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The Guest Editors for this Special Issue were pleased to
welcome contributions from researchers studying advanced
nanomaterials and nanocomposites from both fundamen-
tal and applied perspectives. Manuscripts covered their
applications, their development perspectives, their product
design, and methods for the investigation of their structure
and properties.

Three articles concentrated on bioapplications of
nanoengineered materials. K. A. López-Varela et al. explored
multibranched gold nanoparticles as a promising tool for
localized photothermal therapy. J. Jiang et al. investigated
gold liposomes for light-responsive drug release. L. Zhang
et al. developed novel nanocomposites with antimicrobial
activity against a wide variety of microorganisms.

Meanwhile, the remaining articles probed structural
and physical properties. V. A. Kotov et al. studied the
preparation and magnetooptical properties of ultrathin
bismuth-substituted iron garnet films. E. Sakher et al. used
X-ray diffraction techniques to follow the mechanical
alloying of Ni and Ti elemental powders into nanocrystal-
line materials, uncovering details of the phase composition
over time. Lastly, L. Zhong et al. uncovered a new type of
TaC ceramic containing nanoprecipitates, which may war-
rant further research.

Although these six papers cannot provide the full
image of the field of advanced nanoengineering materials,
we nevertheless hope that the combination of these con-
tributed papers will stimulate readers’ imagination around

the multifaceted nature and possible effects of this research,
and more importantly will inspire them to undertake their
work in this very wide and open area of investigation.
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A study of the initial stages of crystallization in RF magnetron-sputtered ferrite garnet films is reported, in which a series of
ultrathin Bi2Dy1Fe4Ga1O12 layers is fabricated and characterized. The spectral and temperature dependencies of magnetic
circular dichroism (MCD) of these films are studied in the temperature range from 300K down to 8K. Measured magneto-
optical properties are reported in the spectral range between 300 and 600 nm. In ultrathin garnets at temperatures below 160K,
we found that between 360 and 520 nm, the spectral MCD dependencies were typical of bismuth-substituted garnets with high
levels of gallium dilution in the tetrahedral sublattice. The MCD signal strength measured at its 440 nm peak grows linearly with
reducing temperature between 160K and 8K. This observed temperature dependency of MCD differed dramatically from these
measured in thicker (3.7 nm) nanocrystalline garnet films. The peak MCD signal at 440 nm in these 3.7 nm-thick samples grows
linearly from 215K down to 100K, resembling the same dependency seen in 1.7 nm films. In thinnest layers of thickness 0.6 nm,
no MCD signals were observed at any temperature in the range between 8 and 300K.

1. Introduction

In recent years, there has been a significant research inter-
est dedicated to the research fields related to the engineer-
ing and characterization of new-generation functional
materials, in particular the ultrathin ferrite garnet films of
thickness between several nanometers to several tens of
nanometers. This is due primarily to the potential advan-
tages of using yttrium-based iron garnets in one of the
fast-developing areas of spintronics, which is related to
the generation of spin-polarized currents in thin platinum
films, assisted by the spin waves generated in yttrium iron
garnet (YIG) films of nanoscale thickness [1, 2]. Of partic-
ular importance is the fact that this material (YIG) pos-
sesses record-low losses in the ultra-high-frequency (UHF)

spectral region, having a very small attenuation parameter
α ≈ 3 × 10−5 and ferromagnetic resonance (FMR) linewidth
of less than 0.5Oe (for monocrystalline YIG and LPE-
fabricated films) at 9GHz. Thin films of ferromagnetic
metals demonstrate attenuation parameters two orders of
magnitude greater compared to those of YIG [3]. It has also
been proposed that the use of ultrathin YIG films in spin-
valve devices can lead to a significant reduction in the
switching currents in these structures [4].

Thin films of bismuth-substituted ferrite garnets are
undoubtedly of interest for the design of planar-integrated
magneto-optic (MO) devices and also for designing
waveguide-based MO modulators, nonreciprocal optical
devices, and optical circulators. In planar optical waveguides
made using films of bismuth-substituted ferrite garnets of
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high MO quality and narrow FMR linewidth, it is possible
to achieve MO modulator as well as switching functionality
at the working frequencies in the UHF range [5]. Nanocrys-
talline films of ferrite garnets with small attenuation in the
UHF range and high MO quality factors have also been
proposed for use in the engineering of new metamaterial
types in the gigahertz and optical frequency ranges, as well
as for the design of traditional UHF devices, such as band-
pass filters utilizing magnetostatic waves [6].

Significant improvements in the MO quality of a range
of magnetron-sputtered bismuth-substituted ferrite garnets
compared to standard nanocrystalline garnet material have been
achieved. Inside these nanocomposite bismuth-substituted
ferrite garnet films, quasispherical nanocrystallites of gar-
nets form inside a surrounding material matrix composed
mainly of bismuth oxide. In samples of these nanocom-
posite ferrite garnets, the MO quality of the material
(defined as Q = 2 × ФF /α) reaches 50° at the wavelength
of 633 nm. Here, ФF is the specific Faraday rotation at
the wavelength of interest, and α is the optical absorption
coefficient at the same wavelength.

In another series of composite (YIG+Bi2O3) material
synthesis experiments, amorphous-phase films of thickness
near 500nm were deposited, in which the excess volumetric
fraction of bismuth oxide was near 20 vol.%. After running
the annealing crystallization process, a nanocomposite
garnet-type material Bi0.5Y2.5Fe5O12 was obtained, in which
the X-ray diffraction (XRD) characterization experiments
revealed the presence of bismuth-substituted yttrium iron
garnet crystallites of average size 36 nm, and the crystal lattice
parameter af ┴ = 12 450Å. Also, a peak-to-peak FMR line-
width was found to be as low as ΔHpp = 6 1Oe at 9.77GHz
[7]. It is well-known that the substitution of one stoichiomet-
ric formula unit of Bi into YIG lattice leads to increasing
the material’s lattice parameter by Δa = 0 0829Å [8].
Based on these data, we can conclude that the lattice parameter
af ┴ = 12 450Å corresponds, in undeformed nanocrystal-
lites, to the composition Bi0.5Y2.5Fe5O12, according to the rela-
tionship af = 12 376Å + 0 5∙0 0829Å = 12 42Å, inwhich the
value of 12.376Å is the lattice parameter of YIG, and 0.5 is the
bismuth substitution coefficient in formula units.

Moving towards depositing ultrathin garnet films of
thickness near 10nm highlights the necessity of undertaking
new studies of the fine structure inside the transitional layers
existing between the substrate and film materials, since the
presence of these layers can change dramatically the mag-
netic properties of nanoscale films compared to these found
in bulk materials or thicker film layers.

It has also been observed that in garnet films grown by
LPE, the transitional layers have in fact been composed of
two sublayers. The first sublayer of thickness 1–5nm, which
is known as the physical transition layer, represents a physi-
cal region of transition in between the substrate and film
materials, with its thickness being determined primarily by
the quality of substrate polishing [9, 10]. Above this first sub-
layer of the substrate-to-film transition layer, there exists a
technological (epitaxy-related) transition sublayer, the for-
mation of which is due to the special features of the initial

stage of the liquid-phase epitaxy process: the entry of sub-
strate into the solution-melt without rotating the substrate
during the first minute, the switch-on of the substrate
rotation at 60–100 RPM, and the onset of thermodynamic
equilibrium inside the solution-melt lead to the formation
of a technological transitional layer of thickness between 5
and 300nm depending on the value ΔTs of supercooling
of the solution-melt. This boundary layer is located near
the substrate-film interface (stationary boundary layer),
through which the control of the steady-state diffusion of
garnet-forming compounds from the bulk of melt-solution
occurs towards the growth surface. The thickness of this
technological transition layer can vary widely, from a few
nanometers (for high growth temperatures in excess of
900°C and small melt supercooling of ΔТ ≈ 2–5°С) to several
hundred nanometers (for growth temperatures near 700°C
and melt supercooling of ΔТ ≈ 100–150°С and above [10]).
The measurements have shown that under the conditions of
high growth temperature and low supercooling ΔTs of the
solution-melt, the Curie temperature of a 5 nm-thick epitaxial
layer forming between the substrate and the main part of
epitaxial layer did not differ from the Curie temperature
of the main part of the epitaxial layer. At the same time,
the measurements provided on 1.0μm-thick epitaxial gar-
net layers of composition Bi0.45Sm0.20Tm2.35Fe4.30Ga0.70O12
demonstrated an initial part of the transitional layer of
100 nm thickness having a Tc = 225°С, and in the techno-
logical transition layers of thickness 200nm, we observed a
drop in Tc from 225°C to 215°C and a drop in the lattice
parameter af ┴ from 12.420Å to 12.411Å for epitaxial films
grown at low temperature and at high value of supercooling
ΔTs [10].

From the point of view of the practical applications of
ultrathin garnet films, the RF magnetron sputtering process
is most suitable for depositing amorphous-phase films onto
GGG substrates, when followed by high-temperature anneal-
ing in air atmosphere at 550–650°C (depending on the level
of bismuth substitution). The properties of transitional layers
existing near the film-substrate interface represent a defining
factor, which governs the annealing crystallization process,
since the crystallization processes initialize within this transi-
tional region. Bismuth-substituted ferrite garnets also remain
the most perspective MO materials for applications in inte-
grated photonics and magneto-plasmonics.

2. Sample Fabrication Process

A two-stage sample manufacturing methodology has been
used for the preparation of ultrathin iron garnet films.
During the first stage, amorphous-phase films of nominal
stoichiometry Bi2Dy1Fe4Ga1O12 have been deposited onto
GGG substrates using RF magnetron sputtering process.
The film thicknesses were 0.6, 1.7, 3.7, 10.3, 50, and 100nm,
calculated based on the measured time durations of the depo-
sition processes, using constant deposition rate approxima-
tion and previously obtained calibration data for the
deposition rate versus the RF power density. Standard
polished- (111) oriented GGG substrates of thickness 0.5mm
were used, heated to 250°C to improve the film adhesion and
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density. The sputtering deposition processes were run in pure
argon atmosphere at 1mTorr, at RF power density of 4W/cm2

at the target surface, which led to a deposition rate close to
4 nm/min. The target-to-substrate distance was 18 cm, and
substrate rotation rate was 30 revolutions per minute.

The X-ray diffractometry (XRD) measurements have
revealed that all films were amorphous in the phase following
the deposition process. We also tested all samples for the
presence of any magneto-optic activity using Faraday effect
and magnetic circular dichroism measurements in the spec-
tral region between 300 and 800nm. No signs of magneto-
optic activity were detected in any of the amorphous film
samples. During the second stage of the sample manufacture
process, high-temperature annealing crystallization pro-
cesses were run in air atmosphere in an electric oven for
1 h, at temperatures ranging between 550 and 650°C. XRD
characterization experiments conducted with annealed film
samples of thickness 50nm and 100 nm have revealed the
presence of garnet nanocrystallites of average dimensions
near 40 nm.

3. Microstructural Investigation of Ultrathin
Iron Garnet Films

3.1. Surface Topography Studies. Figure 1 shows an AFM
image revealing the surface relief of the GGG substrate
(Figure 1(a)) and the GGG substrate surface relief profile
measured along a linear path across the scan of Figure 1(b).
When fabricating the ultrathin ferrite garnet films of nominal
composition Bi2Dy1Fe4Ga1O12, we used the substrates with
identical polishing quality applicable to both substrate sides,
and the data of Figure 1 shows the back side of a substrate
having a 1.7 nm-thick film deposited onto its front side.
The following scan parameters were used: semicontact mode
of scanning, scan area of size 3μm× 3μm, 750 pixels× 750
pixels (scan step of 4 nm), and using a HA-FM-Pt series can-
tilever of less than 30nm nominal tip radius.

An analysis of Figure 1(b) data at high magnification
allows obtaining a zoom-in profile of the GGG surface relief,

over a scanning interval from 0.9μm to 1.3μm. The obtained
data reveals that the substrate surface roughness was rather
small and that the surface relief could be characterized by
roughness features on a scale near 1 nm. Along a 3μm-long
scan line, we could observe a single 1.6 nm-high columnar
feature and a single pit-like feature of depth 1.2 nm (scan line
started from the zero height and probe starting position, as
shown in Figure 1(b)).

Figure 2(a) shows the surface relief images of an ultra-
thin (1.7 nm thick) garnet film of nominal composition
Bi2Dy1Fe4Ga1O12, fabricated on the same substrate using
RF magnetron sputtering, followed by annealing crystalliza-
tion process run at 650°C. Figure 2(a) reveals a film surface
roughness of around 2nm and the presence of isolated fea-
tures of height significantly greater than RMS roughness.
Figure 2(b) shows the surface structure details of the same
film, obtained from a part of Figure 2(a) scan in the region
without any large roughness outliers present. The analysis
of data shown in Figure 2(b) reveals, in general, that the film’s
surface relief is rather similar to that of the GGG substrate.
However, a large number of nanocrystallites of height dimen-
sions up to 5nm were seen, together with a limited number of
even larger nanocrystallites. Figure 2(c) shows the surface
relief line scan of this 1.7 nm-thick ferrite garnet film, where
neither the large nanocrystallites nor the obvious surface
contaminants were present within the scanned path.

The analysis of Figure 2(d) shows a somewhat smaller
surface roughness in this ferrite garnet film compared to
GGG substrate. The data shows that surface relief is rep-
resented by small-height (near 0.2 nm) typical roughness
features, with base diameter of these features being near
30–50nm. The height-to-diameter ratio seen in these surface
features is near 0.01-0.02, that is, the deposition of the
1.7 nm-thick film did not affect significantly the initial rough-
ness of the GGG substrate surface. We can also note a pit-like
structure between 75 and 175nm of the scan-line coordinates
in Figure 2(d). It is possible that the bottom of this feature
contained an amorphized surface, or a contaminated surface
part, which prohibited the crystallization of the garnet layer.
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Figure 1: (a) GGG substrate surface relief image and (b) profile of GGG substrate-surface relief measured along a scan line across the area
(3 μm× 3 μm) shown in (a). A scanning step of 3.7 nm was used; the probe tip radius was less than 30 nm.
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Of special interest is the nature of larger nanocrystallite
features of heights exceeding the nominal film thickness,
which can be observed in Figure 2. It is possible that columnar
growth morphology was present within some larger nano-
crystallite islands which could have appeared due to adatoms
merging within the growing ultrathin film. Details of the
chemical composition and structure of these growth features
within ultrathin garnet films remain to be investigated.

3.2. X-Ray Diffraction Datasets of Thin Garnet Films of
Nominal Composition Bi2Dy1Fe4Ga1O12. During the studies
of ferrite garnet films of different composition types depos-
ited onto substrates heated to 300°C, we clearly observed
the X-ray diffraction peaks related to the presence of magne-
tite (Fe3O4). Figure 3 shows XRD datasets for nanocrystalline
films of nominal composition Bi2Dy1Fe4Ga1O12 and for sev-
eral nanocomposite-type films containing up to the esti-
mated 49 vol.% of excess cosputtered bismuth oxide. The
crystalline microstructures of the annealed garnet-type thin
films were determined by using a detector scan technique
(at the near-grazing incidence source angle) using CuKα1

radiation and covering the 2θ diffracted-beam angle range
between 10° and 80°. A software-assisted peak listing option
was used to determine the precise angular positions of the
X-ray diffraction peaks and also to find the full-width half-
maximum (FWHM) values for each peak. From these exper-
imental data, we were able to calculate the lattice parameter
and the average crystallite size of these garnet thin film mate-
rials. It is reasonable to conclude that magnetite nanocrystal-
lites formed already during the sputtering deposition process;
this can be confirmed by the presence of Fe3O4-related peaks
in the XRD signal shown in the bottom trace of Figure 3,
which were measured in an amorphous (as-deposited) film
on a glass substrate.

At first glance, the presence of Fe3O4 diffraction peaks in
an amorphous-phase as-deposited sample is difficult to
understand. However, the formation of magnetite nanocrys-
tallites must have happened during the sputtering deposition
process, since the substrate temperature (250°C) was suffi-
ciently high for Fe3O4 crystallization [11].

It is also possible to assume that during the annealing
crystallization process at 650°C, a partial loss of bismuth
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Figure 2: (a) AFM surface relief scan of an annealed ultrathin ferrite garnet film of nominal composition Bi2Dy1Fe4Ga1O12 and 1.7 nm
thickness, deposited onto a GGG substrate. (b) Partial surface scan data from a flatter part of scan shown in (a). The larger
nanocrystallites’ height reaches 5 nm. (c) Surface relief profile measured along a scanned line in a garnet film of nominal composition
Bi2Dy1Fe4Ga1O12 and 1.7 nm thickness and (d) starting 400 nm-long part of the line scan profile shown in (c).
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content occurred. This, in turn, results in the formation of
nanocrystallites of the various oxides of iron, for example,
Fe3O4 or Fe2O3. It is logical to expect that during the anneal-
ing crystallization, when the temperature is rising, starting
from 250°C, the formation of Fe3O4 nanocrystallites starts.
According to the data of Figure 3, the crystallization of the
garnet phase in thick (near 450nm thickness) amorphous
films of Bi2Dy1Fe4Ga1O12 is achieved across the film’s bulk
at 620°C.

Earlier, when studying the ferrite garnet films of
Bi2Dy1Fe4Ga1O12 of thickness near 300nm, we found that
the film was composed of nanocrystallites of characteristic
size between 20 and 40nm, with the average size being
36 nm. Figure 4 shows the nanocrystalline structure of these
garnet films. The imaging data were obtained using transmis-
sion electron microscopy (TEM). A focused ion beam (FIB)
microscope (FEI XP200, FEI Company, Hillsboro, OR
97124, USA) was used to prepare the samples for TEM exam-
ination; a thin gold layer was also deposited onto the surface
of the garnet sample to improve the imaging contrast. The
procedures and the process parameters used to prepare the
samples for TEM experiments together with the information
on the imaging studies are described in [12].

4. Magnetic Circular Dichroism (MCD)
Studies of Ultrathin Iron Garnet Films

4.1. Measurements of MCD Spectra Conducted at Room
Temperature. In this section, the results of an experimental

study of the spectral dependencies of magnetic circular
dichroism (MCD) in the wavelength range between 300nm
and 600nm are reported, conducted with Bi2Dy1Fe4Ga1O12
iron garnet films of thicknesses 0.6 nm, 1.7 nm, 3.7 nm,
10.3 nm, and 100nm at room temperature. MCD is a
magneto-optic phenomenon manifesting as the difference
in the optical absorption coefficients between the left hand
and the right hand circularly polarized eigenmode constitu-
ents of a linearly polarized light wave.

The results obtained showed that the real morphologi-
cal structure of the films was represented by the isolated
or sometimes ingrown (merged) nanocrystallites forming
flat-edged surface bumps of maximum heights not exceeding
two or three nominal film thicknesses. The mean diameter of
these surface roughness bumps measured at midheight was
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reported in [12].
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near 100nm, for the 3.7 nm-thick sample. Measurements of
MCD spectra were performed using a dichrograph instru-
ment (MARK-III by Jobin-Ivon). All room-temperature
measurements were made in the wavelength interval between
300nm and 800nm. For films of thicknesses 10.3 nm and
50nm measured at room temperature, MCD spectral depen-
dencies typical of bismuth-substituted iron garnets of this
composition type were seen. The spectral dependency of
MCD signal obtained from a 10.3 nm-thick sample is shown
in Figure 5.

The negative MCD signal peak at 450nm and the positive
peak at 360nm are related to the presence of a large concen-
tration of bismuth ions in the structure of ferrite garnet,
which affects dramatically the MO properties of bismuth-
substituted yttrium iron garnet material in the spectral inter-
val between 330 nm and 2000nm. It is important to note that
the signs of both the Faraday effect and alsoMCD in the sam-
ples studied, across the UV and visible spectral ranges, were
the opposite with respect to these measured typically in
bismuth-substituted yttrium iron garnets. This can be attrib-
uted to the fact that, in bismuth-substituted yttrium iron gar-
nets, the garnet’s tetrahedral magnetic sublattice orients
magnetically along the externally applied magnetic field,
whereas in the samples studied (bismuth-substituted dyspro-
sium gallium iron garnet), the magnetic moment of the octa-
hedral sublattice orients itself along the external magnetic
field. This is related to the strong dilution of the tetrahedral
magnetic sublattice by nonmagnetic gallium ions and to the
presence of a large number of dysprosium ions inside the
dodecahedrical magnetic sublattice.

At first glance, the spectral dependencies of the Faraday
effect and MCD measured over the range from 330 nm
to 800nm are attributed to the fact that the introduction
of bismuth into the iron garnet structure leads to the

appearance of a magneto-optical peculiarities between
330 and 500nm. More rigorous analysis has shown that
new giant magneto-optical peculiarities near 90 nm in Bi-
substituted iron garnets are related to at least four inten-
sive absorption transitions with paramagnetic FR and
MCD and to one transition with diamagnetic dispersion
FR and MCD [13–20].

In reality, the situation is much more complex.
Detailed analysis of the Faraday effect and MCD spectra
measured at low temperatures together with the theoretical
analysis of the MO properties in yttrium iron garnet leads
us to conclude that the two peaks identified (at 450 nm and
360 nm) are in fact related to several optical transitions
of both the paramagnetic and the diamagnetic type. These
are typically observed in yttrium iron garnets (the transi-
tion at λ = 430nm of oscillator strength f = 2 × 10−3, the
transition at λ = 390nm of oscillator strength f = 4 × 10−3,
and the transition at λ = 365nm of oscillator strength
f = 1 × 10−2) [14–20].

The origins of these strong absorption bands may be
related to double excitons [14], that is, the transitions where
two Fe3+ ions within the same sublattice or different sublat-
tices are simultaneously excited to the spin-quartet levels,
for example,

6A1g 6S → 4T1g 4G + 6A1g 6S → 4T1g 4G 1

Another model of the absorption mechanism for the
spectral range below λ = 450 nm is based on the assumption
that intense absorption bands are related to iron–iron
charge-transfer transitions between the octahedral and tetra-
hedral pairs, for example,

Fe3+ T2 + hv→ Fe2+ T2g λ = 433 nm ,

Fe3+ Eg + hv→ Fe2+ E λ = 390 nm ,

Fe3+ Eg + hv→ Fe2+ T2 λ = 344 nm ,

Fe3+ T2 + hv→ Fe2+ Eg λ = 303 nm

2

The oscillator strengths of some of the abovementioned
optical transitions grow by about two orders in magnitude,
when bismuth ions are introduced into the structure of iron
garnet, up to the substitution level of three formula units. It
should be noted here that films of the same thickness and
composition grown on glass substrates did not show any
magneto-optic activity in the entire spectral region.

The observed negative sign of the MCD effect near
450 nm reveals that in this thin film garnet material, the octa-
hedral magnetic sublattice was orienting itself in the direc-
tion of the magnetic field applied externally, that is, the film
investigated had a so-called compensation point at above
the room temperature. At the optimum measurement condi-
tions, the dichrograph registers reliably a signal of magnitude
5 (a.u.). Realistically, 5 a.u. of signal strength corresponds to
5mm of space on the data curve recorded at the maximum
sensitivity settings. Adjusting for the sample thickness
10.3 nm, we get 480∙10−6 (a.u.) divided by 10.3 nm or 48
(a.u.)/(1 nm) in arbitrary units per nanometer of sample
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thickness. A series of prior publications have shown that
transitional garnet layers of 4-5 nm thickness did not possess
magneto-optic activity at room temperature. Accounting for
this thickness correction, the strength of MCD signal per unit
(1 nm) of sample thickness will be twice higher for a
10.3 nm-thick sample. We can also conclude from the results
obtained that, for the MO material under study, during the
measurements of MCD at 450nm wavelength, the dichro-
graph can register reliably the signal from film samples as
thin as only 1Å, if the film possesses magnetic ordering of
iron ions. The only problem is the presence of magnetic
ordering in bismuth-containing ferrite garnet films at the
room temperature or at helium temperature.

The observed signs of MCD effect within different spec-
tral regions point to the fact that in this thin film garnet mate-
rial, the octahedral magnetic sublattice was orienting itself in
the direction of the magnetic field applied externally. The
measurements of the MCD spectra made at room tempera-
ture with film samples of thicknesses 0.6, 1.7, and 3.7 nm
deposited onto GGG substrates did not exhibit the typical
MCD spectra features characteristic of bismuth-substituted
iron garnets. At the same time, near the signal-detection
limits of dichrograph’s sensitivity, it was possible to identify
the presence of some very weak magneto-optic activity in
the spectral interval between 300nm and 400nm. These
measured spectral dependencies are shown in Figure 6.

The maximum MCD signal value at 360nm reached
24 a.u. for the 0.6 nm-thick sample and 152 a.u. for the
3.7 nm-thick sample, at the sensitivity scale of 1× 10−6. The
observed MCD signals may be attributed to the presence of
magnetite nanocrystallites, which form as a result of bismuth
ion losses occurring during the deposition process and during
the subsequent high-temperature annealing of ultrathin films.

4.2. Measurements of MCD Spectra Conducted at Low
Temperatures. In order to obtain additional information on
the properties of ultrathin ferrite garnet films and to study
the structure of any transition layers existing near the
substrate-film boundary, as well as the compositional
changes of films occurring with increasing thickness, we per-
formed low-temperature spectral MCD measurements
between 300K and 8K, for films of thicknesses 0.6, 1.7, and
3.7 nm. Measurement results are shown in Figures 7 and 8.
The results of our present study reveal that even in films as
thin as these, no complete loss of bismuth content occurs
after annealing the layers at 650°С.

The maximum MCD signal value measured in this sam-
ple at 440 nm reached 890 a.u. at the 1∙10−6 sensitivity scale.
The presence of two MCD signal bands with extreme at
440 nm and 390nm is characteristic of ferrite garnet films
with high levels of gallium ion substitution within the iron
ion sites of the tetrahedral sublattice of garnet. In this case,
it can be expected that dilution of the tetrahedral lattice sites
by gallium ions occurs, with these gallium ions supplied from
the substrate composed of gadolinium gallium garnet. The
spectral position of the first (long-wavelength) intense
MCD signal peak near 440nm is characteristic of bismuth-
substituted iron garnets of lattice parameter close to af =
12 383Å. With increasing bismuth substitution in a garnet
structure, a red-shifting effect occurs for this MCD signal
band, which in the films studied in the present work is near
440 nm. For iron garnets of composition Bi2.8Y0.2Fe5O12,
the long-wave MCD peak is shifted towards 490nm [21].
The spectral position of this MCD peak remains at 490nm
for all films of thickness between 15 and 160nm.

The measured MCD spectra of the 1.7 nm-thick sample
for different temperatures over the range 8K to 200K are
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shown in Figure 8. The signal strength at the peak of the
MCD band at 440nm reached 278 a.u. at sensitivity scale
1× 10−6. For the 3.7 nm-thick sample, the main difference

in MCD spectra was the significant reduction in the MCD
strength over the 400nm signal band compared to the
reduction in the 440nm band. As was already noted, the
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negative sign of MCD signal in the spectral interval between
370nm and 550 nm and the observed shapes of spectral
dependencies at temperatures between 150K and 8K
(MCD peak locations near 445 and 400nm) are characteristic
of bismuth-substituted iron garnets in which the iron sites
within the tetrahedral sublattice are diluted heavily with
Ga3+ ions. The fact that in the samples studied the MCD
signal was negative between 375 nm and 550 nm confirms
that the magnetic moment of the octahedral sublattice of
garnet is oriented along the direction of the external mag-
netic field.

At the same time, a different explanation is required for
the spectral MCD dependency observed at 200K. The broad
peak near 400nm could be related to magnetite (Fe3O4)
nanocrystallites [11]. It is important to note that the shape
of the MCD spectra observed at 150K and at lower tem-
peratures is characteristic of bismuth-substituted iron gar-
nets. The location of the first MCD peak near 440 nm also
points to the fact that the lattice parameter within the
nanocrystallites of the films studied was near 12.383Å.
The available data allows the estimation of the lattice
parameter within the quasi-2D nanocrystallites present
within this 3.7 nm-thick film. Proposing that the blocked
state temperature TB = 215K is close to the Neel tempera-
ture, we can expect based on the literature data that the
real composition of ferrite garnet nanocrystallites differs
significantly from the nominal composition Bi2Dy1Fe4-
Ga1O12. Neel temperature near 215K in gallium-diluted
iron garnets corresponds to the substitution level of the
iron ions by the gallium ions close to 3 formula units [22].

At a nominal thickness of 3.7 nm in this iron garnet film,
considering also the presence of an intermediate “dead layer”
of a few nanometer thickness near the GGG substrate inter-
face, the hypothesized high substitution of the iron ions by
gallium within tetrahedral lattice sites appears quite likely.
This can be explained as follows: during the initial stages of
garnet film deposition, amorphization of substrate occurs
during Ar+ ion bombardment, to depths between 1 and
2nm. During the annealing process, as a result of accelerated
diffusion within this region, there occurs some compositional
equalization of the film’s contents within the amorphization
region, and Ga3+ ion content reaches 2.5 formula units
within this sublayer. This model is supported by the results
of the MO property studies in ultrathin ferrite garnet films
of nominal composition Bi2.8Y0.2Fe5O12 and by the fine
structure in transitional layers between the substrate and film
which is observed in these films [21].

By varying the bismuth and dysprosium contents,
based on the available data, we can estimate the actual com-
position of the film’s material. For the film of composition
Bi0.4Dy2.6Fe2Ga3O12, the calculated lattice parameter value is

af Å = 12, 376 Å + 0 4 ∗ 0 0828 Å + 2 6 ∗ 0 0097 Å

– 3 ∗ 0 0170 Å = 12 383 Å
3

Here, 12.376Å is the lattice parameter of an iron garnet

material of composition Y3Fe5O12, 0 4 ∗ 0 0828 Å is the

change in the lattice parameter occurring due to introduction
of a 0.4 formula unit of the Bi3+ ion substitution into garnet
structure, 2 6 ∗ 0 0097 Å is the corresponding lattice
parameter change due to introducing 2.6 formula units of
Dy3+ ion, and 3 ∗ 0 0170 Å corresponds to the effect of
Ga3+ ion dilution at 3 formula units. The coefficients used
in the above calculation are taken from [22]. Here, it is
important to note that the spectral location of the long-
wavelength peak in MCD spectra of bismuth-substituted
ferrite garnets containing from 0.1 to 1.0 formula units
of bismuth substitution is observed to be near 440 nm,
provided that the film’s lattice parameter coincides with
the substrate’s lattice parameter of GGG, which equals to
as = 12 383Å.

Another unusual result follows from the practically
unchanging values of MCD signal when the sample temper-
ature was varied between 100K and 8K. Based on the analy-
sis of the data shown in Figure 1(b), we can propose that Neel
temperature of nanocrystalline ferrite garnet film of thick-
ness 3.7 nm is near 215K, if extrapolating the horizontal
section of the temperature dependency graph of MCD
between 100K and 8K using a standard temperature
dependency of the specific Faraday effect, as obtained from
bulk garnet samples. We can also expect that, accounting
for all of the above factors, the actual composition of nano-
crystallites present inside the film of 3.7 nm thickness, also
accounting for our estimated temperature of magnetic order-
ing and the location of the first MCD peak of bismuth-
substituted iron garnet near 440nm, has the following
chemistry—Bi1Dy2Fe2.5Ga2.5O12. From the coincident curve
shapes in MCD curves measured at 100, 50, and 8K, it
follows that the fraction of the film’s volume which con-
tributes to the MCD signal at 100K and below has a con-
stant chemical composition, and its Neel temperature is
near 150K.

4.3. Temperature Dependencies of MCD Signals at 440 nm.
The most interesting result is found when analyzing the tem-
perature dependency of the MCD signal strength near the
region of 440nm peak for film samples of thicknesses
3.7 nm and 1.7 nm. Figures 9 and 10 show the temperature
dependency of MCD signal strength at 440 nm for 3.7 nm
and 1.7 nm-thick film samples.

For the analysis of measured data, it makes sense to
split the curve shown in Figure 5 into two temperature
intervals. The first interval is between 8K and 100K.
Within this temperature region, the MCD signal strength
at 440nm is practically unchanged (in reality, it is reduced
by 1.5% with the temperature decreasing from 100K to
8K). A reduction in MCD signal within this exact interval
has been observed previously (but notably to a much
greater extent in the MCD signal strength reduction) in
epitaxial-quality films of bismuth-substituted iron garnets
grown by LPE [23]. The explanation for this effect, based
on the molecular field theory, is given in 23, where a good
agreement was reported between the theory predictions
and experimental data.

At higher temperatures, in between 100K and 215K,
linear reduction in the strength of MCD signal is observed.
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This region of temperature dependency points to a superpar-
amagnetic behaviour of the object of study, with the blocking
temperature being near 215K. The appearance of a superpar-
amagnetic region can be explained as follows: for a film of
nominal thickness 3.7 nm, one can expect the appearance of
quasi-2D nanocrystallite islands during the annealing crys-
tallization process. These islands will be similar in their
appearance to very flat bumps on the substrate surface. The
studies of surface morphology made with thin garnet films
of nominal composition Bi2.8Y0.2Fe5O12 and thickness
between 4nm and 100 nm using scanning probe microscopy
revealed that for a film thickness around 5nm, flat bumps
appear on the film surface, the heights of which exceed the
nominal film thickness by several times [21].

Based on the magnitude of the MO effects observed, one
can conclude that for a nominal film thickness greater than
12nm, the film had a constant composition Bi2.8Y0.2Fe5O12
throughout the thickness interval from about 12nm up to
its top-surface boundary. In [21], the maximum film thick-
ness studied was 100 nm and the minimum 2.9 nm. Besides,
no anomalies were observed with decreasing temperature,
down to the material’s Neel temperature. Therefore, it is pos-
sible to assume that the volume regions in between any
larger-size nanocrystallites were filled with smaller ones.
The mutual ingrowth between nanocrystallites enabled sig-
nificant exchange coupling between all structural elements
within the films. For the 3.7 nm-thick film sample studied
in the present work, the nanocrystallite edges overlapped,
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and for the thickness of the magnetic layer near the regions of
overlap between neighboring quasi-2D nanocrystallites being
around several nanometers, at low temperatures, all nano-
crystallites together behaved as quasibulk material. At high
temperatures, the system of nanocrystallites of larger size
typically exhibits a superparamagnetic state.

The measured temperature dependency is essentially rep-
resented by a straight line, and through data extrapolation,
the calculated blocking temperature is around 160K. We
believe that for this 1.7 nm-thick film sample, the results
obtained can be interpreted as follows: a 1.7 nm-thick (ultra-
thin) sample comprises an ensemble of quasi-2D nanocrys-
tallites (very flat surface bumps of 3–5nm height and width
at base between 10 and 100nm), between the boundaries of
which the exchange interaction is absent. As a result of this,
the sample demonstrated superparamagnetic behaviour over
the entire temperature interval. Since the thermal expansion
coefficients of bismuth-substituted iron garnets exceed those
of GGG substrate by about 10% and since the annealing pro-
cesses are run at 650°С, at room temperature the nanocrystal-
lites typically experience the state of an in-plane tensile
stretching, hence possessing uniaxial magnetic anisotropy
with a positive constant of uniaxial magnetic anisotropy.
Because of the low-saturated magnetization in iron garnets
of this composition type, the uniaxial magnetic anisotropy
condition Ku > 2πM2

s will be satisfied.

5. Conclusions

Studies of the magneto-optic properties of ultrathin bismuth-
substituted iron garnet films have been performed for the
first time for films of nominal thicknesses 0.6, 1.7, and
3.7 nm. The film samples have been prepared on gadolinium
gallium garnet substrates by RF magnetron sputtering
followed by annealing crystallization at 650°С. At room tem-
perature, the spectral dependencies of magnetic circular
dichroism have been measured in the spectral interval
between 250nm and 850nm. At cryogenic temperatures
down to 8K, MCD dependencies have been measured
between 300nm and 850nm. At room temperature in sam-
ples of thickness exceeding 5nm, the MCD spectra typical
of bismuth-substituted iron garnets have been measured.
For ultrathin films of thicknesses 0.6, 1.7, and 3.7 nm, no
magneto-optic effects linked to the presence of bismuth-
substituted iron garnet nanocrystallites have been observed
at room temperature. Experimental results have shown that,
at temperatures below 160K, for a film of 1.7 nm thickness,
the observed MCD spectrum is mainly due to the presence
of Bi1Dy2Fe2.5Ga2.5O12 nanocrystallites, whereas over the
temperature range between 100K and 8K, the magneto-
optic activity typical of Bi1Dy2Fe2.5Ga2.5O12 nanocrystallites
is dominant. The gallium ion content has been estimated,
based on the Neel temperature estimation. The bismuth sub-
stitution levels have been estimated based on the magnitudes
of the specific MCD signal strength obtained from the mea-
surements. Here, it is important to note that the theoretically
calculated lattice parameter for a film of a given composition
was af = 12 390Å, which is very close to the GGG substrate
lattice parameter (12.383Å).
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Multidrug resistance (MDR) is one of the major obstacles to the successful application of cancer chemotherapy. Herein, we
developed light-responsive doxorubicin-and-verapamil-coencapsulated gold liposomes to overcome MDR. Upon ns-pulsed laser
irradiation, the highly confined thermal effect increased the permeability of the phospholipid bilayer, triggering the release of
doxorubicin and verapamil, leading to high concentrations in cells. Free verapamil efficiently inhibited the membrane multidrug
resistance proteins (MRPs), while the high concentration of doxorubicin saturated MRPs, thus overcoming MDR. We showed
that nanosecond- (ns-) pulsed laser- (532 nm, 6 ns) induced doxorubicin release from gold liposomes depended on laser fluence
and pulse number. More than 58% of the doxorubicin was released with a 10-pulse irradiation (100mJ/cm2). Furthermore, ns
laser pulses also liberated doxorubicin from endocytosed gold liposomes into the cytosol in MDA-MB-231-R cancer cells. The
cytotoxicity of doxorubicin coencapsulated with verapamil was significantly enhanced upon laser irradiation. This study
suggested that light-triggered on-demand release of chemotherapeutic agents and MRP inhibitors could be used advantageously
to overcome multidrug resistance.

1. Introduction

Cancer metastasis is one of the main challenges in cancer
therapy, which leads to over 90% of cancer-related deaths
[1]. To date, although there are several therapies for cancer
metastasis treatment, for example, aggressive surgery, radio-
therapy, and chemotherapy, only very limited curative effects
in patients have been observed [2]. Chemotherapy is by far
the most commonly used cancer treatment. Nanoparticles
have successfully been used to carry chemotherapeutic
agents and to enable other functions, such as long blood
circulation and tumor targeting [3]. The encapsulation of
toxic chemotherapeutic agents may reduce their nonspecific
toxicity, but meanwhile limits drug release in the tumor sites.
Enhancing drug release from endocytosed nanoparticles is of
great significance since chemotherapeutic agents have to be
released into the cytosol or nucleus to elicit their therapeutic
effects. In recent years, controlled drug release has attracted
increasing interests. Many controlled drug-release strategies
have been reported, especially, the diffusion-based and

biologically-activated drug-release system. However, drug
release based on these mechanisms are usually slow, cannot
be precisely controlled, and do not amplify the selectivity of
drug delivery [4]. Strategies that enable fast drug release upon
activation is still highly desired to enhance intracellular
cancer drug delivery [5].

Liposomes, that is, spherically closed lipid bilayers, have
been widely used in the biomedical field [6, 7]. Their hollow
spherical structure and high loading capacity make them
attractive packaging materials for the encapsulation and
delivery of drugs, enzymes, and many other biomolecules
[8, 9]. Multifunctional hybrid drug delivery systems, that is,
polymer- or nanoparticle-modified liposomes, exhibiting
the advantages of two or more delivery systems, have become
one of the most popular delivery systems [10, 11]. Recently,
gold nanoparticles have been incorporated into liposomes
to enable the photosensitivity for photothermal therapy
[12]. Gold nanoparticles convert light energy into heat
for thermal ablation of cancer cells upon laser irradiation
[13, 14]. However, an efficient photothermal therapy requires
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continuous light irradiation [15, 16]. Besides, heat-induced
damage to the bioactive molecules or normal tissues remains
one of the main limitations. Although localized heating can
be achieved by a ns-short pulsed laser [17], it requires high
laser influence to induce substantial cell apoptosis. Recently,
gold nanoparticles also have been conjugated with an antian-
giogenic peptide to enhance angiogenesis arrest upon visible
laser irradiation in vivo [18]. Another common biological
application of gold nanoparticles is to trigger drug release
by the photothermal effect, which only requires lower laser
fluence compared to thermotherapy.

Multidrug resistance (MDR) is one of the major unsolved
problems for successful cancer chemotherapy. A combina-
tion of chemotherapeutic agents with multidrug resistance
protein (MRP) inhibitors, such as verapamil, has been shown
to have an in vivo anticancer synergistic mechanism [19].
However, to effectively inhibit MRPs, a high concentration
of MRP inhibitors are required, especially for small molecule
inhibitors, which may induce unwanted toxicity to normal
tissues. To overcome the current limitations, we coencapsu-
late doxorubicin and verapamil into gold liposomes and use
a ns-pulsed laser to trigger fast intracellular drug release.
High intracellular concentrations of doxorubicin and verap-
amil were achieved upon light irradiation, leading to the
increased cytotoxicity of doxorubicin. Gold-nanoparticle-
decorated liposomes, that is, gold liposomes were developed,
and the light-triggered drug release was tested in vitro and
in cells. Under light irradiation, gold nanoparticles gener-
ate a highly localized heat owing to the surface plasmon
resonance [20], and the cargo was released due to the
increased permeability of liposomes (Schematics 1). We
demonstrated that the ns laser pulse (532 nm, 6 ns) liber-
ated doxorubicin from gold liposomes into the cytosol in
drug resistant MDA-MB-231-R cancer cells. Moreover,
the cytotoxicity of doxorubicin coencapsulated with verap-
amil was significantly enhanced upon laser irradiation.
This study showed that the photothermal-triggerable lipo-
some is a promising strategy to overcome multidrug resis-
tance and enhance therapeutic effects by on-demand
release of chemotherapeutic agents and MRP inhibitors.

2. Results and Discussion

2.1. Preparation and Characterization of Gold Liposomes.
Gold liposomes were developed by the reduction of gold
chloride onto the 1,2-dipalmitoyl-sn-glycero-3-phosphocho-
line (DPPC) liposome surface following a previously
reported method [21]. As shown in Table 1, gold liposomes
showed a hydrodynamic size around 103 nm, and uncoated
liposomes were around 92nm. Transmission electron
microscopy (TEM) observation showed that gold nanoparti-
cles were distributed on the surface (Figure 1(a)). The
structure of gold liposomes we observed was similar to the
previously reported gold liposomes prepared by the same
method [22]. UV-Vis spectra of gold liposomes exhibited
an absorption peak at around 650nm, while uncoated
liposomes did not show any resonance peak in the wave-
length range of 400–800nm (Figure 2(b)). The results
suggested that the gold nanoparticles have been successfully

decorated onto the liposome surface. The gold liposomes that
we developed showed high absorbance in the wavelength
range of 500–750 nm, suggesting that these gold liposomes
could be activated by light in the range of 500–750nm.

2.2. Thermal Effect and Nanosecond Laser Pulses Induced
Doxorubicin Release. As shown in Figure 2(a), for uncoated
liposomes, when the bulk temperature was lower than 35°C,
no obvious leakage was observed. Doxorubicin release
sharply increased from 10% to 41% when the temperature
reached 38°C. After 38°C, doxorubicin release became slowly
increased. The thermal-effect-triggered release is due to the
gel-to-liquid crystalline phase transition of the phospholipid
bilayer. The pretransition temperature and major transition
temperature of DPPC liposomes are 35°C and 41°C, respec-
tively [23]. There was no significant difference between
uncoated liposomes and gold liposomes, suggesting that the
gold decoration did not significantly alter the phase transi-
tion temperature of the DPPC phospholipid bilayer.

Nanosecond-pulsed laser-triggered doxorubicin release
was tested with different laser pulse numbers and influence
(Figure 2(b)). As expected, doxorubicin release from gold
liposomes was dependent on the laser pulse number and
influence. With the same pulse influence (100mJ/cm2), the
doxorubicin release increased from 20.8% to 58.3% by
increasing the pulse number from 1 to 10. A single pulse with
a higher influence in the range of 50–200mJ/cm2 also led to a
higher doxorubicin release. No temperature increase was
observed under current experiment conditions, suggesting
that a ns-pulsed laser-induced thermal effect was highly
localized and no bulk heating was involved in our system.
Nanosecond laser irradiation did not trigger any significant
doxorubicin release from uncoated liposomes, suggesting
that gold nanoparticle decoration was required for ns-
pulsed laser activation.

To test whether there was a triggering effect in time,
we investigated the kinetics of doxorubicin release upon
ns-pulsed laser activation. The results showed that doxo-
rubicin release reached the maximum within 1.0min
(Figure 2(c)), confirming that there was a triggering effect

Liposomes

AAHAuCl4

Gold liposomes

(a)

Endocytosis

Endo/lysosomes

VerapamilDox

MRP

(b)

Schematics 1: (a) Schematics for the formation of gold liposomes.
(b) Nanosecond-pulsed laser-triggered on-demand intracellular
release of verapamil and doxorubicin for overcoming multidrug
resistance. AA, ascorbic acid; Dox, doxorubicin.
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in cargo release upon light activation. The permeability of
gold liposomes was characterized by carboxyfluorescein
(CF) leakage studies following a previously reported method
[24]. We observed acute CF leakage upon ns-pulsed laser
activation and the CF leakage only lasted for 1min, which
was in the same time scale as doxorubicin release
(Figure 2(d)). The enhanced membrane permeability and
cargo release may happen in an even shorter time scale,
unfortunately, limited by current experimental conditions,
we cannot do real-time observation.

2.3. Intracellular Doxorubicin Release. The ns-pulsed laser-
triggered intracellular doxorubicin release was observed
by confocal scanning laser microscopy. The fluorescence
of doxorubicin was quenched due to its self-association
when loaded by the ammonium sulfate method [25]. The
release of doxorubicin from liposomes and dilution by
the surrounding medium dequench doxorubicin and
increase its fluorescence intensity. As shown in Figure 3, ns
laser pulses (532 nm, 5 pulses, and 100mJ/cm2) triggered
doxorubicin release from the gold liposomes into the cytosol,
dramatically increasing the cytosol and nuclear fluores-
cence intensity. No significant difference was observed
for cells treated with uncoated liposomes before and after
laser pulse irradiation. The results again confirmed that

gold nanoparticles decorated on the liposome surfaces
were required for light-induced release. Many nanocarriers
were trapped in endolysosomes after endocytosis, and can-
not efficiently liberate encapsulated active compounds, which
significantly limits their therapeutic effects. This technique
enables intracellular release of trapped therapeutic agents
and is promising for enhancing the therapeutic effects. In a
previous report, picosecond-pulsed laser-triggered cargo
release from gold liposomes has been used to manipulate cell
signaling [22]. We believe that our technique may also find
many other biological applications where intracellular cargo
release is required.

2.4. Cytotoxicity of Doxorubicin-Loaded Liposomal Carriers.
To test the capability of on-demand release to enhance ther-
apeutic effects, the cytotoxicity of doxorubicin coencapsu-
lated with verapamil in liposomes was measured by MTT.
The results showed that laser irradiation dramatically
increased the cytotoxicity of doxorubicin loaded in gold
liposomes with or without verapamil (Figure 4). The IC50
of doxorubicin decreased from 29.5μM to 2.7μMafter incor-
poration into gold liposomes combined with laser activation.
Based on in vitro doxorubicin-release studies, around 36%
doxorubicin was liberated, which makes the concentration
of free doxorubicin in cells treated with gold liposomes and

Table 1: Hydrodynamic diameter and polydispersity of uncoated and gold liposomes. Dox, doxorubicin, Ver, verapamil.

Samples Diameter (nm) Polydispersity index (PDI)

Uncoated liposomes 92.5± 5.3 0.034± 0.005
Gold liposomes 103.8± 10.8 0.128± 0.039
Gold liposomes with laser irradiation 101.5± 13.7 0.157± 0.051
Dox/Ver loaded liposomes 101.1± 7.1 0.052± 0.013
Dox/Ver loaded gold liposomes 115.2± 12.5 0.171± 0.045
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Figure 1: Characterization of gold liposomes. (a) Typical TEM image of gold liposomes; (b) UV-Vis spectra of uncoated and gold liposomes.
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lasers much lower than those treated with free doxorubicin.
However, the cytotoxicity of doxorubicin was enhanced
more than 10-fold, which suggested that the triggering
effect significantly contributed to enhanced cytotoxicity.
Incorporation of verapamil into doxorubicin liposomes
significantly increased cytotoxicity of doxorubicin. More
importantly, the cytotoxicity of doxorubicin was further
enhanced by laser irradiation and the IC50 decreased to
1.5μM. Under the current condition, laser irradiation
alone did not induce substantial dead cells (Figure 5), sug-
gesting that the enhanced cytotoxicity of doxorubicin by
light irradiation was not because of the laser ablation of
cancer cells. There are probably two main mechanisms
contributing to the enhanced cytotoxicity. First, laser irradia-
tion triggered doxorubicin release into the cytosol, which

provides more free doxorubicin to elicit its pharmacological
activity. Second, instant high concentration of verapamil
was achieved upon laser activation, which resulted in
inhibition of MRPs and reducing doxorubicin efflux medi-
ated by MRPs. However, for doxorubicin encapsulated in
uncoated liposomes, no significant difference was observed
after laser irradiation.

3. Materials and Method

3.1. Materials. 1,2-Dipalmitoyl-sn-glycero-3-phosphocho-
line (DPPC) and cholesterol were purchased from Avanti
Polar Lipids. Gold (III) chloride trihydrate (HAuCl4·3H2O)
and doxorubicin hydrochloride was purchased from Sigma-
Aldrich. Ascorbic acid was from Fisher Scientific. DMEM
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Figure 2: Characterization of in vitro release. (a) Thermal effect induced doxorubicin release from uncoated liposomes and gold liposomes
under programed bulk heating from 30 to 50°C; (b) nanosecond-pulsed laser-triggered doxorubicin release as a function of laser pulse number
and influence; 1-100, 1 represents pulse number and 100 represents laser pulse influence (mJ/cm2); (c) kinetics of doxorubicin release upon
ns-pulsed laser irradiation (10 pulses, 100mJ/cm2); (d) gold liposome permeability characterized by carboxyfluorescein (CF) leakage studies
(10 pulses, 100mJ/cm2).
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medium and fetal bovine serum were purchased from
GIBCO. 4′,6-Diamidino-2-phenylindole (DAPI) was pur-
chased from Thermo Fisher Scientific. Doxorubicin sodium
salt was purchased from Alfa Aesar. All other reagents were
analytical grade and used without further purification.

3.2. Preparation and Characterization of Gold Liposomes.
Liposomes were prepared with DPPC and cholesterol at a
molar ratio of 70 : 30. Briefly, lipid powders were dissolved
in chloroform and dried under a nitrogen stream, and then
placed in a vacuum overnight to completely remove chloro-
form. The lipid film was hydrated with 300mM ammonium
sulfate (pH=7.5) with or without 50μM verapamil, followed

by extrusion for 21 times through 100nm polycarbonate
membrane using an Avanti mini extruder. Empty liposomes
were passed through the S1000 column preequilibrated with
isotonic N-(2-hydroxyethyl)piperazine-N′-(2-ethanesulfonic
acid) (HEPES) buffer (140mM NaCl, 10mM HEPES,
pH=7.4) to replace the extra ammonium sulfate solution.
Subsequently, doxorubicin hydrochloride was added to the
liposome suspension to achieve a drug to lipid ratio of 1/3
(mol/mol). The loading process was carried out at 37°C for
2 h. The free doxorubicin was removed by size extrusion
chromatography (SEC) eluted with HEPES buffer. Gold was
decorated onto the liposome surface following a previously
reported method with minor modification [12]. Briefly, lipo-
somes were diluted to 1mM using the HEPES buffer. Gold
chloride solution at a concentration of 20mM was added
and mixed with liposomes, followed by the addition of ascor-
bic acid solution (40mM). Following reduction, gold lipo-
somes were dialyzed against the HEPES buffer for 24 h
under 4°C to remove unreacted gold chloride and ascorbic
acid. The resulting liposomal samples were stored at 4°C
until further use. Transmission electron microscopy (TEM)
operating at the voltage of 200 kV was used to observe the
morphology of gold liposomes. Gold liposomes were diluted
with distilled water and dropped onto a carbon-film-coated
copper grid. The samples were air-dried for 2 h at room
temperature and then imaged. The hydrodynamic radius
and polydispersity of liposomal vesicles were determined
using dynamic laser light scattering (DLS). Each sample
was measure at least 5 times. The UV-Vis spectra of gold
liposomes in the range of 400nm–800nm was recorded
using a spectrometer.

3.3. Thermal- and Laser-Triggered Doxorubicin Release. The
thermal effect-induced doxorubicin release from gold lipo-
somes were investigated under program-increasing tempera-
ture conditions following a previously reported method [23].
The measurements were performed on an F7000 fluores-
cence spectrometer equipped with a RE5 refrigerated cir-
culating bath. The liposome suspensions were heated from
30 to 50°C in intervals of 1°C. The solution was allowed to

Gold liposome − laser

Nucleus Dox Merge

Gold liposome + laser

Figure 3: Nanosecond-pulsed laser- (532 nm, 5 pulses, and 100mJ/cm2) triggered intracellular doxorubicin release from gold liposomes in
MDA-MB-231-R cells. Blue represents nucleus; red represents doxorubicin; scale bar 20μm.
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rest for 5min to reach equilibrium before each measurement
was taken. The leakage from uncoated liposomes and gold
liposomes were measured according to the fluorescence of
the leaked doxorubicin. The release of doxorubicin was
calculated using (1):

R% = Fx − F0
Ft − F0

, 1

where Fx is the fluorescence of samples at each measurement,
F0 is the initial fluorescence of samples before any heating,
and Ft is the fluorescence of 100% release induced by
1% Triton X-100 treatment.

For the light-induced release measurements, uncoated
and gold liposome suspensions were placed in transparent
96-well plates. A ns laser at 532nm with a beam diameter
of 5mm was used to induce release. The samples were
exposed to the laser beam at room temperature with different
pulses (1, 5, and 10 pulses) and different laser influences (50,
100, 150, and 250mJ/cm2). After laser treatment, the fluores-
cence of each sample was immediately measured, and the
release percentage was calculated using (1). To understand
the kinetics of doxorubicin release, the fluorescence intensity
of laser-treated samples was monitored at 0, 1, 1.5, 2, 2.5, 3, 4,
and 5min after light irradiation. Carboxyfluorescein (CF) at
a concentration of 50mM was encapsulated into gold
liposomes to study the permeability of gold liposomes. CF
leakage upon laser irradiation (10 pulses, 100mJ/cm2) was
measured using the same protocol as doxorubicin release.

3.4. Intracellular Doxorubicin Release. To study the intracel-
lular doxorubicin release triggered by laser irradiation.
MDA-MB-231-R cells were cultured in 35mm glass bottom
dishes in DMEM medium for 24h. The cells were washed

with PBS and replaced with fresh medium that contains
doxorubicin-loaded gold liposomes. After 3 h of incubation,
the cell nucleus was stained with 5μg/mL DAPI for 5min.
Cells were then washed with PBS, and supplied with fresh cell
media prior to laser irradiation. Nanosecond pulses (5 pulses,
100mJ/cm2) was tested. To study the intracellular distribu-
tion of gold liposomes, cells with or without laser irradiation
were immediately observed by a confocal laser microscope
(Olympus FV 1000).

3.5. Cytotoxicity Study. Cytotoxicity studies were done using
an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide) tetrazolium reduction assay. MDA-MB-231-
R cells were cultured overnight in 96-well plates at a density
of 1× 104/well. The control group was free doxorubicin-
treated cells, and the treatment groups are doxorubicin-
encapsulated uncoated liposomes with or without laser
irradiation, doxorubicin-encapsulated gold liposomes with
or without laser irradiation, and doxorubicin/verapamil-
coencapsulated gold liposomes with or without laser irradia-
tion. The cells were washed with PBS and replaced with fresh
medium that contains doxorubicin encapsulated in different
gold liposomes. After 3 h of incubation, the cells were washed
with PBS for 3 times, and the laser treatment groups were
irradiated with a ns laser pulse (532 nm, 5 pulses, and
100mJ/cm2), followed by supplementation with fresh
DMEM medium and placed in the incubator for the next
24 h. Subsequently, the cell viability was determined by the
MTT assay.

4. Conclusion

In conclusion, we developed doxorubicin-and-verapamil-
coencapsulated gold liposomes.Mild ns-pulsed laser exposure
induced cargo release fromgold liposomeswithout bulkheart-
ing.Ns laser pulses (532nm, 6 ns) induceddoxorubicin release
fromgold liposomes in a laser pulse- and influence-dependent
pattern. In MDA-MB-231-R cancer cells, ns laser pulses
(100mJ/cm2, 5 pulses) also liberated doxorubicin from endo-
cytosed gold liposomes into the cytosol. Furthermore, laser
irradiation significantly increased the cytotoxicity of doxo-
rubicin-and-verapamil-coencapsulated gold liposomes in
MDA-MB-231-R cells. The results suggested that ns-pulsed
laser-triggered on-demand release of chemotherapeutic
agents and MRP inhibitors is promising to overcome multi-
drug resistance and enhance therapeutic efficiency.
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A fully dense TaC ceramic was prepared by hot pressing using 10mol% ZrC plus 5mol% Cu as a sintering aid. Formation of (Ta,
Zr)C solid solution (ss) by reaction between TaC and ZrC facilitated densification. Addition of Cu refined the microstructure and
consequently improved flexural strength of the TaC ceramics. TEM investigation found ubiquitous precipitation of nanocrystallites
at multigrain conjunctions. The nanocrystallites were (Ta, Zr)C solid solution with uniform dispersion in an oxygen-rich glassy
matrix. Although formation of nanoprecipitates may not much affect the mechanical properties of the TaC ceramic, the structure
suggested a new type of nanoceramic worth further research.

1. Introduction

Tantalum carbide (TaC) is one of the ultrahigh temperature
ceramics (UHTC) [1] as it has high melting point (∼3983∘C),
good electrical and thermal conductivity, and relatively good
mechanical properties. Because TaC ceramics are extremely
hard to densify [2], sintering aids such as C [3–6], Si [7, 8],
B4C [9, 10], SiC [11, 12], TaSi2 [13, 14], MoSi2 [13, 15], TaB2 [9,
10, 16], and Si3N4 [17] were used to increase densification. In a
previous work, TaC ceramics were hot pressed with ZrC plus
Cu as sintering aids [18]. Herein, secondary phases in the TaC
ceramics were detailed by transmission electron microscopy
(TEM) andhigh resolution transmission electronmicroscopy
(HRTEM) to show precipitation of nanocrystallites in a
continuous glassy phase at multigrain conjunctions. The
structure at the multigrain conjunction was very similar to
a glass ceramic in terms of precipitation of crystallites in a
glass matrix. Considering the good physiomechanical prop-
erties of the TaC and the ZrC compound, the intergranular
composition of the TaC ceramics may suggest a new type
of nano-(Ta, Zr)C ceramic of good electrical and thermal
conductivities.

2. Experimental

TaC (Ningxia Orient Tantalum Industry, Yinchuan, China),
ZrC (Aladdin Reagent Company, Shanghai, China), and
Cu (Aladdin Reagent Company, Shanghai, China) powders
were used as starting materials. A powder mixture with a
TaC : ZrC : Cu molar ratio of 1.00 : 0.10 : 0.05 was homoge-
nized and was hot pressed in a graphite furnace (15 t Hot
Press Furnace, Materials Research Furnaces, Inc., USA) at
1900∘C for 30min under 30MPa pressure in an Ar flux
with a flowing rate of 2.0 L/min. Density was measured
and relative density was calculated. Crystalline phases were
detected by XRD (X-ray diffraction, XRD-6000, Shimadzu,
Japan). Polished-and-thermally etched surfaces parallel to
the hot pressing direction were observed by SEM (Electron
Scanning Microscopy, SSX-500, Shimadzu, Japan). A thin
piece was sliced along diameter of the sample, followed
by manual thinning and ion milling to prepare foil for
TEM observation (Tecnai G2 F30, FEI Co., Oregon, USA).
Chemical compositions of interested areas were detected by
Energy Dispersive Spectroscopy (EDS, Bruker Nano GmbH,
Berlin, Germany) operating at an excitation voltage of 200 kV.
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Figure 1: XRD pattern of the TaC-20mol% ZrC-5mol%Cu powder
mixture and the consolidated ceramic.

Selected area electron diffraction (SAED) was preformed to
identify the phases.

3. Results and Discussion

3.1. General Observation. The consolidated TaC ceramic
reached a relative density value of 97.6% to give good
flexural strength of 589 ± 47MPa and fracture toughness
of 5.0MPa⋅m1/2. In comparison, pure TaC without using
any sintering aid showed low values of relative density and
mechanical properties [2, 17]. The enhanced densification of
the investigated composition relative to pure TaC was due
to mutual diffusion of Zr4+ and Ta4+ cations to form (Ta,
Zr)C solid solution (ss). Metallic Cu also helped increase
densification of the TaC ceramic. XRD patterns for both the
powder mixture and the consolidated ceramic are shown in
Figure 1. Diffractions of Cuwere barely observable, while ZrC
phase was absent in the consolidated ceramic. The dominant
XRD peaks from the consolidated ceramic were indexed by
TaC with significant broadening and shift towards lower 2𝜃
positions, indicating formation of a (Ta, Zr)C ss [18, 19]. SEM
of the polished-and-thermally etched surface (not shown)
revealed uniform equiaxed grains having an average diameter
from ∼0.9 to 6.4 𝜇m.

3.2. Formation of Nano-(Ta, Zr)C at Multigrain Conjunctions.
A typical TEM micrograph of the ceramic is shown in
Figure 2(a). SAED of the predominant phase (Figure 2(d))
was consistent with (Ta, Zr)C ss. EDS (Figure 2(e)) revealed
Zr in addition to Ta and C, which is in agreement with
formation of (Ta, Zr)C ss as revealed by XRD. Mo and Cr
signals occasionally detected by EDS were due to effects of
the TEM sample holder, not belonging toany phase in the

ceramic. Neither O nor Cu was detected in the (Ta, Zr)C ss
grains.

Pockets containing secondary phases existed at multi-
grain conjunctions. A SAED pattern of the phase at a
multigrain conjunction is shown in Figure 2(c). The con-
tinuous ring diffraction pattern (DP, Figure 2(c)) indicated
nanocrystallites. HRTEM image (Figure 2(b)) of the same
area evidenced nanocrystallites with average grain size less
than 10 nm. Interplanar spacings of the nanocrystals (i.e., dℎ𝑘𝑙
values)were calculated by the ringDP to be in agreementwith
TaC, with slightly larger dℎ𝑘𝑙 relative to pure TaC, which could
be explained by incorporation of Zr into TaC lattice to form
(Ta, Zr)C ss.

EDS result of the nanocrystallites (Figure 2(e)) showed
predominant Ta, Zr, and C, consistent with (Ta, Zr)C ss.
Significant amount of O was also detected, indicating other
phases rich in O in equilibrium with the (Ta, Zr)C ss.
In the HRTEM image, Figure 2(b), completely disordered
regions were presented in neighbor of the nano-(Ta, Zr)C
crystallites. The TaC and ZrC powder contained O impurity
to estimate 1.23 wt% Ta2O5 and 0.388wt% ZrO2, respectively,
in the TaC + ZrC + Cu powder compact. The glassy phase
was formed by eutectic reaction between Ta2O5 and ZrO2
at the sintering temperature of 1900∘C, because eutectic
temperature is less than 1887∘C in the Ta2O5-ZrO2 system.
TaC and ZrC presumably dissolved in the eutectic liquid at
high temperatures and subsequently precipitated nano-(Ta,
Zr)C upon cooling, while the eutectic liquid was quenched
to form the glassy matrix.

Formation of nano-(Ta, Zr)C at multigrain conjunctions
in the TaC ceramic was ubiquitous. Analysis for another
intergranular pocket is shown in Figure 3. Chemistry and
SAED (Figures 3(b) and 3(d)) both evidenced nano-(Ta, Zr)C
ss, the same as shown in Figure 2. Metallic Cu was identified
here and there by SAD (Figure 3(c)) and EDS (Figure 3(b)).
Small concentrations of C, O, Ta, and Zr were also detected
in combination with Cu due to effect of the neighboring (Ta,
Zr)C grains. Cu did not react with either Ta2O5 or ZrO2 from
room temperature to 2000∘C, according to thermodynamics
calculation. The intergranular metallic Cu may form a liquid
at high temperature to facilitate nano-(Ta, Zr)C formation.

3.3. Brief Discussion on the Nanoprecipitates. In summary,
nano-(Ta, Zr)C was ubiquitously observed for the first time
at multigrain conjunctions in the TaC ceramic with 10mol%
ZrC plus 5mol% Cu as the sintering aid. Formation of nano-
precipitates may notmuch affect room-temperaturemechan-
ical properties of the TaC ceramic [17], while thermal-
physical properties such as thermal shock resistance could
shift due to possible changes in thermal conductivity and
interfacial structure, though investigation of such thermal-
physical properties was out of the scope of this paper. Never-
theless, this observation may suggest a composition possibly
for a new nanoceramic with a uniform dispersion of (Ta,
Zr)C nanoparticles less than 10 nm in size in a continuous O-
rich glassymatrix. Polycrystalline nanomaterials are expected
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Figure 2: TEM of the consolidated TaC ceramic with 10mol% ZrC plus 5mol% Cu as sintering aid (a). HRTEM (b) and ring DP (c) of the
circled area at multigrain conjunction evidenced formation of polycrystalline nano-(Ta, Zr)C. (d) DP of the circled (Ta, Zr)C grain, and (e)
EDS of the circled area at multigrain conjunction and the (Ta, Zr)C grain.

to show extraordinary properties but are extremely hard to
synthesize. One possible route to fabricate nanoceramics is
via controlled crystallization of glass ceramics. Dispersion of
nano-(Ta, Zr)C crystallites in the glassy phase at multigrain
conjunctions in the TaC ceramic indicated such a glass
ceramic system, though further works on optimizing the
composition and the processing parameters are needed in
order to successfully develop such a conceptual (Ta, Zr)C
nanoceramic.

4. Conclusion

Microstructure of the TaC ceramic with 10mol% ZrC plus
5mol% Cu as a sintering aid was investigated by means of
TEM, HRTEM, SAED, and DES. TaC and ZrC reacted to
form a (Ta, Zr)C solid solution, while metallic Cu remained
at multigrain conjunctions. Uniform dispersion of nano-(Ta,
Zr)C crystallites less than 10 nm in size in a continuous O-
rich glassy matrix was observed ubiquitously at multigrain
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conjunctions. Effects of such nanoprecipitates on properties
of the TaC ceramic are not clear yet.
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Nanostructured Ni50Ti50 powders were prepared by mechanical alloying from elemental Ni and Ti micrometer-sized powders,
using a planetary ball mill type Fritsch Pulverisette 7. In this study, the effect of milling time on the evolution of structural and
microstructural parameters is investigated. Through Rietveld refinements of X-ray diffraction patterns, phase composition and
structural/microstructural parameters such as lattice parameters, average crystallite size ⟨𝐿⟩, microstrain ⟨𝜀2⟩1/2, and stacking faults
probability (SFP) in the frame of MAUD software have been obtained. For prolonged milling time, a mixture of amorphous phase,
NiTi-martensite (B19), and NiTi-austenite (B2) phases, in addition to FCC-Ni(Ti) and HCP-Ti(Ni) solid solutions, is formed.The
crystallite size decreases to the nanometer scale while the internal strain increases. It is observed that, for longermilling time, plastic
deformations introduce a large amount of stacking faults in HCP-Ti(Ni) rather than in FCC-Ni(Ti), which are mainly responsible
for the observed large amount of the amorphous phase.

1. Introduction

NiTi-based shape memory alloys have attracted great sci-
entific and technological interests, due to their remarkable
mechanical and chemical properties, such as superelasticity,
shape memory behavior, good corrosion resistance [1, 2],
hydrogen storage ability, and good biocompatibility [3, 4];
thereby they are very appropriate for biomedical and dentist-
ry applications [5, 6]. The observed shape memory effect in
NiTi alloy is mainly caused by the existence of NiTi-austenite
(B2) and NiTi-martensite (B19) phases [7].

Numerous methods have been used to synthesize nano-
crystalline shape memory alloys (NSMAs), including ion-
milling deposition [8], melt-spinning [9], high-pressure tor-
sion [10], and sol-gel technique [11]. Meanwhile, physical
techniques for producingNiTi intermetallic compound using

elemental Ni and Ti powders [12] have been reported such as
conventional powder metallurgy [13], self-propagating high
temperature synthesis [14], explosive shock-wave compres-
sion [15], and mechanical alloying (MA) [16].

Among the above-cited methods, mechanical alloying
(MA) was found to be very effective in the synthesis of
Ni50Ti50-basednanocrystalline alloys or nanostructured pow-
ders. Through this technique, a large variety of materials are
produced such as intermetallics, extended solid solutions,
quasicrystals, and amorphous phases [17]. Moreover, in this
process, the reduction of particle size is observed, resulting in
ultra-fine grained or nanocrystallinematerials. Because of the
very fine grain size, nanocrystalline materials exhibit diverse
and interesting properties, which are different and often
considerably improved in comparison with conventional
coarse-grained polycrystalline materials [18]. MA of Ni50Ti50
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elemental powders mixture can lead to amorphous phase,
nanocrystalline solid solution [12], NiTi-austenite (B2), and
NiTi-martensite (B19) phase [19].

Moreover, it is very important to characterize the powders
obtained by MA in terms of phase composition in addition
to structural andmicrostructural features.The crystallite size
and microstrain in powdered particles can be determined
through X-ray diffraction peak broadening. Herein, it is
worth mentioning that the shape of peak can be described
as a combination of two functions: Gaussian associated with
microstrain and Lorentzian associated with crystallite size
(Figures 1, 2, and 3) [20, 21].Meanwhile, instrumental param-
eters have to be taken into consideration. Numerous models,
like Williamson-Hall [22], Halder-Wagner [23], Warren-
Averbach [24], and Rietveld method [25], have been widely
used for the determination of structural and microstructural
parameters.

The Rietveld analysis, a full-pattern fitting of X-ray
diffraction patterns, has been reported as a powerful method
for structural and microstructural characterization [26],
including qualitative and quantitative phase analyses of
multiphase nanocrystalline materials containing significant
number of overlapping reflections [27]. In the literature,
Rietveld’s method was successfully adopted for the determi-
nation of microstructural parameters of various systems [28–
30].
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Figure 3: Contribution of crystalline and amorphous phases to an
XRD pattern.

The aim of this research work is devoted to the inves-
tigation of milling time on structural and microstructural
modifications occurring in mechanically alloyed Ni50Ti50
powdermixture. In-depth analysis using the Rietveldmethod
of X-ray data is carried out, in terms of phase composition,
crystallite size, microstrain, lattice parameter, and lattice
defects such as dislocation density and stacking faults.

2. Experimental Part

2.1. Mechanical Alloying of Ni50Ti50 Powder Mixture. High
purity elemental Ti (∼150 𝜇m, 99.97%) and Ni (∼45 𝜇m,
99.99%) powders (Aldrich) were mixed in appropriate pro-
portions in order to obtain the Ni50Ti50 (at.%) composition.
MA was performed under argon atmosphere using Fritsch
Pulverisette 7 planetary ball mill equipped with hardened
steel vial (80mL) and balls (15mm diameter). The disk speed
rotationwasΩ = 400 rpm.The ball-to-powdermass ratio was
23 : 1. To avoid excessive temperature increase, a milling time
pause of 30min was applied after each hour of milling. The
powders were milled for several periods of time, that is, 0, 1,
3, 6, 24, 48, and 72 h.

2.2. Characterization. Themilled powders were examined by
X-ray diffraction (XRD) method, using X-ray Philips X, Pert
diffractometer equipped with Cu-K𝛼 radiation source (𝜆Cu
= 0.15418 nm). The phase analysis was performed by using
ICDD (PDF-2, 2012) files. Both structural and microstruc-
tural parameters were determined from the refinements of
XRD patterns using MAUD program (version 2.55) based on
the Rietveld method [31].

Using the Rietveld refinement and Warren-Averbach
method [24, 25] in the frame of MAUD software [31], a
detailed analysis of XRD profiles can be performed leading
to the determination of phase composition in addition to
structural and microstructural parameters for each phase,
such as lattice parameters (𝑎, 𝑏, 𝑐), the average crystallite
size ⟨𝐿⟩, microstrain ⟨𝜀2⟩1/2, and stacking fault probabilities
(SFP).
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TheRietveldmethod consists of simulating a pattern from
simulated crystallographicmodel that is as close as possible to
the measured pattern, which depends on analytical functions
in order to characterize the microstructure of powders and
determine ⟨𝐿⟩, ⟨𝜀2⟩1/2, and SFP.

The structural refinement method uses the minimization
technique of least squares making it possible to approach the
experimental pattern from a starting structural model. The
minimized function, or residue, is written:

𝑀 = ∑
𝑖

𝑤𝑖 ⋅ (𝑦𝑖 − 𝑦𝑖𝑐)2 , (1)

where 𝑦𝑖 and 𝑦𝑖𝑐 are, respectively, the observed and calculated
intensities; 𝑤𝑖 is the weight associated with the intensity 𝑦𝑖.
For refinements by least square method, 𝑤𝑖 is taken equal to1/𝑦𝑖.

Froma structuralmodel, each contribution𝑦𝑐𝑖 is obtained
by the combination of different Bragg contributions and
continuous background:

𝑦𝑐𝑖 = 𝑦𝑏𝑖 +∑
𝑘

𝐼𝑘𝜙𝑘, (2)

where 𝐼𝑘 is the integrated intensity of the reflection, 𝜙𝑘 is the
profile shape function, and 𝑦𝑏𝑖 a polynomial function fitting
the background.

The integrated intensity of the reflection is calculated
according to certain structural and geometric parameters:

𝐼 = 𝑆𝑐 𝐹𝑘2𝑚𝑘 (𝐿𝑝)(𝑉𝑐)2 , (3)

where 𝑆𝑐 is the scale factor, 𝐹𝑘 is the structure factor inclusive
of Debye-Waller factor and site occupancy, 𝑚𝑘 is the multi-
plicity of (ℎ𝑘𝑙) reflection, 𝐿𝑝 is the usual Lorentz-polarization
factor, and 𝑉𝑐 is the cell volume.

The profile shape function is the result of the convolution
of instrumental and sample broadenings:

𝜙𝑘 = 𝜙𝑆 ⊗ 𝜙𝐼, (4)

where 𝜙𝑆 is the sample broadening and 𝜙𝐼 is the instrumental
broadening. The latter can be written as follows:

𝜙𝐼 = 𝑆 ⊗ 𝐴, (5)

where 𝑆 and𝐴 are, respectively, the symmetric and asymmet-
ric components of the instrumental profile, determined for
particular geometry of the diffractometer. The asymmetric
component is given by

𝐴 = exp [−𝑎𝑠 2𝜃 − 2𝜃0 tan (2𝜃0)] , (6)

where 𝑎𝑠 is the asymmetry parameter and 𝜃0 is the Bragg angle
of𝐾𝛼1 peak.

The Pseudo-Voigt function is defined as the contribution
of a pure Lorentzian and a pure Gaussian (which will be
corrected for the asymmetry of the peaks):

𝑝𝑉 (2𝜃𝑖) = ∑𝐼𝑛𝑡 [𝜂𝐿 (2𝜃𝑖) + (1 − 𝜂)𝐺 (2𝜃𝑖)] , (7)

where 𝐼𝑛𝑡 is the scale parameter of the 𝑝𝑉 function, 𝜂 is
the Gaussianity of X-ray peaks, and 𝐿(2𝜃𝑖) and 𝐺(2𝜃𝑖) are
Gaussian and Lorentzian components, respectively:

𝐺 (2𝜃𝑖) = 𝐼0 exp[− ln 2 (2𝜃 − 2𝜃0FWHM
)2] ,

𝐿 (2𝜃𝑖) = 𝐼0 [1 + (2𝜃 − 2𝜃0FWHM
)2]−𝑛 𝑛 = 1; 1.5; 2,

(8)

where 2𝜃0 is peak position, 𝐼0 is the peak intensity, and
FWHM is the full-width at half-maximum of reflections.

The FWHM is given by the Caglioti formula [32]:

FWHM = √𝑈 ⋅ tan2 𝜃 + 𝑉 ⋅ tan 𝜃 +𝑊 (9)

where 𝑈, 𝑉, and𝑊 are coefficients of quadratic polynomial
or the coefficients of Caglioti.

The sample broadening 𝜙𝑆 is the convolution of broad-
ening due to the finite size of crystallites ⟨𝐿⟩, the r.m.s
microstrain ⟨𝜀2⟩1/2, and planar defects expressed in terms of
stacking faults probability (SFP):

SFP = [1.5 (𝛼 + 𝛼) + 𝛽] , (10)

where 𝛼, 𝛼 are the intrinsic and extrinsic deformation
faults, respectively, and 𝛽 is the twin faults.

The Delft model for sample broadening gives the integral
breadths for the Gaussian and Lorentzian components:

𝛽𝐺 = 4 ⟨𝜀2⟩1/2 tan 𝜃
𝛽𝐿 = 𝜆𝐿eff cos 𝜃 .

(11)

𝐿eff is an effective size computed from the crystallite size⟨𝐿⟩ and 𝜆 is the radiation wavelength.
The MAUD software is based on the Rietveld method

combined with a Fourier analysis. The detailed analysis was
performed considering Fourier coefficients 𝐴𝐿; after Stoke’s
corrections the size coefficients𝐴𝑆𝐿 and distortion coefficients𝐴𝐷𝐿 , which are related to 𝐴𝐿 in the following equation:

𝐴𝐿 = 𝐴𝐷𝐿𝐴𝑆𝐿, (12)

were separated from the log plot of 𝐴𝐿 with the square root
of the quadratic sum of the Miller indices ℎ20 where [33]

ℎ20 = ℎ2 + 𝑘2 + 𝑙2. (13)

The reflections affected by stacking faults correspond to
peaks satisfying the conditions:

ℎ + 𝑘 + 𝑙 ̸= 3𝑛 (𝑛 is an integer) for FCC structure

ℎ − 𝑘 ̸= 3𝑛 (𝑙 even or odd) for HCP structure. (14)
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The microstructural parameters like effective size, 𝐿eff ,
and the r.m.s. microstrain ⟨𝜀2⟩1/2 are related, respectively, to
the initial slope of 𝐴𝑠𝐿 with 𝐿 and slope of log𝐴𝐿 with ℎ20:

−(𝑑𝐴𝑆𝐿𝑑𝐿 )
𝐿→0

= 1𝐿eff
,

𝐴𝐷𝐿 = exp(−2𝜋2𝐿2 ⟨𝜀2⟩1/2 ℎ20𝑎2 ) ,
(15)

where 𝐿 denotes a normal length to the reflecting planes.
The SFP like intrinsic 𝛼, extrinsic 𝛼, and deformation

twin fault probability 𝛽were evaluated through the following
relation:

1𝐿eff
= 1𝐿 + 1.5 (𝛼

 + 𝛼) + 𝛽𝑎ℎ0 (𝑢 + 𝑏) ∑
𝑏

±𝐿0 , (16)

where 𝑎 is the lattice parameter, 𝑢 is unbroadened by faulting,𝑏 is the number of reflections broadened, and 𝐿0 is the third
coordinate replacing (ℎ𝑘𝑙) indices (𝐿0 = ℎ + 𝑘 + 𝑙) [33].

Peak asymmetry is obtained by measuring the intensity
value on either side of the peak at two positions which are
equidistant from the peak center (𝑦1 and 𝑦2) and derived
from the extrinsic deformation and twin faulting probabili-
ties.Themathematical expression for asymmetry is evaluated
as follows:

𝑦2 − 𝑦1 = 2𝐴 (4.5𝛼 + 𝛽)𝑐2𝑥2√3𝜋 (𝑢 + 𝑏) ∑ (±) 𝐿0𝐿0 , (17)

where the coefficient 𝑐2 depends on the peak 2𝜃0 position:
𝑐2 = 1 + { 𝜆4𝜋𝐿eff [sin (𝜃0 − 𝑥2) − sin 𝜃0]}

2 , (18)

where 𝐴 is the area of the peak, 𝑦1 is the peak intensity
in the diffraction angle (𝜃0 + 𝑥2), and 𝜃0 is the completely
symmetrical profile center [31].

The peak shift can be written, in terms of intrinsic and
extrinsic deformation faulting probability, as follows [33]:

Δ (2𝜃)∘ = 90√3 (𝛼 + 𝛼) tan 𝜃𝜋2ℎ20 (𝑢 + 𝑏) ∑
𝑏

(±𝐿0) . (19)

From the values of lattice parameters, crystallite size, and
microstrain, the dislocations density (𝜌) can be calculated
using the following formula:

𝜌 = 2√3⟨𝜀2⟩1/2⟨𝐿⟩ 𝐵V , (20)

where 𝐵V is Bürgers vector, which is equal to 𝑎√6/3 for the
hexagonal close-packed (HCP) structure and 𝑎√2/2 for the
face-centered cubic (FCC) structure.

The calculated profile yields scaling factors for each phase
to fit the intensity of the observed pattern.These scale factors

are related to the respective relative weight fractions by the
following equation [34]:

𝑊𝑖 = 𝑆𝑖 (𝑍𝑀𝑉)𝑖∑𝑛𝑘=1 𝑆𝑘 (𝑍𝑀𝑉)𝑘 , (21)

where 𝑍 is the number of formula units in the unit cell, 𝑀
is the molecular mass of the formula unit, 𝑉 is the unit cell
volume, 𝑆 is the Rietveld scale factor, and 𝑊𝑖 is the weight
fraction of phase 𝑖: the index “𝑘” in the summation covering
all phases that are included in the model [34].

The standard procedure is to determine the amorphous
fraction by the internal standard method. The amount of
the amorphous phase is obtained as the complement to one
of the total amounts of crystalline phases [31]. The weight
percentage of the amorphous phase in a sample can be given
by the following relationship [35]:

𝑊𝑎 = 11 −𝑊𝑆 (1 − 𝑊𝑆𝑊𝑅) , (22)

where 𝑊𝑎 is the amorphous fraction, 𝑊𝑆 is the weighted
internal standard fraction, and𝑊𝑅 is the refined fraction of
the internal standard.

After adjusting the parameters of the instrument, the peak
positions are corrected by successive refinements to eliminate
systematic errors by taking into account the errors of the
angular offset (Δ2𝜃) and the displacement of the sample.
The background is adjusted by a polynomial of degree (2 to
5), for the first milling time. On the other hand, for longer
milling times, the increase in the intensity of the background
requires the use of higher degree polynomials.Then, the para-
meters of the crystal structure are refined, namely, the crystal
parameters, the atomic positions, the Debye-Waller factor,
and the percentage of phases. In the last step, we proceed to
the refinement of crystallite size ⟨𝐿⟩,microstrain ⟨𝜀2⟩1/2, and
the probability of all three types of planes defects 𝛼, 𝛼, and𝛽.

To evaluate the refinement, several factors have been
introduced in order to know the agreement between calcu-
lated and observed models [34].

The minimization was carried out by using the reliability
index parameter,𝑅𝑤𝑝 (weighted residual error), and𝑅exp (the
expected error) defined as follows [27]:

𝑅𝑤𝑝 = [∑𝑁𝑖=1 (𝑦𝑖 − 𝑦𝑖𝑐)2∑𝑁𝑖=1 𝑦𝑖 (2𝜃𝑖) ]1/2 ,
𝑅exp = [ 𝑁 − 𝑃∑𝑁𝑖=1 𝑦𝑖 (2𝜃𝑖)]

1/2 ,
(23)

where 𝑁 and 𝑃 are the number of experimental points and
the number of fitting parameters, respectively.

It is possible to calculate a statistical parameter, which
must tend towards the unity for a successful refinement;
the goodness of fit “𝜒2” is defined as the ratio between 𝑅𝑤𝑝
and𝑅exp:

𝜒2 = 𝑅𝑤𝑝𝑅exp
. (24)
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The profile refinements continue until convergence is
reached; the value of the quality factor 𝜒2(GOF) is approach-
ing one.

3. Results and Discussion

3.1. Structural Analysis. TheX-ray diffraction (XRD) patterns
of Ni50Ti50 powders (0, 1, 3, 6, 12, 24, 48, and 72 h), shown
in Figure 4, clearly indicate that MA introduces signifi-
cant changes. There is a gradual peaks’ broadening with a
decrease in peaks’ intensity as a function of the milling time,
demonstrating the great impact of milling on the crushed
starting elemental Ni and Ti starting powders, which can
be associated with several processes occurring progressively
[36]:

(i) particles (grains) refinement (reduction of crystallite
size);

(ii) introduction of crystalline defects (interstices, dislo-
cations, and grain boundaries);

(iii) increase in the rate of microdeformations (large
amount of energy);

(iv) fragmentation of crystallites and/or effect of atomic
disorder.

The as-mentioned phenomena result from welding and
disordering effects, occurring because of repeated collisions
(ball-powder-ball and ball-powder-wall of bowl).

The overlapping of XRD reflections arising from different
phases results in an enlargement of peaks’ width accompa-
nied with a slight shift towards lower angles, indicating a
slight increase in interatomic distances leading to unit cell
expansion.

After few hours of milling, one can see the appearance of
halo around 35–50∘, which overlaps with reflections belong-
ing to HCP-Ti and FCC-Ni. This can be attributed to the
formation of an amorphous phase, which is explained by the
significant structural disorder induced by the severe plastic
deformations occurring during milling process.

Figure 5 shows the refined XRD patterns for elemental
Ni and Ti powders, based on initial structural models: (i)
face-centered cubic (FCC) for Ni with lattice parameter 𝑎 =
0.3524 nm; (ii) hexagonal close-packed (HCP) for Ti with
lattice parameters 𝑎 = 0.2952 nm and 𝑐 = 0.4686 nm. All the
results are reported in Table 1.

The best Rietveld refinements of XRD patterns (1, 3, and
6 h) were obtained with three components: FCC-Ni, HCP-
Ti, and an amorphous phase (Figures 6(a), 6(b), and 6(c)).
The nanometer scaled diffusion couples are produced by high
energy mechanical milling which involves fracture and cold-
welding of milled powders. Thus, the atomic diffusivity is
improved through the creation of a large amount of structural
defects. As a result, metastable phases may form at early stage
of the milling by solid-state reaction (SSR) process.

After 12 h of milling, the diffraction peaks of elemen-
tal FCC-Ni, HCP-Ti, and the amorphous phase remain
while new diffraction peaks related to NiTi-martensitic
(Figure 6(d)) emerge.
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Figure 4: XRD patterns of the Ni50Ti50 powders at different milling
time.

Further milling up to (24 h), leads to a complete disap-
pearance of HCP-Ti peaks associated with the formation of
NiTi-austenitic (Figure 6(e)), while Ni-SS remains present
with small amount (15.38%). Furthermore, it is well-known
that the crystallite size decreases with the increase of negative
mixing enthalpy (ΔH) [36]. In addition, NiTi phase could be
the product of the reaction between Ni and Ti due to their
negative mixing enthalpy (ΔH = −67 kJ/mol) [37, 38]:

Ni + Ti = NiTi + 67 kJ/mol. (25)
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Figure 5: Rietveld refinements for XRD pattern of (a) Ni (GOF = 1.54) and (b) Ti (GOF = 1.11).

Table 1: Structural and microstructural properties of unmilled Ni and Ti using the Rietveld refinements.

Microstructural properties Element
Nickel (Ni) Titanium (Ti)

Crystal structure FCC HCP
Space group Fm-3m P63/mmc

Cell parameters (nm) 𝑎 = 0.3524 a = 0.2952
b = 0.4686

Atom positions
𝑥: 3.65141 10−4 𝑥: 0.3333𝑦: −8.8563 10−5 𝑦: 0.6667𝑧: −5.9118 10−5 𝑧: 0.2500

Occupancy 1.0001 1.0000
Crystallite size (nm) 318.4175 241.2283
Microstrain (%) 3.1758 10−4 4.5954 10−4

Stacking faults probability (SFP) (%) 1.5832 10−4 0.1744
Dislocations density (×1016m−2) 0.0014 0.0027

Beyond 48 h of milling, XRD patterns reveal the same
phases, NiTi-austenite (B2) and NiTi-martensite (B19), but
with the dominance of the amorphous phase (Figures 6(f)
and 6(g)) having a relative proportion of about 89.24%.

In order to investigate the phase’s stabilities during
mechanical milling, we calculated the phase proportions of
the identified phases as a function of milling time.The results
obtained are shown in Figure 7.Accordingly, themilling proc-
ess was divided into four main stages (I, II, III, and IV) as
shown in Figure 7.

In the first stage I (0-1 h), a decrease in the proportions
of Ti and Ni was observed, which may be due to the mutual
diffusion and to the formation of amorphous phase and solid
solutions FCC-Ni (Ti) and HCP-Ti (Ni).

During the second stage II (1–12 h), which represents a
postformation of amorphous phase, we note that Ti-SS and
Ni-SS ratios decrease inversely to the proportion of the
amorphous phase.

Then, in the third stage III (12–24 h), the percentage of
initial Ni-SS continues to decrease, meanwhile Ti-SS has dis-
appeared completely, thus leading to the continuous increase
in the amount of the amorphous phase and the formation of
martensitic phase. The formation of martensitic phase may

be due to the negative mixing enthalpy [37]. The complete
transformation of the severely deformed phases into an amor-
phous structure is achieved upon further milling, through
the mechanically enhanced solid-state amorphisation, which
requires the existence of chemical disordering, point defects,
vacancies, interstitials, lattice defects, and dislocations.

The fourth and final stage IV (24–72 h) is characterized by
the emergence of new NiTi-austenite phase, while the initial
Ni-SS entirely disappears favoring also to the formation of
NiTi-austenite. The continuous increase in the proportion of
the amorphous phase can be explained evidently along with
the reduction in the amount of NiTi-martensite.

After 48 h, the fraction of the amorphous phase decreases
due to its crystallization into more stable crystalline phases
(NiTi-austenite andNiTi-martensite), whichmay be attribut-
ed to strain energy and the temperature increase during MA
due to severe plastic deformations as reported by Amini et al.
[19]. However, the amorphous phase is predominant with a
relative proportion of about 89.23%.

Indeed, the heavily plastic deformations induce strong
distortion of the unit cell structures hence becoming less
crystalline. The powdered particles are subjected to contin-
uous defects that lead to a gradual change in the free energy
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Figure 6: Rietveld refinements of XRD patterns of the milled powders for (a) 1 h (GOF = 1.41), (b) 3 h (GOF = 1.45), (c) 6 h (GOF = 1.43), (d)
12 h (GOF = 1.22), (e) 24 h (GOF = 1.20), (f) 48 h (GOF = 1.19), and (g) 72 h (GOF = 1.23).
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Table 2: Lattice parameters of Ni, Ti, NiTi-austenite, and NiTi-martensite as function of milling time.

Milling time (h) Ni Ti NiTi-austenite NiTi-martensite
a (nm) a (nm) b (nm) a (nm) a (nm) b (nm) c (nm)

0 0.3524 0.2952 0.4686 / / / /
1 0.3519 0.2947 0.4677 / / / /
3 0.3527 0.2953 0.4687 / / / /
6 0.3534 0.2956 0.4687 / / / /
12 0.3560 0.2979 0.4708 / 0.4780 0.4225 0.2978
24 0.3574 / / 0.3045 0.4134 0.4576 0.2953
48 / / / 0.3155 0.4858 0.5110 0.2798
72 / / / 0.3134 0.4687 0.4238 0.2942

(IV)(III)(I)

Ni
Ti
NiTi-martensite

NiTi-austenite
Amorphous

(II)

0

20

40

60

80

100

Ph
as

es
 p

er
ce

nt
ag

e (
%

)

6 12 18 24 30 36 42 48 54 60 66 72 780
Milling time (h)

Figure 7: Evolution of the proportions of the identified phases as a
function of milling time.

of the crystalline phases compared to the amorphous phase
resulting into disorder in atomic arrangement.

3.2. Crystallite Size and Microstrain. A diffraction peak
broadening, observed with increasing milling time, is usually
associated with grain size reduction and increase of internal
strain. The variation in the average crystallite size ⟨𝐿⟩ and
microstrain ⟨𝜀2⟩1/2 obtained from Rietveld refinements is
plotted as a function of milling time in Figure 8.

In the early stage ofmilling, one can observe an important
decrease of the crystallite size reaching 7 nm (24 h) and 29 nm
(12 h) for Ni-SS and Ti-SS, respectively. It is also evident that
the reduction in Ni-SS crystallite size is faster than Ti-SS,
which is probably related to its smaller initial particle size of
Ni (<45 𝜇m) compared to Ti (<150 𝜇m) [38].

But in the second stage, after 24 h, the crystallite size
becomes less dependent on the milling time. This can be
explained by the fact thatmechanical energy delivered during
milling is not sufficient to plastically deform the two phases

NiTi-austenite and NiTi-martensite. The average crystallite
size of NiTi-martensite after 72 h is of about 19 nm while that
of NiTi-austenite reaches 42 nm (Figure 8(a)). The reduction
in crystallite size ismainly due to severe deformations of pow-
ders during the milling, as well as the increase in probability
of nucleation sites during crystallization, provided by higher
defects density [36].

The as-obtained values of the crystallite size are in good
agreement with the values previously reported on binary
alloys prepared by MA [20, 28, 29].

From Figure 8(b), it is clear that the internal microstrain⟨𝜀2⟩1/2 increases with increasing milling time. Thus during
the first stage of milling, ⟨𝜀2⟩1/2 of Ni-SS and Ti-SS reaches
about 0.7% and 1.16% after 12 h, respectively. The increase of
the microstrain can be due to the increase of dislocations
density induced by severe plastic deformations [28]. For
NiTi-martensite, ⟨𝜀2⟩1/2 increases to about 0.9%, after 48 h,
and then decreases; this behaviormay be explained by the fact
that, beyond this time, the crystallite size reaches a stationary
value.

It is important to mention that NiTi-austenite is char-
acterized by higher microstrain comparatively to NiTi-
martensite, which may be due to a high concentration of
stacking faults and a high dislocations density. In fact, actu-
ally, the austenite phase is metastable at room temperature
and becomes unstable when an external mechanical or
thermal energy is introduced. Generally, the values ofmicros-
train achieved during milling for similar systems are around
1.5% [18].

3.3. Lattice Parameters. Table 2 shows the variation of lattice
parameters of Ni, Ti, NiTi-austenite, and NiTi-martensite for
each milling time as obtained from Rietveld analysis. The
decrease of the lattice parameters of Ni and Ti after 1 h of
milling is probably due to the compressive forces caused by
collisions [27], and therefore reducing the distance between
neighboring atoms. It can be noticed that Ni and Ti lattice
parameters increase with milling time reaching 0.3574 nm,
after 24 h, and 𝑎 = 0.2979 nm and 𝑏 = 0.4708 nm, after 12 h
of milling, respectively. This can be attributed to the severe
plastic deformations and accumulation of large amount of
structural defects such as stacking faults, grain boundaries,
and enhanced dislocations density during themilling process
[23].
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Figure 8: Evolution of (a) average crystallite size ⟨𝐿⟩ and (b) microstrain ⟨𝜀2⟩1/2 as a function of milling time.

For the austenite phase, the lattice parameter increases
up to 48 h and then remains nearly stationary until 72 h
where it reaches a value of 0.3134 nm. The relative deviation
of the lattice parameter (Δ𝑎/𝑎0) of the austenite phase after
48 hours of milling is 3.96% which is high compared to
the relative deviation of the lattice parameter of martensitic
phase Δ𝑎/𝑎0 = 1.397%, Δ𝑏/𝑏0 = 0.663%, and Δ𝑐/𝑐0 =1.962%. This relatively high value can be associated with the
severe plastic deformations, which introduces different types
of defects such as dislocations, grain boundaries, gaps, and
stacking faults and it can be also explained by the formation
of a nonstoichiometric composition of the austenite phase.

3.4. Dislocations Density. The variation of the dislocations
density can be associated with the ball-to-powder mass ratio
that characterizes the collision number, the energy impact,
and the number of defects introduced within the lattice.

Figure 9 illustrates the evolution of dislocations density of
Ni and Ti as a function of milling time and can be divided
into two stages: 𝜌I (0–12 h) and 𝜌II (12–24 h). It is obvious
that 𝜌 increases slightly in the first stage 𝜌I from about 0.0014× 1016 to 0.4791 × 1016m−2 for Ni-SS and 0.0027 × 1016m−2
to 0.5691 × 1016m−2 for Ti-SS. The as-obtained 𝜌 values
are comparable to the values of dislocations density limit in
metals achieved by plastic deformations (1013m−2 for screw
dislocations and 1016m−2 for edge dislocations) [39]. During
the final stage 𝜌II, for Ni-SS, the dislocations density increases
considerably up to 2.6851 × 1016m−2 with the disappearance
of Ti. This increase as compared to the first stage 𝜌I, could
be due to the formation of NiTi-martensite phase. Indeed,
the Ti radius is slightly larger than that of Ni (𝑅Ti = 0.176 nm> 𝑅Ni = 0.149 nm), so the diffusion of Ti into Ni leads to the
distortion of Ni crystal structure and hence further increase
in the dislocations density. The as-obtained values of the
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Figure 9: Evolution of dislocations density ofNi andTi as a function
of milling time.

dislocations density in the present work are comparable to the
values observed in the binary Co50Ni50 alloy synthesized by
high energy ball milling [28].

3.5. Stacking Faults. Heavy deformations introduce stacking
faults along (111) planes in FCC metals and alloys. Stacking
faults can also be introduced in the basal (0001) or prismatic
(1010) planes of the hexagonal close backed alloys. These
faults can cause anomalous (ℎ𝑘𝑙) dependent peak broadening
in the X-ray diffraction patterns [18].
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Figure 10 shows the variation of stacking faults proba-
bility (SFP) of HCP-Ti and FCC-Ni as deduced from the
Rietveld refinements of XRD patterns of Ni and Ti. In bothNi
and Ti crystal structures, two different types of stacking faults
can be found, namely, deformation and twin stacking faults.
It can be noticed that, for both HCP-Ti and Ni-FCC, SFP
increases with increasing milling time; reaching after 24 h a
higher value of 0.0364 (HCP-Ti) compared to 0.0189 (FCC-
Ni). The increase of SFP for both Ni and Ti with extensive
milling time reflects an important increase in the dislocations
density (Figure 9). It has been noticed that twining and
deformation stress depend on the initial crystallite size and
milling intensity [18].

The parameter 1/(sfp) indicates the average number of
compacted layers between two stacking faults, either defor-
mation or twin-type, according to Warren’s formulae [40].
In fact, there are 27 and 43 ordered planes between the two
consecutive stacking faults in HCP-Ti and FCC-Ni after 24
and 48 h ofmilling, respectively. As it is clear, the values of the
average number of compacted layers between two stacking
faults in HCP-Ti(Ni) are found to be higher compared to
FCC-Ni(Ti) and thus can explain that Ti facilitates the
formation of the amorphous phasemore thanNi.Meanwhile,
Ni contributes to the formation of martensitic and austenitic
phases.

4. Conclusion

A mixture of Ni and Ti elemental powders with a nominal
compositionNi50Ti50 wasmechanically alloyed in a planetary
ball mill under argon atmosphere. The final products were
nanocrystalline NiTi-martensite (B19) and NiTi-austenite
(B2) phases with an average crystallite size in the range of a
few nanometers (19 nm∼42 nm) with a large internal strain
(1.02%∼1.48%) and a dominant amorphous phase (89wt.%).

The induced heavy plastic deformations lead to crystallite size
refinement and accumulation of structural and point defects,
resulting in a significant contribution of stacking faults (SFs)
resulting in the destabilization of crystalline structures. As a
consequence, we demonstrated that mechanical alloying is a
nonequilibriumprocess, where phase composition and trans-
formation of binaryNiTi can bemodified from that predicted
using thermodynamic equilibrium phase diagram.
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“Structural and magnetic properties of Co50Ni50 powder
mixtures,” Journal of Magnetism and Magnetic Materials, vol.
323, no. 23, pp. 3063–3070, 2011.

[29] N. Loudjani, M. Benchiheub, and M. Bououdina, “Structural,
Thermal andMagnetic Properties ofNanocrystalline Co80Ni20
Alloy Prepared by Mechanical Alloying,” Journal of Supercon-
ductivity and Novel Magnetism, vol. 29, no. 11, pp. 2717–2726,
2016.

[30] M. B. Makhlouf, T. Bachaga, J. J. Sunol, M. Dammak, and M.
Khitouni, “Synthesis and characterization of nanocrystalline
Al-20 at. % Cu powders produced by mechanical alloying,”
Metals, vol. 6, no. 7, article no. 145, 2016.

[31] M. Bortolotti, L. Lutterotti, and G. Pepponi, “Combining XRD
and XRF analysis in one Rietveld-like fitting,” Powder Diffrac-
tion, vol. 32, no. S1, pp. S225–S230, 2017.

[32] G. Caglioti, A. Paoletti, and F. P. Ricci, “Choice of collimators
for a crystal spectrometer for neutron diffraction,” Nuclear
Instruments, vol. 3, no. 4, pp. 223–228, 1958.

[33] B. E. Warren and B. L. Averbach, “The effect of cold-work
distortion on x-ray patterns,” Journal of Applied Physics, vol. 21,
no. 6, pp. 595–599, 1950.

[34] R. J. Hill, “Expanded use of the rietveld method in studies of
phase abundance in multiphase mixtures,” Powder Diffraction,
vol. 6, no. 2, pp. 74–77, 1991.

[35] R. Amini, M. J. Hadianfard, E. Salahinejad, M. Marasi, and T.
Sritharan, “Microstructural phase evaluation of high-nitrogen
Fe-Cr-Mn alloy powders synthesized by the mechanical alloy-
ing process,” Journal of Materials Science, vol. 44, no. 1, pp. 136–
148, 2009.

[36] C. Suryanarayana, “Mechanical alloying and milling,” Progress
in Materials Science, vol. 46, no. 1-2, pp. 1–184, 2001.

[37] B.-Y. Li, L.-J. Rong, and Y.-Y. Li, “Stress-strain behavior of
porous Ni-Ti shape memory intermetallics synthesized from
powder sintering,” Intermetallics, vol. 8, no. 5-6, pp. 643–646,
2000.

[38] W. Maziarz, J. Dutkiewicz, J. Van Humbeeck, and T. Czeppe,
“Mechanically alloyed and hot pressed Ni-49.7Ti alloy showing
martensitic transformation,”Materials Science and Engineering:
A Structural Materials: Properties, Microstructure and Process-
ing, vol. 375-377, no. 1-2, pp. 844–848, 2004.

[39] T. Bachaga, R. Daly, L. Escoda, J. J. Suñol, and M. Khitouni,
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Nanoheaters are promising tools for localized photothermal therapy (PTT) of malignant cells. The anisotropic AuNPs present
tunable surface plasmon resonances (SPR) with ideal NIR optical response to be applied as theranostic agents. To this purpose,
nanoparticles with branches are suitable because of the electromagnetic field concentrated at their vertices. We standardized
a protocol to synthesize multibranched gold nanoparticles (MB-AuNPs) by the seed-growth method and found a size-seed
dependence tunability on the hierarchy of branching. Once the optical response is evaluated, we tested the temporal stability as
nanoheaters of theMB-AuNPs immersed in skin-equivalent phantoms by dynamic infrared thermography (DIRT).Themost suited
sample presents a concentration of 5.2 × 108MB-AuNPs/mL showing good thermal stability with Δ𝑇 = 4.5∘C, during 3 cycles of
10min at 785 nm laser irradiation with power of 0.15W. According to these results, the MB-AuNPs are suitable nanoheaters to be
tested for PTT in more complex models.

1. Introduction

The last twenty years’ research reports on nanostructuredma-
terials clearly indicate their potential to develop new tech-
nologies for different specialized areas. The extensive investi-
gation work in shape controlled synthesis of metal nanopar-
ticles (NPs) has allowed the achievement of structures with
complicated geometric forms and the use of nontoxic chem-
icals for their synthesis. Gold plays a particular and special
role in this area of size and shape controlled synthesis, and
because of their properties, those NPs are studied for tech-
nological applications in fields such as renewable energies,
catalysis, medicine, and photonics. Because of the optical and
low-reactive properties of gold nanoparticles (AuNPs), they

have been considered for medical applications as theranostic
agents, whichmeans that they can be simultaneously used for
drug delivery [1],medical imaging [2–5], localized photother-
mal therapy (PTT) [6], and biological sensing [7, 8].

Nowadays, for some specific theranostic applications
AuNPs are designed with anisotropic shapes, characteristic
that tunes their surface plasmon resonance (SPR) from the
visible to the near (NIR) and middle infrared (Mid-IR) re-
gions of the spectra, also presenting local concentration of
electromagnetic fields on the vertices [9]. The most common
anisotropic AuNPs studied and used have been the gold
nanorods (AuNRs) and stellated or spikyAuNPs, here termed
multibranched gold nanoparticles (MB-AuNPs).The fact that
NIR absorbance of MB-AuNPs fits the so-called therapeutic
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window present in the human tissue (700–1200 nm) [10], a
spectral region where maximum penetration of light occurs
due to the minimal absorption of blood components, such
as hemoglobin and water [11], is important for these applica-
tions.

With the goal to apply these gold nanoheaters on the PTT
of cancer (localized heating for killing cancer cells) [12], we
have to understand their thermal response under controlled
conditions.Thermal response has been evaluated by dynamic
thermography technique, as infrared imaging tool for real-
time recording of the temperature increases (Δ𝑇). Since the
evaluation of nanosystems in real tissue samples presents
many out-of-control factors, such as the complexity in the
formation of protein corona on the nanoparticles and their
interaction with the physiological cellular environment [13,
14], and besides the lack of the reproducibility of results due
to the difficulty in finding identical specimens, we decided
the use of gel phantoms as skin-equivalent model [12, 15–
17] which emulates the dielectric properties of the human
body surface. Previous reports had evaluated the thermal
response of AuNRs [18] in agar phantomswith intralipid� (fat
emulsion) as scattered agent [19] and suggested to be effective
for tumor irradiation of 10mm depth from the illuminated
tissue surface. We use for the accurate analysis of MB-
AuNPs nanoheaters an optimal agar phantom model, with
permittivity close to that of the human skin in the 60GHz
band [20]. The skin-equivalent phantom uses polyethylene
powder (PEP) to decrease the real and imaginary parts of the
permittivity.

In this report we use the organic molecule HEPES, 2-[4-
(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid, as shape
directing agent. HEPES is one of the good buffers used in
cell culture [21] and is also used as reducing and shape
directing agent [22, 23] in the synthesis of nanoparticles
by wet-chemical [24–26] and hydrothermal methods [27].
The shape promoted by HEPES in nanoparticle formation is
mostly multibranched, varying from few to several peaks.

Previously reported seeded-growth synthesis protocol, in
which the HEPES act as directing agent and hydroxylamine
(NH
2
OH⋅HCl) [28–30], is used as reducing agent [31] over

the seeds surface; the hydroxylamine has the role of avoiding
new nucleation events during the peak growth stage. It has
been also reported that hydroxylamine influences or pro-
motes the growth of stellated gold nanoparticles [32]. Thus,
we start from this method that involves two molecules, both
with capping and direct-shaping properties. The function
of the HEPES and hydroxylamine during the growing stage
of peaks has been determined by our experimental design
on concentrations of the reactants. The seed-growth method
allows obtaining good monodispersity in the final product
shape and size. We also had found a size-seed dependence
tunability on the hierarchy of branching.

In this work, we evaluated the optical response of MB-
AuNPs by UV-Vis spectroscopy, and their morphology by
electronic microscopy (SEM and HRTEM). Particle density
was determined by inducted coupled plasma spectrometry
(ICP), and the temporal stability as nanoheaters was tested
in skin-equivalent phantoms by dynamic infrared thermog-
raphy (DIRT).

2. Materials and Methods

Deionized water was used for all experiments. The reagents
used for NPs synthesis were obtained from Sigma-Aldrich:
HAuCl

4
⋅3H
2
O, HEPES, NH

2
OH⋅HCl, and sodium citrate.

For the preparation of skin-equivalent-phantom, polyethy-
lene powder (PEP) was obtained from Baker, Agar from
Sigma-Aldrich, and TX-151 from Oil Center, and all reagents
were used as received without further treatment or purifica-
tion. All glassware was cleaned with aqua regia (HCl : HNO

3
,

3 : 1) and rinsed with plenty of deionized water. The samples
were characterized with UV-Vis absorption spectroscopy,
acquired on a Cary 60 UV-Vis-NIR spectrophotometer at
room temperature. ICP elemental quantification was per-
formed on Variant 730-ES spectrometer. The electron micro-
graphs were acquired in a transmission electron microscope
JEOL 2100, and scanning electron micrographs in a FEI-
Helios Nanolab.The X-ray diffractograms were obtained in a
BrukerDX-8 system atCuK𝛼 source ofwavelength 1.54056 Å.
The dynamic thermographs were taken at a distance of 0.3m
from the skin-equivalent phantom [15, 33], using a high-res-
olution infrared camera with thermal sensitivity better than
40mKand a 480×360 focal plane array ofVOxmicrobolome-
ters (FLIR T600, FLIR Systems Inc., Wilsonville, OR). The
phantoms were evaluated with a 785 nm laser diode with a
spot size of 3.5mm and optical power of 0.15W. Temperature
measurements of the skin-like phantom were taken with
and without MB-AuNPs. Data was analyzed with FLIR-IR
Research software.

2.1. Synthesis of Multibranched Gold Nanoparticles (MB-
AuNPs) Using a Seed-Growth Method. The 16 and 18 gold
nanospheres (AuNSs) used as seeds were prepared by a
reverse-modified Turkevichmethod [34] by citrate reduction
of gold salt. Shortly, in a three-neck round-bottom flask
with a condenser mounted, a citrate solution was brought to
boiling by a heating mantle for 5mins; then a gold solution
of initial concentration of 25mM was added, and after a
light red ruby color appeared the system was left to react
for half hour. For the synthesis of 16 nm AuNSs, the total
concentration of sodium citrate and gold salt was 1.8mM and
0.16mM, respectively; and for 18 nm AuNSs were 0.75mM
and 0.25mM. After the reaction was completed, the seeds
solution was left to cool down at ambient temperature and
used without modifications.

For the MB-AuNPs synthesis we used three concentra-
tions of HEPES buffer [25, 50, 75mM] as solution. Briefly,
under slowly stirring within an ice bath (∼4∘C) to 12.5mL
of HEPES 50 𝜇L of AuNSs (16 or 18 nm) was added, as well
as 30, 60, or 120𝜇L of hydroxylamine [0.1M], and finally
the dropwise addition of gold salt solution with rate of
0.375mL/min to a final concentration of 0.07 or 0.13mM. For
the reaction to be complete it is necessary to leave the sample
to rest 8 h in the fridge.The samples were washed three times
by centrifugation and a drop of the concentrated colloid was
deposited on an aluminumpin for SEMand on a lacey carbon
copper grid for HRTEM. For UV-Vis measurements, the
samples were analyzed as synthesized. The samples for ICP
quantification were centrifuged and the NPs concentrated
was dissolved in aqua regia.
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2.2. Fabrication of Skin-Equivalent Phantom. For the fabrica-
tion of the control phantom a previously reported protocol
was used, and the reagents concentration was maintained
[20].The procedure is as follows: a Buchner flask with deion-
ized water and agar was heated until ∼80∘C under slow mag-
netic stirring and vacuum. Once the agar was dissolved and
the boiling point was reached, the vacuum and heating were
turned off, the TX-151 was added andmixed gently with a stir-
ring rod until its complete incorporation, and then the PEP
was added to decrease the real and imaginary parts of the per-
mittivity. After complete PEP incorporation the vacuum was
turned on for a moment to avoid bubbles in the final phan-
tom. Finally, the mix was placed into a petri box (ø = 55mm)
and left to solidify at ambient temperature. When phantoms
with nanoparticles were prepared, a 1x concentrated of
prewashed MB-AuNPs colloid was added and completely
incorporated before TX-151 addition. For comparison, other
phantoms with AuNSs were prepared, at the same NPs
concentration of MB-AuNPs.

3. Results

3.1.MultibranchedGoldNanoparticles (MB-AuNPs). In order
to prepare monodisperse MB-AuNPs, presynthesized gold
single-crystalline and multitwinned nanoparticles are used
as seeds for the growth of peaks [28, 29], which grow along
preferential crystallographic directions of the metallic core
[35]. According to previous reports, the capping agents [36]
have preferential adsorption by specific crystalline faces of the
metal seeds [37]; and this promotes an accelerated growth rate
along specific crystallographic directions [7, 32, 38–40].

The AuNSs, obtained by the reverse Turkevich method,
were monodispersed in size (see Figures 1 and SI-1); by ICP
spectroscopywas determined the concentration of 2.39× 1011
and 3.66 × 1011NPs/mL for 16 and 18 nmAuNSs, respectively.
We will see later that the structural characteristics of the
AuNSs will influence the growth process of peaks; as can be
seen in Figure 1(a), the 16-AuNSs present more symmetrical
shape andmonocrystalline structure, being different from 18-
AuNSs samples (Figure 1(a)) that show multitwinned struc-
ture and nonspherical multifaceted shapes. During the stage
of peaks formation, the promotion of second-order branch-
ing (Figure 3) is up to the seed structure [41] and the stabilizer
agent protection [7] at the nanoparticle surface, observed in
theMB-AuNPs synthesized from 18 nm nanospheres (18MB-
AuNPs), with 0.13mM of gold salt. Also, we observed that
the growthmechanism of theMB-AuNPs is influenced by the
chemical characteristics of the reagents present in the growth
solution and by its molar ratio with respect to gold ions.

Therefore, both hydroxylamine and HEPES are dual
agents, with reducing and shape capabilities. Manipulation of
the role played by each reactive ismade through experimental
conditions such as temperature (e.g., to slow the HEPES
reducing action) and concentration of hydroxylamine (using
the necessary to reduce the gold ions).Within themolar rates
used in this work, the hydroxylamine governs the reaction
kinetics and the final shape of the peaks and the HEPES
modulate the peaks growth. A simple way to know if the
HEPES has been or not contributing as reducing agent is by

means of UV-Vis spectroscopy (see Figure SI-2), since the
nitrogen species from degraded HEPES can be detected by
its absorption at ∼346 nm [22]. It is important to mention
that, in the reaction where no hydroxylamine is used, the
color changes of the colloid take place slowly, evidencing that
HEPES is a slow reductor. Increasing the concentration of
HEPES (from 25 to 50mM), the growth of narrow peaks is
promoted while the cores remain small. Then the addition of
hydroxylamine is necessary to modulate the kinetics without
excess of HEPES and will help to obtain better definition
on the peaks and a monodisperse size and shape sample
(see Figure SI-3). From the mechanism reduction of Au3+
by hydroxylamine proposed by Minati et al. [42], the molar
ratio of Au3+ : NH

2
OH (1 : 3) was used to synthesize the

sample with 16 nm nanospheres (16MB-AuNPs), in order
to avoid the intervention of HEPES reducing action (see
Figure SI-2). We observed that, when hydroxylamine is
present and increases its molar rate, the change of colors
gets faster indicating the necessary use of a mild reducing
agent (hydroxylamine) simultaneously with a directing shape
agent (HEPES) for better anisotropic growth. We also have
determined that an excess of hydroxylamine promotes the
second-order branching in 18MB-AuNPs, which was synthe-
sized with molar rate of Au3+ : NH

2
OH of 1 : 6 (see Figure

SI-4).
It had been reported that the size of the NPs used as seeds

influences the shape of final products [30, 43]. In our results
we observed that from 16-AuNSs, MB-AuNPs of 80 nm of
diameter can be obtained, synthesized with 0.07mM of gold
salt (16MB-AuNPs, see Figure SI-5), and the colloid presents
a maximum absorbance at 728 nm (Figure 2). On the other
hand, dendritic growth is only perceptible in 18MB-AuNPs
(Figure 3), even if the concentration of gold ions is increased
in the samples synthesized from 16-AuNSs (see Figure SI-6).
The increase in gold ions leads to bigger cores and smaller
length of peaks, due to an addition of gold atoms between
peaks for minimization of energy, instead of the growth of
longer peaks [44, 45].

At this stage we have shown that both sets of samples
(16 and 18MB-AuNPs) present good optical response for
being used as nanoheaters. The next criteria for choosing a
sample is the critical size for being used in an in vitro or
in vivo environment. Thus, we decided the use of 16MB-
AuNPs for being tested as nanoheaters; however, the optical
response of 18MB-AuNPs in the 830 nm (Figure 3) is suitable
for applications in nanostructured system for SERS [46].

3.2. Thermal Response of MB-AuNPs. Infrared (IR) imaging
is based on the fact that any object at a temperature above
absolute zero (−273∘C) will emit IR radiation, even if only
weakly. The human body has a low thermal emittance,
radiating in awavelength range that starts at around 3𝜇mand
peaks in the vicinity of 10 𝜇m and trails off from this point
into the extreme IR and, negligibly, beyond it. The emissivity
of human skin has a constant value between wavelengths of
2 and 14 𝜇m of 0.98 ± 0.01 for black skin and 0.97 ± 0.02 for
white skin [47]; thus, human skin has a known and almost
invariant emissivity in this wavelength region that makes IR
imaging an ideal procedure to evaluate surface temperature of
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(a) (b)

Figure 1: (a) SEM micrograph of 16 ± 1.69 nm of spheres gold nanoparticles (16-AuNSs). (b) TEM micrograph of 18.18 ± 2.33 nm sphere
gold nanoparticles (18-AuNSs) used as seeds.
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Figure 2: (a) SEMmicrograph of 16MB-AuNPs synthetized with 16-AuNSs. (b) UV-Vis spectra of 16-AuNSs and 16MB-AuNPs with a band
centered at 520 nm and 729 nm, respectively.

the humanbody [48, 49]. Because of the above arguments, the
skin-equivalent phantomswith 0.62±0.01 reported emittance
[17] is a well suited model for IR thermal evaluation.

The thermal response of 16-AuNSs and 16MB-AuNPswas
evaluated inside the skin-equivalent phantoms by dynamic
thermography. The samples were irradiated at 0.15W power
laser by 3 cycles of 10mins and recorded with an IR camera,
and the thermographs shown at Figure 4 were extracted
at 555 s using the FLIR-RIR software, which allows the
analysis of single points, line profiles, and averages of cir-
cle/rectangular areas.The plot in Figure 4(a) shows data from
a line profile analyzed at different times, and it clearly can be
observed that not only the incident laser area has been heated

but also there is a radial propagation by diffusion of the gen-
erated heat; thus there is energy transmitted to the adjacent
regions due to the immersed NPs.This effect is also observed
in the control phantom analysis, but over a smaller area and
withmore uniform temperature as can be seen in Figure SI-7.
Figure 4(b) reports the information on how fast the system
absorbs the energy, achieving constant temperature at early
irradiation times (60 s).This was also performed for evidence
the continuity of the thermal response of immersed 16MB-
AuNPs in the phantom as a function of time.

The plot in Figure 5 corresponds to a dynamic thermal
analysis, and from it we can appreciate the difference in
the temperature reached by the three phantoms: the largest
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Figure 3: SEM micrographs (a) of 18MB-AuNPs with second order branches and UV-Vis spectra (b) of 18-AuNSs and 18MB-AuNPs; they
have a band centered at 524 nm and 830 nm, respectively.
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Figure 4: The thermography corresponds at the 555 s of laser irradiation. (a) Temperature profiles of the heating area at different times. The
profile analyzed is designed as Line 1 (Li1) in the thermography. (b) Temporal analysis of temperature variations of different points and regions
marked in the thermography as area (Ar1), elipsoide (El1), and singles points (Sp1, Sp2).
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Figure 5: Thermal response of skin-equivalent phantoms with 16-
AuNSs, 16MB-AuNPs, and control.

increase of localized temperature is measured in the sample
prepared with 16MB-AuNPs, compared to the phantom with
16-AuNSs and the one without the addition of NPs, used as a
control.

A red-shift of the LSPR is present for anisotropic MB-
AuNPs compared with spheres (see Figure 1), and a substan-
tial increase in the heating efficiency with respect the sphere
is expected. In our results, the maximum temperature incre-
ment in 16MB-AuNPs phantom was achieved in 60 s and
maintained during all the laser irradiation. This temperature
increment is Δ𝑇 = 4.5∘C and when the light source is turned
off, a fast decay is observed. The comparison between the
AuNSs and MB-AuNPs at the same concentration shows the
evident increase of thermal response due to the anisotropic
shape of MB-AuNPs and the localized SPR’s synergy, because
the MB-AuNPs absorbs closer to the wavelength of laser
irradiation. In the case of the phantom with 16-AuNSs, the
increment in temperature can be described for the excitation
of hot-spots created in the interaction among spherical
NPs [50, 51]. The fact that there were not physical changes
observed in the phantoms under laser irradiation, as leaking
or deformation, even after the three cycles evaluation is
important to mention.

4. Discussion

We have shown that the control on the width, the length, the
number of peaks, and the degree of dendritic growth gives
rise to an easy tuning of the plasmon resonance spectra [6]
and their corresponding higher transduction of light into
heat, and therefore gold nanoheaters are good candidates for
IR absorption for efficient photothermal therapy ofmalignant
cancer cells.

The structural characteristics of theAuNSs influenced the
degree of ramification of the nanoparticle tips, resulting in

second-order branches for MB-AuNPs synthesized from 18-
AuNSs, which present crystalline defects promoting directed
anisotropy. From 16-AuNSs we could obtain monodisperse
samples. After analyzing the impact of HEPES and hydrox-
ylamine on the final tips shape, we estimated that the optimal
molar ratio of hydroxylamine : Au ions is 3 : 1, where this
amount is enough to avoid the intervention of HEPES in the
reduction. Even if an excess of hydroxylamine may result in a
better definition of tips, it can also cause the agglomeration of
MB-AuNPs, due to the resulting high ionic force of the solu-
tion, that could not be used for clinical applications, and the
same argument is valid for higher concentration of HEPES
(75mM). On the other side, the increase on the molar con-
centration of Au ions (and necessary hydroxylamine) leads
to bigger cores and smaller length of tips; thus it shifts the SPR
to lower wavelengths making them not practical for PTT.

Regarding the dynamic thermography results for 16MB-
AuNPs, we found that not only the incident laser area is being
heated, but also there is a radial propagation of the released
heat, which means there is transmission of energy around
the adjacent region of the spot due to the immersed NPs.
Therefore, the addition of MB-AuNPs results in the produc-
tion of more efficient centers for scattering and reemission
of energy.

The temperature increment achieved by the nanoheaters
in this work (Δ𝑇 ∼ 5∘C) is good enough for effective andmin-
imally harmful gold nanoparticles based photothermal ther-
apy techniques [52].This temperature increment frommulti-
branched gold nanoparticles immersed in a phantom gel (as a
model approach for the real environment in bioapplications)
satisfies biomedical requirement for the treatment of superfi-
cial diseases (mycoses, fungal infections, and many different
types of skin cancer) [53].

5. Conclusions

A synthesis method that uses nonaggressive chemicals for
obtaining multibranched gold nanoparticles and secondary
growth branching by tuning the seed size is presented. Anal-
ysis of the UV-Vis spectra and SEMmicrographs allows us to
understand the role of each reactant in the final shape of the
nanoparticles. The HEPES molecule mainly grow tips from
seeds with a random order; and the hydroxylamine can act as
a directing shape agent, but this role only follows after its
reduction role has been finished in the reaction. A faster
depletion of the reactants (by higher concentration of hydrox-
ylamine) during the grow reaction promotes the growth of
larger tips with second-order branches.

We have determined that the synthesized multibranched
gold nanoparticles increase the temperature in a localized
area irradiated with a 785 nm laser. The temperature incre-
ment recorded wasΔ𝑇 = 4.5∘C.The 16MB-AuNPs embedded
in the phantom gel is a system that rapidly absorbs the proper
incident energy, achieving a plateau of constant temperature
within 60 s which is recovered during at least three different
cycles. This evaluation indicates MB-AuNPs as an interesting
system for being tested as nanoheater in biological models.
Furthermore, the evaluation of their photothermal behavior
in cultured cells is necessary for their direct application in
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medicine.We also propose to carry on the test with an irradi-
ance lower than the ANSI regulation. Due to the experimen-
tal conditions reached in our phantoms, we expect that the
transduction of light into thermal energy will be more effect-
ive, due to the limitation of MB-AuNPs reshaping.
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Supplementary Materials

Figure SI-1. Histograms of diameters and frequency distri-
bution data of populations of (a) 200AuNSs for 16-AuNSs
and (b) 100 for 18-AuNSs. Figure SI-2. The increase of the
molar concentration of HEPES promotes strong anisotropic
formation of the MB-AuNPs. Figure SI-3. Scanning electron
microscopy micrograph of 16MB-AuNPs; the monodisper-
sity and nonagglomeration of the NPs can be observed.
Figure SI-4. Diagram of the concentrations of reactants
used for the samples analyzed. Figure SI-5. Histograms of
diameters and frequency distribution data of populations
of 50 16MB-AuNPs. Figure SI-6. SEM micrographs of MB-
AuNPs synthesized in a medium of HEPES [50mM], with a
molar ratio Au3+/NH2OHof 1 : 3, with (a) 16-AuNSs and (b)-
(c) 18-AuNSs. Figure SI-7. Thermography of skin-equivalent
phantom used as control. (Supplementary Materials)

References

[1] T. Lajunen, L. Viitala, L.-S. Kontturi et al., “Light induced cytos-
olic drug delivery from liposomes with gold nanoparticles,”
Journal of Controlled Release, vol. 203, pp. 85–98, 2015.

[2] A. Guerrero-Mart́ınez, S. Barbosa, I. Pastoriza-Santos, and L.
M. Liz-Marzán, “Nanostars shine bright for you: colloidal syn-
thesis, properties and applications of branched metallic nano-
particles,” Current Opinion in Colloid & Interface Science, vol.
16, no. 2, pp. 118–127, 2011.

[3] Z. Fan and H. Zhang, “Template synthesis of noble metal nano-
crystals with unusual crystal structures and their catalytic
applications,” Accounts of Chemical Research, vol. 49, no. 12, pp.
2841–2850, 2016.

[4] W. Park, S. Cho, X.Huang, A. C. Larson, andD. Kim, “Branched
GoldNanoparticle Coating of Clostridiumnovyi-NT Spores for

CT-Guided Intratumoral Injection,” Small, vol. 13, no. 5, Article
ID 1602722, 2017.

[5] Y. Ponce De León, J. L. Pichardo-Molina, N. Alcalá Ochoa, and
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Nanocomposites of Ag with organic montmorillonite (Ag-OMMT), Ag with montmorillonite (Ag-MMT), and organic mont-
morillonite (OMMT) were successfully prepared via a one-step solution-intercalated method. Sodium MMT, silver nitrate, and
dimethyl octadecyl hydroxy ethyl ammonium nitrate were used as precursors. X-ray diffraction, Fourier transform infrared
spectroscopy, transmission electron microscopy, and energy dispersive spectroscopy analyses confirmed that the MMT layers were
intercalated, and Ag+ was partly reduced to silver nanoparticles with diameters within 10–20 nm in Ag-OMMT.The decomposition
temperature of the organic cations in OMMT and Ag-OMMT increased to 220∘C, as revealed by differential scanning calorimetry-
thermogravimetric analysis. The antimicrobial activity of the nanocomposites was tested by measuring the minimum inhibitory
concentration (MIC) and killing rate.TheMICs of Ag-OMMT against Staphylococcus aureus, Escherichia coli, andCandida albicans
were 0.313, 2.5, and 0.625mg/mL, respectively. Because of the presence of quaternary ammonium nitrate, Ag-OMMT has a better
MIC against Gram-positive bacteria compared to Gram-negative bacteria and fungi. OMMT did not show antimicrobial activity
against Escherichia coli and Candida albicans. In 2 h, 0.0125mg/mL Ag-OMMT could kill 100% of S. aureus, E. coli, and C. albicans
in solution, andAg-MMTcould kill 99.995%of S. aureus, 90.15% ofE. coli, and 93.68%ofC. albicans.These antimicrobial functional
nanocomposites have the potential for application in the area of surface decoration films.

1. Introduction

Montmorillonite (MMT), an all-purpose clay, is widely used
in a range of applications because of its high cation exchange
capacity, swelling capacity, high surface areas, and strong
adsorption and absorption capacities [1–3]. In recent years,
the synthesis and application of MMT-based antibacterial
materials have attracted great interest due to global concerns
regarding public health. Some researchers have reported
modified MMT materials with antibacterial activity. For
example, silver, copper, and zinc ions have been immobilized
on MMT [4–9], and cetylpyridinium, cetyltrimethylammo-
nium [10–12], tetradecyltrimethylammonium [13], chitosan
[14, 15], and chlorhexidine acetate [16] have been intercalated
into the MMT layers. In addition, pharmacology studies

have revealed that MMT can adsorb to bacteria such as
Escherichia coli (E. coli), Staphylococcus aureus (S. aureus),
and immobilized cell toxins [17, 18].

Meanwhile, polymers used in several industries such
as food processing, biomedical devices, and filtering are
required to have antiseptic ability to minimize the trans-
mission of bacterial infections [19]. The dispersibility and
compatibility of antimicrobials with polymers is one of the
key factors for the preparation of antimicrobial polymers.
To improve the compatibility between the antimicrobial
and polymer, surface modification of the antimicrobial is
required. Furthermore, a lot of researches [20–23] shown that
nanoparticles, such as clay and graphene nanoplatelets which
was incorporated in antimicrobial polymer nanocomposites,
allowed for the tuning of the release of antimicrobial agents,
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Table 1: 𝑑
001

of MMTmodified with different organic cations.

Sample MMT Ag-MMT OMMT 2.25mmol
Ag-OMMT

4.5mmol
Ag-OMMT

6.75mmol
Ag-OMMT

9.0mmol
Ag-OMMT

11.25mmol
Ag-OMMT

2𝜃
001

/∘ 7.019 6.396 4.460 4.498 4.480 4.360 4.419 4.418
𝑑
001

/nm 1.258 1.381 1.980 1.963 1.971 2.025 1.998 1.998

especially reducing the burst release effect, without hindering
the antimicrobial activity of the obtained materials.

The aim of this work was to prepare organic antiseptic
MMT with good compatibility and dispersibility for use as
a nanoadditive in polymers. For this purpose, MMT was
modified with Ag+ and quaternary ammonium nitrate via
a one-step solution-intercalation technique. The structures
of different antimicrobial organic MMTs were characterized
by X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and energy dis-
persive spectroscopy (EDS) techniques, and the thermal
stability was confirmed by differential scanning calorimetry-
thermogravimetric (DSC-TG) analysis. The antimicrobial
activity of the nanocomposites was evaluated by examining
the minimum inhibitory concentration (MIC) and killing
rate.

2. Experimental

2.1. Materials. SodiumMMT used in this study was supplied
by Zhejiang Fenghong Clay Chemicals Co., Ltd (China).
The cation exchange capacity (CEC) of MMT was 90meq
(100 g)−1. Silver nitrate (AgNO

3
) with a purity of 99.8%

was provided by Hunan Hipure Chemical Reagent Fac-
tory (China). Dimethyl octadecyl hydroxy ethyl ammonium
nitrate (DOHEAN) at 50% (w/w) in butanol was provided by
Jiangsu Hai’an Petrochemical Plant (China). Other reagents
used in this study were of analytical grade.

2.2. Synthesis of Antimicrobial Organoclays. 10 g sodium
MMT was dispersed in 200mL deionized water and stirred
at 80∘C. AgNO

3
(equimolar with the CEC) was dissolved

in deionized water and then slowly dropped into the MMT
sol, which was then kept at 80∘C for 1 h with stirring. An
equimolar quantity of DOHEAN was added to the Ag+
and MMT sol and kept at 80∘C for 2 h with stirring. The
intercalated montmorillonite (Ag-OMMT) was repeatedly
washed with deionized water to remove residual AgNO

3
and

DOHEAN. This composite was then dried at 100∘C for 24 h
and then ground to a size less than 300 mesh.

The preparation of Ag-MMT andOMMTwere consistent
with the above methods but absented the process of addition
AgNO

3
and DOHEAN, respectively.

2.3. Measurements. XRD measurements were performed
using a D/Max 2550 diffractometer (Rigaku Electrical Co.,
Ltd.) with a Cu target and K

𝛼
radiation (𝜆 = 0.154 nm).

TG and DSC curves were recorded at 20–800∘C with a
heating rate of 10∘C/min under N

2
(Netzsch STA 449 C).

FTIR spectra were collected from KBr pressed disks on a

Nicolet 380 spectrophotometer. SEM images were recorded
with a JEOL JSM-6380LV microscope, and TEM and EDS
characterizations were performed on a Tecnai G2 20 FEI
AEM.

2.4. Evaluation of Antimicrobial Activity. Gram-positive
bacteria Staphylococcus aureus, Gram-negative bacteria
Escherichia coli, and fungi Candida albicans were provided
by the China Center of Industrial Culture Collection (CICC
at Beijing).

2.4.1. Minimum Inhibitory Concentration [24]. MIC tests
were performed in MHA for the bacteria and fungi. A
serial twofold dilution of Ag-OMMT was added to an equal
volume of medium to obtain a concentration of 5000 𝜇g/mL,
which was serially diluted by double technique to achieve
solutions of 2500–9.77 𝜇g/mL. Control dishes containing
equal volumes of distilled water were also prepared. After
cooling and drying, the plates were inoculated with 2 𝜇L
of 107 CFU/mL strain solutions and incubated aerobically at
27∘C for 16–20 h for bacteria or 72–96 h for fungi. Growth
control samples of each tested strain were also included. The
MIC was defined as the lowest concentration required to
inhibit bacterial growth, that is, the concentration at which
<5 microorganism colonies were visible.

2.4.2. Antimicrobial Killing Rate [24]. The microorganism
suspension was diluted using 0.9% (w/v) sterile saline water
to 104 CFU/mL. 1mL of cell suspension was added to 95mL
of 0.05, 0.025, and 0.0125mg/mL nanocomposite (Ag-MMT
and Ag-OMMT) solutions that had been autoclaved at 121∘C
for 20min.Nanoscale SiO

2
was used as a control.The samples

were removed after 2 h shake cultivation. 50𝜇L aliquots were
spread on nutrient agar plates, which were incubated at 37∘C
for 24 h, and the numbers of colonies were counted for each
solution. The percent reductions in plate colony counts were
calculated by comparing the experiment plates to the control.
All presented data were averaged from at least 3 parallel
experiments, where the discrepancies among themwere<5%.

3. Results and Discussion

3.1. Structure and Morphology. TheXRD patterns of unmod-
ified MMT, Ag-MMT, OMMT, and Ag-OMMTs (modified
with different amounts of Ag+) are presented in Figure 1.
Table 1 shows the 𝑑-spacing of 001 (𝑑

001
) for MMT as

calculated by Bragg’s equation [25]. Ag-MMT features a
larger basal spacing (1.381 nm) than MMT (1.258 nm), indi-
cating that Ag+ was exchanged in the silicate layers. Both
OMMT and Ag-OMMT feature wide basal spacings with
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Figure 1: XRD patterns of MMT, Ag-MMT, OMMT, and Ag-
OMMTs with different amounts of Ag+. MMT: unmodified MMT;
Ag-MMT: MMT modified with Ag; OMMT: MMT modified with
DOHEAN; Ag-OMMT: MMTmodified with Ag and DOHEAN.
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Figure 2: XRD patterns of Ag-MMT and Ag-OMMTs (different
amounts of Ag+) after calcination at 750∘C for 2 h. MMT: unmod-
ified MMT; Ag-MMT: MMT modified with Ag; OMMT: MMT
modified with DOHEAN; Ag-OMMT:MMTmodified with Ag and
DOHEAN.
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values between 1.96 nmand 2.03 nm, indicating that
DOHEAN has been intercalated into the MMT layers.

As shown in Figure 1, minimal metallic silver is present
in all the Ag-OMMTs (at 2𝜃 = 38∘) but is absent in Ag-MMT.
This is also noted in Figure 2, which shows the XRD patterns
of Ag-MMT and Ag-OMMTs having different amounts of
Ag+ after calcination at 750∘C for 2 h. In the presence of
easily oxidizable organic cations, Ag+ as an oxidant was
partly reduced to metallic silver during the preparation
process; after high temperature calcination, the reaction of

Ag+ and DOHEAN was complete. However, in the absence
of organic cation, Ag+ could not easily be deoxidized, even
after calcination at 750∘C. This has also been demonstrated
by EDS (Figure 3).

Figure 3 shows the EDS pattern of Ag-OMMT and the
morphologies of Ag-MMT and Ag-OMMT. The modified
MMTs appear as sandwich-like crystals in the TEM images.
Numerous black spots are homogeneously dispersed in the
MMTcrystals, as shown in Figure 3(b), which aremetallic sil-
ver nanoparticles as demonstrated by EDS andXRD analyses.
These silver nanoparticles are smaller in Ag-MMT (particle
diameter within 2–5 nm, Figure 3(a)) than in Ag-OMMT
(particle diameter within 10–20 nm, Figure 3(a)) because Ag+
is more easily deoxidized in the presence of organic cations;
this is in agreement with the XRD results (Figures 1 and 2).
Figure 4 presents SEMmicrographs showing themorphology
change of MMT before and after modification. Unmodified
MMT(Figure 4(a)) has a compact and flat surface, while, after
modification, the MMT surface becomes crinkled and rough
with wide interspacing (Figure 4(b)), which is desirable for
use as a nanoadditive.

3.2. DSC-TG. DSC-TG curves of DOHEAN, MMT, Ag-
MMT, OMMT, and Ag-OMMT are shown in Figure 5. The
TG curve of each sample shows an endothermal peak below
100∘Cwith a corresponding weight-loss due to the removal of
water. The DSC curves of MMT and Ag-MMT both feature a
second endothermal peak at 679.2∘C and 674∘C, respectively,
corresponding to the loss of hydrated water of the interlayer
cations and the structural hydroxyls [26].

The sharp exothermal peak on the DSC curve of
DOHEAN represents the evaporation or decomposition of
DOHEAN. However, there are two exothermal peaks on the
DSC curves of OMMT andAg-OMMT.The low-temperature
exothermal peak corresponds to the evaporation or decom-
position of DOHEAN on the silicate plate surfaces, and
the other peak represents the evaporation or decomposition
of DOHEAN between the silicate plates. The TG curves
of OMMT and Ag-OMMT reveal that the evaporation or
decomposition of DOHEAN occurs at approximately 220∘C,
which is higher than that of pure DOHEAN (160∘C). This
indicates that the organic cation has intercalated into the
MMT layers, similar to the initial state, and that the silicate
platelets have the ability to protect organic molecules from
decomposition. [27]. A similar behavior was reported by
Scaffaro et al. [28] during the preparation of poly(ethylene-
co-vinyl acetate) films with two commercial formulations of
nisin.

3.3. FTIR. Figure 6 shows the FTIR spectra of MMT,
DOHEAN,Ag-MMT,OMMT, andAg-OMMT.Compared to
MMT, OMMT has additional absorption peaks appearing at
2921, 2850, and 1384 cm−1. The peaks at 2921 and 2850 cm−1
arise from –CH

2
– and –CH

3
stretching vibrations, while the

one at 1384 cm−1 belongs to C–H symmetric deformation
vibrations [29].This further reveals that DOHEAN has inter-
calated into the MMT layers. The peak at 3100–3700 cm−1
represents O–H stretching vibrations [30] and the peak at
1638 cm−1 belongs to H–O–H bending vibrations [31]. This
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Figure 3: EDS pattern of Ag-OMMT and TEMmicrographs of Ag-MMT and Ag-OMMT.

(a) MMT (b) Ag-OMMT

Figure 4: SEM micrographs of MMT and Ag-OMMT.

Table 2: MIC of the samples.

Samples MIC (mg/mL)
S. aureus E. coli C. albicans

Ag-MMT 1.25 2.5 0.625
OMMT 2.5 >40 >40
Ag-OMMT 0.313 2.5 0.625

band, which is related to the ]
2
(H–O–H) bending vibration

of water adsorbed on MMT, shifted from 1631 cm−1 in MMT
to 1638 cm−1 for Ag-OMMT. Meanwhile, the intensity of this
band decreased, reflecting that the amount of water adsorbed
on MMT decreased after modification of the MMT with
organic cations.

3.4. Antimicrobial Activity Assay. As shown in Table 2, Ag-
MMT and Ag-OMMT have obvious antimicrobial activity
against a wide variety of microorganisms, including Gram-
positive bacteria, Gram-negative bacteria, and fungi. They
have the same MIC for E. coli and C. albicans, which are
2.5 and 0.625mg/mL, respectively. In addition, Ag-OMMT

has a higher MIC (0.313mg/mL) for S. aureus than Ag-
MMT (1.25mg/mL). Strong antimicrobial activity was also
observed, as outlined in Table 3. At a concentration of
0.0125mg/mL, Ag-OMMT can kill 100% of the S. aureus, E.
coli, and C. albicans population in 2 h, and Ag-MMT can kill
99.995% of the S. aureus, 90.15% of E. coli, and 93.68% of C.
albicans in 2 h.

OMMT can inhibit the growth of S. aureus; however,
its ability to inhibit the growth of E. coli and C. albi-
cans is less pronounced. This phenomenon is due to the
different cell structures of these microbes. S. aureus, a
Gram-positive bacterium, consists of a thick peptidoglycan
layer and a cytoplasmic membrane. Its peptidoglycan layer
is extensively crosslinked in three dimensions to form a
solid mesh. Despite its thickness, the peptidoglycan layer of
Gram-positive bacteria is not a barrier to the diffusion of
foreign molecules. Gram-negative bacteria, however, have a
small layer of peptidoglycan and an outer membrane made
of a toxic liposaccharide layer. Because of this structure,
Gram-negative bacteria are unusually permeable to foreign
molecules. Therefore, Gram-negative bacteria are generally
less susceptible to antibiotics and antibacterial agents than
Gram-positive bacteria [32].
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Figure 5: DSC-TG profiles of DOHEAN, MMT, Ag-MMT, OMMT, and Ag-OMMT.

Table 3: Killing rate of the samples.

𝐶sample/(mg⋅Ml−1)
Killing rate/%

S. aureus E. coli C. albicans
Ag-MMT Ag-OMMT Ag-MMT Ag-OMMT Ag-MMT Ag-OMMT

0.05 100 100 100 100 100 100
0.025 100 99.996 100 99.99 100 99.996
0.0125 100 99.995 100 90.15 100 93.68
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Figure 6: FTIR spectra ofMMT,DOHEAN,Ag-MMT,OMMT, and
Ag-OMMT.

4. Conclusions

Novel antimicrobial nanocomposites featuring sodium
MMT, Ag+, and dimethyl octadecyl hydroxy ethyl ammo-
nium nitrate were synthesized via a one-step solution-
intercalated method. XRD, DSC-TG, FTIR, SEM, TEM, and
EDS characterization indicated that Ag+ and DOHEAN
were intercalated into the MMT layers. Ag formed both
metallic species and Ag+ in the clay layer, while DOHEAN
was chemically bonded with the MMT layers. The thermal
stability of DOHEAN was improved by the protection
from the MMT layers. The nanocomposite surface became
crinkled and rough after modification, making it suitable
for combining with polymers. Further, the nanocomposites
showed a wide range of highly efficient antimicrobial activity.
The results of this study may be used as a foundation for
the future development of new types of nanocomposites of
antimicrobial polymers in many industries, such as in wood
adhesives, plastics, paints, and rubbers.
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