of the corrosion current densities, 𝑖corr, corrosion,
𝑉corr, and ion release rates and polarization resistances, 𝑅

𝑝

(Table 3), obtained from Tafel representations. The main
corrosion parameters have better values for the anodized
alloy than those for the bare one:

(i) corrosion current densities, 𝑖corr, corrosion,𝑉corr, and
ion release rates have lower values that show a better
resistance to corrosion and implicitly a more reduced

quantity of ions released in biofluid, namely, a lower
toxicity [21, 22];

(ii) polarization resistance, 𝑅
𝑝
, has higher values (of

about 10 times, order MΩ⋅cm2) that prove a more
resistant layer [23, 25].

Though, in acid and alkaline Ringer solutions, both the
bare and the anodized alloys have a little higher corrosion
rates, their values are placed in the “Perfect Stable” resistance
class, indicating a very good anticorrosive resistance.The best
corrosion resistance for the processed alloy resulted in neutral
Ringer solution, normal conditions from the human body.

3.4. Long-Term Behaviour of the Bare and Anodized Alloys
in Ringer Solutions of Different pH Values. The long-term
behaviour of the bare and anodized alloys was determined
from the monitoring of the open circuit potentials, 𝐸oc, and
corresponding open circuit potential gradients, Δ𝐸oc, for
1500 soaking hours in Ringer solutions of acid (3.21), neutral
(7.58), and alkaline (8.91) pH values (Figure 13).

The open circuit potentials for the anodized alloy shifted
to more positive values in time, showing the increase of its
protective nanolayer thickness [23].𝐸oc hadmore electropos-
itive values for the anodized alloy than those for the bare one,
which reveal more protective nanolayers [15, 16, 23]. Also,
these potentials reached almost constant values after about
700 h, demonstrating more resistant, stable state [23].

The open circuit potential gradients, Δ𝐸oc, have very
low values (Table 4) that cannot generate galvanic corrosion.
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Figure 13: Monitoring of the open circuit potentials for bare and anodized Ti-15Zr-5Nb alloy in Ringer solutions at 37∘C.

Table 4: Potential gradients for bare and anodized Ti-15Zr-5Nb
alloys obtained in Ringer solutions at 37∘C.

Ti-15Zr-5Nb Time (h) Δ𝐸oc1 (mV) Δ𝐸oc2 (mV) Δ𝐸oc3 (mV)

Bare

24 −98 +10 +108
500 −80 +10 +81
1000 −72 +8 +80
1500 −70 +10 +80

Anodized

24 −89 +20 +20
500 −75 +10 +41
1000 −70 +10 +80
1500 −70 +10 +80

Many authors [44, 45] showed that only differences of 600–
700mV can initiate and maintain galvanic cells; therefore,
both the bare and the anodized alloys cannot corrode by
galvanic corrosion, even in the case of large differences in the
biofluid pH values between 3.21 and 8.91 (Δ𝐸oc2) that could
appear on the alloy surface in its long-term “working life” as
implant.

4. Conclusions

The new Ti-15Zr-5Nb alloy surface was nanostructured by
galvanostatic anodization in 0.3M H

3
PO
4
solution. The

obtained layer has a nanotube-like porosity, revealed by
SEM, and it is formed of anatase-like small crystallites, with
added phosphorus as phosphotitanate, determined byRaman
spectroscopy, FT-IR, and EDX analyses; this composition can
stimulate the formation of the bone and the porosity can
offer a good scaffold for the bone cell attachment. Cyclic
potentiodynamic curves make evident a nobler behaviour
of the anodized alloy than that of the bare one, as a result
of the existence of the nanostructured layer that improves
the protective properties of the native passive film by its
thickening. EIS spectra revealed a better capacitive behaviour,
a more insulating protective film electrodeposited on the
alloy surface; the nanostructured film is formed by two
layers: an inner barrier layer that assures the alloy very good

anticorrosive resistance and an outer porous layer that can
provide the good conditions for the bone cell adhesion.
Corrosion and ion release rates have lower values showing a
better resistance to corrosion and implicitly a more reduced
quantity of ions released in biofluid, namely, a lower toxicity
of the anodized alloy. The open circuit potentials for the
nanostructured alloy shifted to more positive values in time,
indicating the increase of its protective layer thickness. The
open circuit potential gradients have very low values that
cannot generate galvanic corrosion.
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Magnetic nanoparticles (MNPs) are being developed for a wide range of biomedical applications. In particular, hyperthermia
involves heating the MNPs through exposure to an alternating magnetic field (AMF). These materials offer the potential for
selectively by heating cancer tissue locally and at the cellular level. This may be a successful method if there are enough particles
in a tumor possessing sufficiently high specific absorption rate (SAR) to deposit heat quickly while minimizing thermal damage
to surrounding tissue. The current research aim is to study the influence of super paramagnetic iron oxides Fe

3
O
4
(SPIO) NPs

concentration on the total heat energy dose and the rate of temperature change inAMF to induce hyperthermia inEhrlich carcinoma
cells implanted in female mice. The results demonstrated a linearly increasing trend between these two factors.

1. Introduction

Hyperthermia offers an attractive approach for the treatment
of cancer as a local therapy. It is associated with fewer side
effects in comparison to chemotherapy and radiotherapy, and
it can be used in combination with all conventional treatment
modalities. But hyperthermia has not yet been established in
clinical routine; this is mostly not due to a general lack of
efficacy but rather to the limitations of the currently available
techniques with respect to selectively targeting the tumor
region and homogenously distributing the heat within the
tumor [1].

Magnetic induced interstitial hyperthermia addresses
these shortcomings, especially for deep-seated and poorly
accessible tumors. For this application, MNPs exhibiting
super paramagnetic behavior at room temperature are pre-
ferred because they do not retain any magnetism after
removal of the magnetic field. Furthermore, the particles
must have combined properties of high magnetic saturation,
biocompatibility, and interactive functions at the surfaces.
Among them, iron oxide particles such as magnetite (Fe

3
O
4
)

or its oxidized formmaghemite (𝛾-Fe
2
O
3
) are by far the most

commonly employed in biomedical applications, since their
biocompatibility has already been proven by Schwertmann,
1991 [2]. Highly magnetic materials such as cobalt and nickel
are toxic, susceptible to oxidation and hence are of little
interest.

Ideally, in hyperthermia treatment, one would opti-
mize the temperature pattern. However, temperature profiles
in biological tissues during hyperthermia depend on the
combined influences of applied power and several cooling
mechanisms.These mechanisms are difficult to predict, since
cooling depends heavily on thermal parameters that vary
in time. Therefore, hyperthermia treatment limits to SAR
predictions and assumed that a high SAR level will correlate
with a high temperature [3].

Previous studies showed that the heating capacity of
MNPs can be influenced by many factors; for example, the
heating effect of magnetic particles depended strongly on the
particles size [4].Themagnetic anisotropy constant can influ-
ence the heating mechanism of MNPs [5, 6]. The strength
of the applied AMF [7]. On the other hand Portet et al.
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demonstrated that the type of surfactant coats the MNPs has
influence on the heating capacity of MNPs [8]. The influence
of MNPs concentration on the heat energy and hence the
temperature change was the interest in this study.

2. Materials and Methods

2.1. Materials. All chemicals used in this study were analyti-
cal grade reagents andwere usedwithout further purification.

2.2. Methods

2.2.1. Preparation of SPIO NPs Fe
3
O
4
. A photochemical

methodwas carried out by dissolving amixture of ferrioxalate
with FeCl

3
⋅6H
2
O in predetermined concentration ratio in

100mL of 10% aqueous hydrogen peroxide solution. The
pH of the solution was adjusted to 13 by the addition of
1mL of NaOH. The black precipitates appeared just after
the mixing of iron hydroxide with the base solution. These
precipitates were collected by magnet, and the product was
washed several times with distilled water and finally dried
in the air. To increase the stability of SPIO NPs especially in
vivo conditions, the prepared SPIO NPs were suspended in
glycerin medium.

2.2.2. Characterizations

(1) Transmission Electron Microscopy (TEM). Transmission
electron microscopy of the produced samples was formed by
drying a drop of the solution on a carbon-coated copper grid.
Particles sizes were determined from the micrographs of the
Joel-100S transmission electron microscope of resolution of
0.3 nm.

(2) X-Ray Diffraction Analysis. Crystallographic study was
performed on iron oxide powder by Rotating Anode X-
ray Diffractometer (Rigaku, Japan) using Cu Ka radiation.
The inter-planer distances (d) were calculated according to
Scherrer’s equation and were compared to the JCPDS file
2.532X-ray diffraction data in order to deduce the crystal
structure.

2.2.3. Preparation of Tumor Bearing Mice. 6–8-week old
female Swiss albino mice (20.0 to 29.2 g, median, 26.3 g) were
injected with Ehrlich Carcinoma (EAC) from the breeding
unit of the EgyptianNational Cancer Institute (ENCI). 1 × 106
(EAC) cells/mL were implanted by subcutaneous inoculation
to obtain a single grafted tumor. Ehrlich carcinoma cells were
implanted in all mice at the same day and under the same
conditions. During implantation mice were anesthetized by
Fentanyl-dihydrochloride (Fentanyl; Janssen-Cilag, Neuss,
Germany) 50mg/kg body weight. The tumors started to
appear within seven days after the day of implantation.
Twenty days from the day of implantation, all tumors volumes
for all mice were measured by digital caliper in three
orthogonal diameters (𝐷

1
,𝐷
2
, and 𝐷

3
):

Tumor Volume = (𝐷
1
𝐷
2
𝐷
3
) (

𝜋

6

) . (1)

Figure 1: Typical photograph of Syngo software: the red arrow refer
to SAR value by J/kg.

2.2.4. Experimental Design. After four weeks from the day of
tumor implantation and when a grossly visible and palpable
mass of the tumor was obtained, the experiments started.The
tumors volumes measurements of the selected mice (𝑛 = 60)
revealed no significant difference𝑃 > 0.3 and themean initial
value of the tumors volumes was 72.5 ± 3.2mm3.The selected
mice were classified into two groups as follow.

(i)The 1st group: themice were not injected by SPIONPs
but subjected to AMF, that is, considered as baseline
(control group n = 10).
(ii)The 2nd group: the mice were subjected to AMF

after direct injection by SPIO NPs with different
concentrations into the region of interest (ROI). This
group (SPIO + AMF) in turn was classified into
(5 subgroups): the mice in the 1st subgroup (n =
10) were injected by 1mL from magnetic suspension
containing 200 𝜇g Fe

3
O
4
/kg body weight, the 2nd (n

= 10) by 400 𝜇g, the 3rd (n = 10) by 600𝜇g, the 4th (n
= 10) by 800 𝜇g, and the 5th (n = 10) by 103 𝜇g.

Each mouse in these subgroups was subjected to AMF
three times at 7, 14, and 21 days from the starting date of
the experiment. All factors were fixed in all experiments
(field strength, frequency, amplitude, size, and even shape
of NPs). The values of total heat energy dose or in other
wards specific energy dose (SED jg−1) for each concentration
in the Ehrlich tumor were monitoring directly during the
magnetic resonance imaging (MRI) via highly advanced
soft ware (Syngo. NUMARIS/4, Siemens, German) (Figure 1)
and consequently the heat deposition rate (HDR jg−1s−1),
maximum temperature achieved in the tumor and the time
to maximum temperature (TMT). It is worth mentioning
that the injected SPIO NPs were identified inside the tumor
by electron microscopic image comparing with the control
sample Figure 2. All experiments were approved by the
regional animal care committee.

2.2.5. In Vivo Experiment. Four weeks after tumors implan-
tations, mice were anesthetized with 2% to 3% isoflurane
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(a)

(b)

Figure 2: Transmission electronmicroscope image of (a) the control
sample and (b) the injected SPIO NPs inside the tumor.

through an MR-compatible mobile inhalation system (DRE,
Inc., Louisville, KY, USA). Three fiber optical temperature
probes which are not RF sensitive (FISO, Inc., Quebec,
Canada): the first probe was inserted in the center of the
tumor, the second probe was placed immediately adjacent to
the tumor periphery, and the third probe was inserted 1 cm
inside the rectum.The optical fiber positions were monitored
by radiography (Figure 3). After placing the probes, each
mouse was centered inside the magnetic field for MRI.
To focus the AMF on the region of interest, a surface
transmit and receiver radiofrequency (RF) induction coil
(inner diameter 7 cm; length 7 cm) specially designed for
small animal imaging was placed on the center of tumor
area in all experiments. All imaging studies were performed
at the Children’s Cancer Hospital (CCH), department of
radiology, using 1.5-Tesla high field MR scanner (Magnetom,
Espree, Siemens,Germany) equippedwith high-performance
gradients (23mT/mmaximum amplitude 120 T permper sec
maximum slew rate) and fast receiver hardware (bandwidth

(a)
(c)

(b)

Figure 3: X-ray image (top view), T optical fiber thermocouples
with measuring junctions located at tumor (a), tumor periphery
(b), and at the rectum (c). The tumor was loaded with SPIO
nanoparticles (red arrow).

± 500MHz). All imaging parameters were optimized for all
experiments as follow.

Slice thickness = 2mm; interspaces = 1mm. Field of
view (FOV) = 160mm, average = 15, matrix = 256 × 256,
slices = 12 for an acquisition, power = 25 kW, duty = 100%,
bandwidth = 9.62 kHz, and the variable factor was only
the duration of exposure which was limited between 30 to
40mins or until the rectal temperature of the mouse reached
41.5∘C to prevent unnecessary mortality in the mice due to
exposure to excessively high temperatures. All mice were
subjected to AMF after 15 minutes from localized injection
with SPIO NPs which were directly injected into the central
portion of the tumors over a 5min period; the slow injection
rate was necessary because of the high interstitial tumor
tissue pressure. The NPs were injected at more than one site
to obtain a homogenous distribution. At the end of each
experiment, mice were placed on their backs on a warm
recovery bed. Each mouse was left until the core (rectal)
temperature began to decrease and the probe was removed.
When the righting reflex returned, mice were returned to
their cages and observed for 48 hours for signs of morbidity.
Dead mice were sent to necropsy for examination.

3. Results

3.1. Characterization of MNPs

3.1.1. Transmission Electron Micrograph (TEM). Transmis-
sion electron microscopy for the prepared SPIO NPs showed
that particles have ∼spherical shapes and their sizes were in
the range of ∼54 ± 3 nm (Figure 4).

3.1.2. X-Ray Diffraction Analysis. The XRD spectrum of the
prepared SPIO NPs shows six characteristic peaks for Fe

3
O
4

(2𝜃 = 30.1∘, 35.5∘, 43.1∘, 53.4∘, 57.0∘, and 62.6∘) marked by
their indices (220, 311, 400, 422, 511, and 440), respectively
(Figure 5).

3.1.3. Heating Capacity of MNPs

(1) Monitoring SED and HDR. The mean values reported of
the total heat energy dose were [282.1 ± 13.8 jg−1 for (200𝜇g),
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Figure 4: Transmission electronmicroscope of prepared SPIONPs.

10 20 30 40 50 60 70 80
2𝜃

C
ou

nt

(220)

(311)

(400)

(422)

(511)
(440)

Figure 5: XRD patterns of prepared SPIO NPs.

462.7 ± 10.0 for (400 𝜇g), 663.7 ± 13.0 for (600𝜇g), 864.1 ±
16.6 for (800 𝜇g), and 1087 ± 18 for (103 𝜇g)].

The quantitative statistical analysis using Kruskal-Wallis
test for comparison between more than two groups not only
revealed that the SED values were directly proportional to
the concentrations of the injected nanoparticles inside the
tumors but also varied considerably between the different
concentrations with highly significant P values, at 7 days P
< .001, at 14 days P < .001, and at 21 days P < .007, but the
variations in the SED values of each concentration between
the (7, 14, 21) days were insignificant and, P < .7 as shown in
Figure 6.

The results of HDR revealed that the mean values of
HDR in the tumors were [0.157 for (200 𝜇g), 0.259 for
(400𝜇g), 0.367 for (600𝜇g), 0.478 for (800 𝜇g), and 0.604
for (103 𝜇g)]. These values varied considerably between the
different concentrations of SPIO NPs with highly significant
P values, at 7 days P < .001, at 14 days P < .001, and at
21 days P < .007. Also, the variations in the HDR values
of each concentration between the (7, 14, and 21) days were
insignificant P < .7 (Figure 7).

(2) Monitoring Maximum Temperature and TMT. The maxi-
mum temperatures achieved inside the tumor were [40.11 ±
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Figure 6: Shows Mean of SAR by jgm−1 dependent on SPIO NPs
concentrations in three sessions (at 7, 14 and 21 days from starting
the experiments).
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Figure 7:Mean values of HDR by (jg−1S−1) dependent on SPIONPs
concentrations in three sessions (at 7, 14, and 21 days from starting
the experiments).

1.52∘C for (200𝜇g), 42.36 ± 1.54∘C for (400 𝜇g), 44.43 ± 2.0∘C
for (600𝜇g), 46.8 ± 1.5∘C for (800 𝜇g), and 48.6 ± 1.0∘C for
(103 𝜇g)] (Figure 8). The TMT recorded as (40 ± 2.5min for
200 and 400𝜇g, 30 ± 2.0min for 600𝜇g, 25 ± 5.0min for
800𝜇g and 20 ± 5.0min for 103 𝜇g (Figure 9). It is worthwhile
to mention that there was no substantial temperature eleva-
tion observed in the control group.
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Figure 8: The maximum temperature achieved inside the Ehrlich
tumors related with the concentrations of the injected SPIO NPs
versus time. Data reported represents the mean values in the three
sessions (7, 14, and 21 days from starting the experiments).

4. Discussion

In the current study, the SPIO NPs (Fe
3
O
4
) were synthesized

in solution under controlled conditions by wet chemical
method.The size, morphology, uniformity, and crystal struc-
ture of the prepared SPIO NPs were determined using two
techniques TEM and XRDwhich have been widely employed
for this purpose.TheTEM images revealed the quasispherical
uncoated SPIO NPs with size changes in the range of ∼54 ±
3 nm. X-ray diffraction spectrum gave further information
about the structure of the SPIO NPs. The positions and
relative intensities of all diffraction peaks matched well with
those from the JCPDS card (no. 85-1436) for Fe

3
O
4
magnetite.

The heating ability of MNPs in the presence of AMF is
usually expressed by the SAR, also called specific power loss
(SPL) which can be defined as the amount of heat generated
per unit gram per unit time. The reported SED value on
Syngo represents the total heat dose and reflects a cumulative
effect which differs according to the SAR of each MNPs
concentration.

It is important therefore to understand the underlying
physical mechanisms by which heat is generated. The heat
generated byMNP via AMFmay be due to threemajormech-
anisms which depend greatly on the particle size and their
magnetic properties. Large multidomain ferro- or ferrimag-
netic materials contain several subdomains each having their
own specific magnetization direction. When these materials
are exposed to the AMF, the subdomain with magnetization
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Figure 9: Mean values of TMT in the three sessions of treatment (7,
14, and 21 days from starting the experiments).

direction along the magnetic field axis elongates and the
other ones shrink.This leads to “domain wall displacements.”
Since the magnetization curves for increasing and decreasing
magnetic field amplitudes do not coincide, the material
demonstrates “hysteresis behavior” and produces heat. In
small particles such as SPIO NPs, there is no domain wall,
and therefore, hysteresis losses cannot occur. However, the
external AMF energy helps magnetic moments to rotate and
overcome the anisotropy energy barrier. This energy is then
dissipated as heat when the particle relaxes to its equilibrium
orientation. This mechanism is called Néel relaxation. There
is also a third mechanism called Brownian relaxation that
causes both multidomain and single domain particles to heat
up. In this process, energy barrier for reorientation of a
particle is given by rotational friction due to the rotation of
the entire magnetic particle caused by the AMF torque force
on the magnetic moment of the particle [9].

The most effective mechanism of heat generation in the
current study may be related to Brownian relaxation; this is
due to that the SPIONPs were suspended in glycerin which is
a highly viscous medium which in turn increases the friction
loss where the source for heat generation relies in this case
on the friction processes between the NPs and the medium
during the physical rotation of the particle induced by the
alternation of the external magnetic field.

There are several factors affect on the SAR values. Robert
et al. 2005 [10] demonstrated that the heating potential of
MNPs for inducing hyperthermia depends on the satura-
tion magnetization, magnetic field strength, field amplitude,
duty, duration, type of NPs, size, size distribution, particle
structure, shape, and interparticle interactions, all affect the
SAR values of the SPIO NPs. However, each contributes in
different ways and with different magnitudes and may even
be in competition with each other. So, it is very difficult to



6 Journal of Nanomaterials

give a general theoretical expression of SAR because several
equations may be proposed, but these theoretical trends are
not always validated by experimental SAR measurements.

Adding to the above factors, the concentration effect
was studied in the current research. The results revealed
that increasing the concentrations of injected MNPs resulted
in increasing the SAR and hence the higher SED and
HDR values; all of these lead to increasing the maximum
temperature achieved and decreasing the TMT (Figures 6–
9). It is worthwhile to mention that the total heat dose values
acquired in this study were lower than those of other studies,
Dennis et al., 2008 [11], but the time required to reach the
therapeutic temperature was short compared to the previous
studies, Giri et al., 2005 [12].

It is well known that for hyperthermia treatment enough
heat must be generated by the particles to sustain tissue
temperature of at least 42∘C for 30 minutes. Indeed this
conditionwas achieved in the current study by using different
concentrations (400–103 𝜇g/kg).The optimum concentration
of themagnetic suspensionwas 800 𝜇g/kg, where the amount
of total head dose was sufficient to increase the temperature
above 42∘C∼45∘C in short time ∼20min as shown in Figure 8
compared to (400, 600𝜇g) in the same figure. On the other
hand, using high concentration 103 𝜇g resulted in high SED
values in short time; nevertheless the percentage of mortality
was 80%, and this may be attributed to high concentration
resulting in high over stress on mice under AMF.

In this study, we used two physically different techniques,
the magnetic resonance phenomena for acquiring imaging
and treatment at the same time. By using noninvasive AMF
for MR imaging through its interaction with the protons of
the hydrogen atoms of the water molecules (MR images not
shown), and at the same time inducing thermal effect on can-
cer cells through induction of magnetic gradients generated
by a clinical MRI system. Although the two techniques occur
at the same time, they are completely different in the physical
theory and mechanism.

5. Conclusion

The current preliminary study demonstrated that the tem-
perature changes inside tumors related with the variations
of SED and HDR values which in turn depend directly on
the injected concentrations of magnetic suspension inside
tumors.
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The effectiveness of hormones associated with polymeric matrices has amplified the possibility of obtaining new drugs to activate
the immune system.Melatonin has been reported as an important immunomodulatory agent that can improvemany cell activation
processes. It is possible that the association of melatonin with polymers could influence its effects on cellular function. Thus, this
study verified the adsorption of the hormone melatonin to polyethylene glycol (PEG) microspheres and analyzed its ability to
modulate the functional activity of human colostrum phagocytes. Fluorescence microscopy and flow cytometry analyses revealed
that melatonin was able to adsorb to the PEG microspheres. This system increased the release of superoxide and intracellular
calcium. There was an increase of phagocytic and microbicidal activity by colostrum phagocytes when in the presence of
melatonin adsorbed to PEGmicrospheres.Themodified delivery ofmelatonin adsorbed to PEGmicrospheresmay be an additional
mechanism for itsmicrobicidal activity and represents an important potential treatment for gastrointestinal infections of newborns.

1. Introduction

Polyethylene glycol (PEG) microspheres are polymeric par-
ticles that have the capacity to adsorb organic compounds
and are considered major drug carriers [1]. The adsorption
capacity of microspheres for organic compounds can be
modified to improve their biological function [2] as well
as their ability to modulate the immune response [3, 4].
The microspheres are made of materials that have been
developed as controlled release systems for drugs. These
synthetic polymers allow for controlled cell recognition and
communication, trigger immune responses, cell adhesion, or
signal transduction [5], and are important in pathological
processes.

Clinical and experimental evidence supports the hypoth-
esis that colostrum is important during infection because
it contains soluble and cellular components, such as lipids,
carbohydrates, proteins, viable leukocytes (1 × 109 cellsmL−1
in the first days of lactation), especially neutrophils and
macrophages [6], and hormones, which are important for

immune defense [7, 8]. The literature has reported the action
of hormones associated with PEG microspheres, which
together act as immunomodulators [4].

Melatonin, one of the hormones contained in milk, is
produced by the pineal gland and plays an important pro-
tective role for infants [7]. Many of the benefits of melatonin
and its metabolites are related to their antioxidant, anti-
inflammatory [9, 10], and prooxidative effects [11]. Melatonin
has been shown to act on human phagocytes [12, 13] as well
as rat splenic macrophages [14, 15].

However, the oral bioavailability of melatonin is less
than 20% due to extensive first-pass hepatic metabolism and
variable rates of absorption [16–18]. Thus, PEGmicrospheres
are a promising agent for the delivery of the hormone
melatonin, as they can prevent its degradation and increase
its bioavailability within the organism.

It is possible that melatonin affects colostrum by modu-
lating the microbicidal mechanisms of phagocytes, attracting
cells to the site of infection, and reducing the possibility of
infection.The aimof this studywas to verify the adsorption of
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the hormone melatonin to PEG microspheres and to analyze
the effect of this material on the functional activity of human
colostrum phagocytes.

2. Materials and Methods

2.1. Subjects. Upon informed consent, approximately 8mL
of colostrum was collected from clinically healthy women
aged 18–35 years at the Health System Program of Barra do
Garças, MT, Brazil (𝑁 = 70). All of the mothers had given
birth to healthy full-term babies.The colostrum samples were
collected in sterile plastic tubes between 48 and 72 hours
postpartum. All of the procedures were submitted for ethical
evaluation and received institutional approval.

2.2. Polyethylene Glycol (PEG) Microsphere Preparation. The
microspheres were obtained from polyethylene glycol (PEG)
6000 using a modification [3, 4] of a previously described
protocol [2]. Briefly, 20 g of PEG 6000 was resuspended in
100mLof a 2% sodium sulfate solution in phosphate-buffered
saline (PBS) and incubated at 37∘C for 45min. After incu-
bation, the PEG microspheres were diluted 3 : 1 in PBS and
washed twice in PBS (500×g, 5min). The PEG microspheres
were resuspended in PBS.The formation of the microspheres
was thermally induced by subjecting the solution to 95∘C for
5min. For adsorption, the suspensions of PEG microspheres
in PBS were incubated withmelatonin (Sigma, St. Louis, MO,
USA; concentration 100 ngmL−1) at 37∘C for 30minutes.The
PEGmicrospheres with or without adsorbed melatonin were
fluorescently labeled overnight at room temperature with a
solution of Dylight 488 (Pierce Biotechnology, Rockford, IL,
USA; 10 𝜇g mL−1) in dimethylformamide at a 100 : 1 molar
ratio of PEG :Dylight. The samples were then analyzed by
fluorescence microscopy.

2.3. Flow Cytometry. Immunofluorescence staining was per-
formed with phycoerythrin (PE, Sigma, St. Louis, MO, USA)
to compare the abilities of the PEG and polymethylmethacry-
late microspheres (CaliBRITE—BD, San Jose, CA, USA) to
bind fluorescent markers. The PEG microspheres were incu-
bated with 5 𝜇L of PE (0.1mgmL−1) for 30min at 37∘C. After
the incubation, the PEG microspheres were washed twice in
PBS containing BSA (5mg mL−1; 500×g, 10min, 4∘C). In all
of the experiments, the PEG microspheres were analyzed by
flow cytometry. The study was performed on a FACSCalibur
(BD, San Jose, CA, USA). The PEG microspheres sizes were
compared to those of the BDmicrospheres (6 𝜇mCaliBRITE
3 Beads, BD cat. no. 340486, San Jose, CA, USA) and those
bound or unbound to PE. The fluorescence intensity of the
PEG microspheres was expressed as the geometric mean
fluorescence intensity, and the size was calculated according
to the geometric mean of the Forward Scatter (FSC).

2.4. Obtaining Supernatants from Human Colostrum.
Colostrum supernatant samples of different mothers were
obtained by centrifugation (10min, 160×g, 4∘C), the upper
fat layer was discarded, and the aqueous supernatant was
stored at −70∘C to isolate the posterior melatonin hormone.

2.5. Separation of Colostrum Cells. Approximately 15mL of
colostrum was collected in sterile plastic tubes from each
woman. The samples were centrifuged (160×g, 4∘C) for
10min, which separated the colostrum into three different
phases: a cell pellet, an intermediate aqueous phase, and
a lipid-containing supernatant, as described by Honorio-
França et al. [19]. The cells were separated by a Ficoll-
Paque gradient (Pharmacia, Uppsala, Sweden), producing
preparations with 98%puremononuclear cells, and theywere
analyzed by lightmicroscopy.The purifiedmacrophages were
resuspended independently in serum-free medium 199 at a
final concentration of 2 × 106 cells mL−1.

2.6. Melatonin Hormone Dosage by Immunoenzymatic
Method. Melatonin was extracted by affinity chromato-
graphy, concentrated in a speed vacuum, and then quantified
by ELISA (Immune-Biological Laboratories, Hamburg). The
reaction rates were measured by absorbance at 405 nm in a
spectrophotometer.The results were calculated by a standard
curve and shown in pg/mL.

2.7. E. coli Strain. The enteropathogenic Escherichia coli
(EPEC) was isolated from the stools of an infant with acute
diarrhea (serotype 0111:H−, LA+, eae+, EAF+, bfp+). This
material was prepared and adjusted to 107 bacteria mL−1, as
previously described by Honorio-França et al. [19].

2.8. Release of Superoxide Anion. Superoxide release was
determined by cytochrome C (Sigma, St. Louis, MO, USA)
reduction [19, 20]. Briefly, mononuclear phagocytes and
bacteriaweremixed and incubated for 30min to allowphago-
cytosis. The cells were then resuspended in PBS containing
2.6mM CaCl

2
, 2mM MgCl

2
, and cytochrome C (Sigma, St.

Louis, MO, USA; 2mgmL−1). The suspensions (100 𝜇L) were
incubated for 60min at 37∘C on culture plates. The reaction
rates were measured by their absorbance at 630 nm, and the
results were expressed as nmol/O

2

−. All of the experiments
were performed in duplicate or triplicate.

2.9. Bactericidal Assay. Phagocytosis and microbicidal activ-
ity were evaluated by the acridine orange method [21]. Equal
volumes of bacteria and cell suspensions were mixed and
incubated at 37∘C for 30min under continuous shaking.
Phagocytosis was stopped by incubation on ice. To elimi-
nate extracellular bacteria, the suspensions were centrifuged
twice (160×g, 10min, 4∘C). The cells were resuspended in
serum-free 199 medium and centrifuged. The supernatant
was discarded, and the sediment was dyed with 200 𝜇L of
acridine orange (Sigma, St. Louis, MO, USA; 14.4 g L−1) for
1min. The sediment was resuspended in cold 199 medium,
washed twice, and observed under an immunofluorescence
microscope at 400x and 1000x magnification. The phagocy-
tosis index was calculated by counting the number of cells
ingesting at least 3 bacteria in a pool of 100 cells. To determine
the bactericidal index, the slides were stained with acri-
dine orange, and 100 cells with phagocytized bacteria were
counted. The bactericidal index was calculated as the ratio
between orange-stained (dead) and green-stained (alive)
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Figure 1: Fluorescence microscopy image of the PEG microspheres stained with Dylight 488. (a) represents the PEG microspheres (100x),
and (b) represents the PEGmicrospheres adsorbed to melatonin.The experiments were repeated five times, and the results were comparable.

bacteria×100 [21]. All of the experiments were performed in
duplicate or triplicate.

2.10. Immunofluorescence and Flow Cytometry. Immunoflu-
orescence staining was performed with Fluo-3 (Sigma, St.
Louis, MO, USA) to assess intracellular Ca2+ release by
colostrum phagocytes. The cell suspensions were preincu-
bated with or without 50𝜇L of melatonin (Sigma, final
concentration of 10−7M) at 37∘C for 30min under continuous
shaking. The phagocytes were centrifuged twice (160×g,
10min, 4∘C), resuspended in PBS containing BSA (5mg
mL−1), and incubated with 5 𝜇L of Fluo-3 (1 𝜇gmL−1) for
30min at 37∘C. After the incubation, the cells were washed
twice in PBS containing BSA (5mgmL−1; 160×g, 10min,
4∘C). In all of the experiments, the cells were analyzed by
flow cytometry. The samples were run on a FACSCalibur
machine (BD, San Jose, CA, USA). Calibration and sensi-
tivity were routinely checked using CaliBRITE 3 Beads (BD
cat. No. 340486, San Jose, CA, USA). Fluo-3 was detected
using a 530/30 nm filter for intracellular Ca2+. The ratio of
intracellular Ca2+ release was expressed as the geometric
mean fluorescence intensity of Fluo-3. The experiments were
repeated on several occasions, and the data presented in the
figures are from single representative experiments.

2.11. Statistical Analysis. An analysis of variance (ANOVA)
was used to evaluate superoxide, phagocytosis, the bac-
tericidal index, and intracellular calcium in the presence
or absence of PEG microspheres adsorbed to melatonin.
Statistical significance was considered when 𝑃 < 0.05.

3. Results

3.1. Characterization of Microspheres with Melatonin. The
fluorescence microscopy image (Figure 1(a)) shows the PEG

microspheres that were produced in PBS. This result con-
firmed that the method produces different sizes of micro-
spheres that are easily separated in suspension. The micro-
spheres retained their ellipsoid structures, had regular sizes,
and were homogeneous (Figure 1(a)).The PEGmicrospheres
were able to adsorb the melatonin. Furthermore, the mela-
tonin was distributed throughout the surface (Figure 1(b)),
indicating its interfacial deposition under the surface of the
microspheres.

Figure 2(a) compares the fluorescence intensity of PEG
microspheres, PEG microspheres adsorbed to melatonin,
and the BD microspheres (standard). The PEG and BD
microspheres had the highest geometric mean fluorescence
intensities. The adsorption of melatonin to the PEG micro-
sphere altered the geometric mean fluorescence intensity.
The sizes of the PEG microspheres were similar to the
standard microspheres (Figures 2(a) and 2(b)). Analysis by
flow cytometry showed that the PEG microspheres had a
size of approximately 5.8𝜇m, the polymethylmethacrylate
BD microspheres had a size of 6 𝜇m, while the micro-
spheres adsorbed to melatonin had a mean size of 5.3 𝜇m
(Figure 2(c)).

3.2. General Characteristic of Colostrum Components. The
number of colostrum phagocytes retrieved was 1.8 × 106
cellmL−1, and the viability (%) was 90.5 ± 2.2. The colostrum
melatonin concentration was 16.0 ± 4.05 pg mL−1.

3.3. Superoxide Release by Colostrum Phagocytes in the Pres-
ence of PEG Microspheres Adsorbed to Melatonin. In the
absence of bacteria, melatonin increased the release of super-
oxide by colostrum phagocytes compared to the spontaneous
release (PBS = 1.32 ± 0.3—melatonin = 3.47 ± 0.69; Table 1).
(PBS = 1.01 ± 0.24—melatonin = 2.74 ± 0.37; Table 1). The
phagocytes incubated with bacteria and melatonin also dis-
played higher superoxide release than the controls (bacteria
plusmelatonin= 2.74±0.37; PBS = 1.01±0.24). Additionally,
the phagocytes exposed to melatonin that had been adsorbed
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Table 1: Superoxide anion release from phagocytes in human
colostrum mononuclear cells.

Phagocytes MN
colostrum Bacteria EPEC Superoxide anion

release (nmol)

Spontaneous Absent 1.22 ± 0.25
Present 1.01 ± 0.24

Cell + PEG Absent 1.50 ± 0.19
Present 1.41 ± 0.31

Cell + MLT Absent 3.47 ± 0.69∗#

Present 2.74 ± 0.37∗+

Cell + PEG + MLT Absent 2.35 ± 0.42∗#

Present 1.96 ± 0.55∗+

Themononuclear cells were incubatedwithmelatonin. In the controls assays,
the mononuclear cells were preincubated with PBS. ∗𝑃 < 0.05: comparing
the treated and nontreated cells (without bacteria); #𝑃 < 0.05: comparing the
different treatments (PBS, melatonin (MLT), and polyethylene glycol (PEG))
without bacteria; +𝑃 < 0.05: comparing the different treatments (PBS, MLT,
and PEG) with bacteria.

to PEG microspheres displayed increased superoxide release
when compared to the phagocytes exposed to the PEG
microspheres alone (bacteria plus PEGmicrosphere = 1.41 ±
0.31, bacteria plus PEGmicrosphere plus melatonin = 1.96 ±
0.55). The effect of melatonin stimulation alone was higher
than that of bacteria and melatonin (melatonin = 3.47± 0.69;
bacteria plus melatonin = 2.74 ± 0.37). Furthermore, the
release of superoxide decreased significantly in the presence
of PEG microspheres with adsorbed melatonin compared to
the phagocytes exposed to melatonin alone, and this was
independent of bacteria (PEG + MLT = 2.35 ± 0.42; bacteria
plus PEG + MLT = 1.96 ± 0.55; Table 1).

3.4. Phagocytosis of Colostrum Mononuclear Cells in the
Presence of PEG Microspheres Adsorbed to Melatonin. The
colostrum phagocytes displayed some phagocytic activity
in response to EPEC (34.4 ± 4.6). Phagocytosis increased
significantly in the presence of melatonin (48.8 ± 12.8). A
comparison of the PEG microspheres adsorbed to melatonin
and the PEG microspheres alone showed that phagocytosis
was similar (melatonin = 82 ± 5.1; PEG microspheres =
71.5 ± 3; PEG microspheres plus melatonin = 78.5 ± 3;
Figure 3).

3.5. Bactericidal Activity of Colostrum Phagocytes in the
Presence of PEG Microspheres Adsorbed to Melatonin. The
colostrummononuclear phagocytes that were not stimulated
had some bactericidal activity against EPEC (34.9 ± 9.5). The
mononuclear phagocytes incubated with melatonin showed
increased bactericidal activity (66.9 ± 10). The bacterial
killing by colostrum mononuclear phagocytes mediated
by PEG microspheres adsorbed to melatonin is shown
in Figure 4. The mononuclear phagocytes incubated with
PEG microspheres adsorbed to melatonin showed increased
microbicidal activity in response to EPEC (61.5 ± 5.8).

Table 2: Release of intracellular Ca2+ by colostrum phagocytes in
the presence of melatonin adsorbed to PEG microspheres.

Colostrum mononuclear
phagocytes (MN)

Fluorescence intensity
(mean ± SD)

PBS 13.96 ± 2.20
Cell + PEG 21.24 ± 1.26∗

Cell + MLT 87.89 ± 8.38∗#

Cell + PEG + MLT 30.98 ± 5.03∗#

The intracellular Ca2+ release is represented by mean fluorescence intensity
and was obtained by flow cytometry. The results represent the mean and
SD of five experiments with cells from different individuals. ∗𝑃 < 0.05:
comparing the treated cells with non-treated cells (PBS); #

𝑃 < 0.05:
comparing the different treatments (MLT and PEG microspheres).

3.6. Intracellular Ca2+ Release by Colostrum Phagocytes
in the Presence of PEG Microspheres Adsorbed to Mela-
tonin. Colostrum phagocytes incubated with melatonin had
increased intracellular Ca2+ levels (Figure 5). Table 2 shows
the rate of intracellular Ca2+ release of colostrum phagocytes
treated with PEG microspheres adsorbed to melatonin or
PEG microspheres alone using Fluo-3 to assess the fluores-
cence intensity (PBS = 13.97 ± 2.2; PEG + MLT = 30.98 ±
5.03; PEG= 21.24±1.2).Thehighest intracellular Ca2+ release
was found in phagocytes treated with melatonin (87.9 ± 8.3),
whereas melatonin adsorbed to PEGmicrospheres decreased
the release of intracellular Ca2+ by colostrum phagocytes
(30.98 ± 5.03; Table 2).

4. Discussion

In this study, microspheres adsorbed to melatonin were
produced, and this material was found to stimulate the
functional activity of colostrum phagocytes as evidenced by
the release of superoxide and intracellular calcium.

Microsphere-based polymeric substances can be used
for controlled drug delivery. The release of drugs from a
microsphere may be due to the leaching process of the
polymer or by the degradation of the polymer matrix, and
it is therefore important to understand the physical and
chemical properties of the release medium [22]. In this study,
the analyses by fluorescence microscopy and flow cytometry
showed that the PEG microspheres had ellipsoid shapes and
were easily separated from the suspension. The literature
has reported the use of flow cytometry as an alternative
method for analyzing and visualizing particles [23, 24]. It was
observed by flow cytometry that the PEG microspheres had
a size of approximately 5.8𝜇m. The adsorption of melatonin
reduced the size to approximately 5.35 𝜇m, suggesting that
melatonin may bind at the same site as the marker. These
data are in agreement with previous studies, which found that
the PEG microspheres changed in size or in the ability to
bind fluorescent substances after the adsorption of bioactive
molecules [3, 4, 25].

The literature reports that polyethylene glycol in micro-
sphere formulations can allow for the control and develop-
ment of pores by themolecular weight, and the concentration
canmodulate the speed at which the drug is released from the



Journal of Nanomaterials 5

300

240

180

120

60

0

100 101 102 103 104

FL2-H

C
ou

nt
s

PEG PEG + MLT

BD microsphere

(a)
C

ou
nt

s

FSC-H

1100

880

660

440

220

0

0 200 400 600 800 1000

PEG

PEG + MLT

BD microsphere

(b)

Microsphere Fluorescence intensity

BD 6

PEG 5.8

PEG + MLT 5.35

Size (𝜇m) (mean ± SD)

83.1 ± 5.1

65.3 ± 4.7

74.1± 13.6

(c)

Figure 2: The PEG microspheres were stained with phycoerythrin (PE) as described in Section 2. PE-labeled polymethylmethacrylate
microspheres were used as a standard. Immunofluorescence and size analyses were carried out by flow cytometry. (a) represents the
fluorescence intensity (FL2), (b) represents the size based on Forward Scatter (FSC), and (c) represents the geometric mean fluorescence
intensity and the geometric mean of size.

polymer matrix [26]. There are currently several drugs asso-
ciated with PEG that are widely traded, including interferon
alpha (PEGASYS, PEG-Intron) growth hormone (Somavert),
asparaginase (Oncaspar), camptothecin, and insulin, and the
PEG has been able to prolong the bioavailability of the drugs
[27].

The effectiveness of hormones associated with polymer
matrices has expanded the possibility of obtaining new
drugs to activate the immune system [4]. According to the
literature, the generation of free radicals is an important
mechanism of protection against infection [28–30].

The results of this work confirm the importance of
the superoxide anion in activating colostrum phagocytes in
association with modified drug release systems. Melatonin
increased the production of these radicals independently
of the presence of bacteria. Moreover, when melatonin was
adsorbed to PEG microspheres, superoxide anion release
decreased, but it remained higher than that found dur-
ing spontaneous release. These data suggest that the PEG
microspheres are able to modify the release of melatonin
while maintaining cellular activation. This can minimize the

adverse effects that may occur with high doses of superoxide
anion.

The beneficial actions of melatonin are associated with
its ability to remove free radicals and increase the enzymatic
activity of antioxidants [31–34]. Furthermore, melatonin has
immunostimulatory effects [35] and can stimulate cells of the
immune system [36, 37]. Phagocytes produce large amounts
of superoxide radicals during oxidative stress, an important
protective mechanism during infection. Controlling this
release is fundamental for appropriate immune responses
against infection.

Soluble components present in colostrum interact with
cells to increase superoxide release, and this can increase
the phagocytic and microbicidal abilities of macrophages
[30, 37]. In the present study, phagocytosis was increased
independently of the stimulus used. The highest rates of
phagocytosis were observed when the cells were directly
stimulated bymelatonin, which is in agreementwith previous
studies [13, 38].

Interestingly, the superoxide release by cells exposed
to the melatonin-adsorbed PEG microspheres, although in
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Figure 3: Bacterial phagocytosis by colostrum mononuclear cells
(mean ± SD, 𝑁 = 10 for each treatment). Bacterial phagocytosis
by colostrum mononuclear cells was determined with the acridine
orange method. ∗ indicates differences between treatments (PEG
and/or hormone) and 199 medium (ANOVA, 𝑃 < 0.05).
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Figure 4: Microbicidal activity by colostrum mononuclear cells
(mean ± SD, 𝑁 = 10 in each treatment). Bacterial elimination by
mononuclear cells fromcolostrumwas determinedwith the acridine
orange method. ∗ indicates differences between treatments (PEG
and/or hormone) and 199 medium (ANOVA, 𝑃 < 0.05).

lower concentration, was sufficient to activate the micro-
bicidal mechanisms of phagocytes. This demonstrated that
the microsphere-mediated release of melatonin may be
important for the modification of cellular activation because
elevated levels of free radicals cause cellular damage that
eventually culminates in the activation of cell death pathways
[15, 38, 39].

Microbicidal activity promoted by melatonin and the
resulting oxidation products may have important clinical
applications [40, 41]. Alterations in superoxide anionsmodify
the responses of intracellular calcium and phosphorylation
events during oxidativemetabolism [42]. Furthermore,mela-
tonin has been reported to increase intracellular calcium in
human cells [43].

In the present study, melatonin stimulated the release of
intracellular calcium by colostrum phagocytes. The adsorp-
tion ofmelatonin to PEGmicrospheres decreased this release,
suggesting that the PEG microspheres can modify the effect
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Figure 5: Colostrum mononuclear cells stimulated with melatonin
adsorbed to PEG microspheres were stained with Fluo-3 to assess
intracellular Ca2+ release as described in Section 2. Immunofluores-
cence analyses were carried out by flow cytometry.

of melatonin on intracellular calcium influx. This delivery
system provided by melatonin and PEG microspheres may
be useful for various diseases because the excessive release of
intracellular Ca2+ can induce apoptosis [44, 45].

In this study, we found that melatonin is present in
colostrum, and the interaction between hormones and
cells generates natural protection for the newborn. Due to
the immaturity of the newborn digestive system, digestive
enzymes and other factors do not destroy the cells received
through colostrum. Therefore, the cells likely remain intact
throughout the upper portions of the intestine and can
interact with each other to protect the mucosa. Some studies
have suggested that the cells from the colostrum remain
viable within the newborn intestinal mucosa for a period
of 4 hours [46, 47] and may exert microbicidal activity and
produce antibodies [48]. Importantly, the interaction of hor-
mones associated with modified delivery systems is critical
for the newborn, and such systems can utilize colostrum in
concentrations that best promote cellular activity.

5. Conclusion

The results indicate that melatonin-adsorbed PEG micro-
spheres modify the release of superoxide and intracellular
Ca2+ by colostrum phagocytes and increase the microbicidal
activity of these cells. The modified delivery system of mela-
tonin via PEGmicrospheresmay be an additionalmechanism
to improve the immune responses of colostrum phagocytes
and represents a fundamentally important mechanism for
the protection and treatment of gastrointestinal infections of
newborns.
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