Research Article

AOT direct and reverse micelles as a reaction media for anisotropic S N
silver nanoparticles functionalized with folic acid as a photothermal
agent on Hela cells

Ana Maria Pinilla’ - Diana Blach' - Stelia Carolina Mendez? - Fernando Martinez Ortega’
© Springer Nature Switzerland AG 2019

Abstract

Herein, we report the synthesis of silver nanoparticles (AgNPs) using direct micelles and reverse micelles of sodium bis
(2-ethylhexyl) sulfosuccinate (AOT) as reaction media. We evaluated the effect of these self-organized aggregates in the
nucleation and growth mechanism of AgNPs. The results show the effect of water when it is a confined medium, where
their properties are different from those of net water. These factors strongly influence the size, polydispersity and shape
of nanoparticles. Moreover, the presence of ions from the reducing agents and the surfactant, it is a key factor in the
anisotropy of the AgNPs obtained. For our knowledge, this is the first report in which the effect of the reaction media is
evaluated by using direct and reverse micelles to synthesize silver nanoparticles. Additionally, AgNPs synthesized through
the two systems were functionalized with folic acid and evaluated their cytotoxicity and photothermal properties. The
results show that AgNPs synthesized through the two systems are potential photothermal agents, reaching to reduce
up to 47% of the viability of the Hela cells, using a laser of 808 nm.
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1 Introduction

Metal nanoparticles (M-NPs) have been widely used in
biomedical applications due to their intrinsic therapeutic
properties [3, 21, 451. In the case of silver nanoparticles
(AgNPs), they have been known for their antimicrobial
properties [17, 52]. However, currently it has begun to
explore new applications using these such as anticancer
agents [4] because they also present optical properties.
These properties are associated with a phenomenon called
localized surface plasmon resonance, which consisting of
a collective and coherent oscillation of the free electrons
of the conduction band of metallic nanoparticles [12]. This
property depends on the shape and size of nanoparticles
[13], and it has been used in some applications such as
photothermal therapy to generate a thermal response [3,
6,21, 36].

To prepare M-NPs, there are a great variety of method-
ologies [55]. One of the simple methods for synthesizing
M-NPs is through the use of an excess of a strong reduc-
ing agent, for example sodium borohydride, which it has
been widely used to reduce metal precursors such as silver
nitrate (AgNO;) and acid tetrachloroauric ([AuCl,]*3H,0)
in aqueous medium [11, 46]. By means of this method-
ology, spherical nanoparticles are obtained. However,
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in some applications, it is required anisotropic M-NPs
(nanorods, nanotriangles, nanoprisms or nanocubes).
These kinds of structures have their plasmon bands in the
near infrared region (NIR), which is the most appropriate
region to achieve efficiency in biological applications such
as cancer photothermal therapy [22]. In The NIR region,
there are two biological transparency windows located
in 650-950 nm (first window) and 1000-1350 nm (sec-
ond window). This region has optimal tissue transmission
obtained from low scattering and energy absorption, thus
providing maximum radiation penetration through tissue,
without damage it [63].

In order to synthetized anisotropic M-NPs, there are
many methodologies among which we should highlight:
High temperature reduction method [14], electrochemical
methods [54], photochemical methods [69], biosynthesis
[39], and synthesis based on the use of micelles as a reac-
tion media [60]. This last methodology has been of great
interest in recent years because it is a “soft” method, in
which extreme conditions of temperature and pressure
are not required, besides the composition of the reac-
tion media, allows the stability of AgNPs over time. These
methodologies are based on the use of molecules with
an amphiphilic character, called surfactants, which they
can be solubilized in non-polar or polar medium and these
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can be associated in a fluid medium to generate differ-
ent types of structures such as direct and reverse micelles
[15]. In direct micelles, the surfactant is oriented in such a
way that the hydrophobic portion is towards inside of the
micelle, leaving the hydrophilic portion in contact with the
aqueous phase. In contrast, in reverse micelles, the sur-
factant is oriented in such a way that the hydrophilic por-
tion is towards inside of the micelle and the hydrophobic
portion is towards outside of these.

One of the most used methodologies for the synthesis
of anisotropic nanoparticles, it is the preparation of seed-
mediated growth. This method is based on the formation
of spherical nanoparticles through the reduction of the
metal with a suitable reducing agent in direct micelles.
These “seed” nanoparticles will later be added to a growth
solution that contains the same or different ions, along
with other additives, such as dopants, ligands, etc. The
metal ions of the growth solution are reduced on the sur-
face of the seeds via heterogeneous nucleation during the
growth reaction of the particle. Through the variation of
the concentration and “seeds” in the growth solution, it
is possible to generate a great variety of shapes such as
nanorods [72], nanowires [35], nanoplates [19], nanodisks
[9] or nanocubes [28]. There are several reports in which
this type of methodologies have been used using CTAB
surfactant to generate direct micelles [30, 43, 58, 67, 72].

Mandal et al. have been synthesized copper nanopar-
ticles (CuNPs) for the first time using AOT direct micelles.
The nanoparticles synthesized were spherical and highly
crystalline with a diameter of 5-10 nm. They showed that
AOT surfactant had a double role in the synthesis process:
reducing and stabilizing. Additionally, these results were
compared with the product obtained using AOT/isooctane
reverse micelles, concluding that reverse micelles favor the
production of smaller nanoparticles (diameter <4 nm) [37].
Jiang et al. studied the role of temperature in the growth
process of silver nanoparticles synthesized through AOT/
water direct micelles using three different reducing agents
simultaneously: citric acid, ascorbic acid and sodium boro-
hydride. Through this methodology, the authors obtained
spherical and triangular AgNPs, whose surface plasmon
band was placed in a range of 700-1400 nm, which allow
use them in optical applications, such as optical probes,
ionic sensors and biochemical sensors [24].

In relation to the synthesis of M-NPs through reverse
micelles (RMs), this methodology is based on mixing two
identical micellar solutions, each containing one of the
reactants (metal precursor and reducing agent), these
RMs interact and the metal ions are reduced, then the
nucleation and growth occur in a limited space (polar
core) [27]. Singha et al. obtained spherical AgNPs from
a reverse micelle system (AOT/heptane), using ascor-
bic acid as a reducing agent. The contribution made by

these authors was to compare the reaction in homoge-
neous media with the reaction in reverse micelles. The
results showed that in homogeneous media, the reac-
tion does not occur at room temperature, whereas when
using a reverse micelle media, the reaction proceeds eas-
ily [57]. Zhang et al. synthesized nanorods and nanofib-
ers through low intensity ultrasonication using AOT/
isooctane reverse micelles system. The results obtained
through electron transmission microscopy (TEM) showed
that spherical AQNPs were obtained with ultrasonication,
and rods and wires shapes were obtained without ultra-
sonication [70].

Metal nanoparticles have an efficient interaction with
light, which results in the release of energy through two
main mechanisms: dispersion and absorption. The first
mechanism is carried out through the release of pho-
tons with the same frequency and the second mecha-
nism is accomplished through conversion of photons
into phonons or heat [10]. The relative efficiency of
absorption and dispersion of a specific nanoparticle
can be quantified through of the called photothermal
efficiency, which depends strongly on the morphology
and size of the nanoparticles [10]. The heating response
of nanoparticles has been widely studied, especially the
heating response of AuNPs [20, 47, 48, 53]. Despite the
advantages of the use of AuNPs, some studies report
the use of AgNPs in photothermal therapy against dif-
ferent types of cancer, including ovarian cancer [64].
AgNPs have photothermal and cytotoxic properties,
which can be used to generate a synergistic effect [61,
65, 66], which leads to the death of cancer cells. The type
of nanostructures that have frequently been used in the
field of biomedicine includes nanospheres, nanowires,
nanorods, nanoplates and nanocubes [2, 22, 25, 50, 56,
74]. In order to assure the selectivity of NPs in this type
of therapies, it is necessary to functionalize NPs with a
molecule that gives them the ability to interacting selec-
tively with cancer cells. An example of molecule that has
been commonly used for this purpose is folic acid (FA)
[6, 33, 68], due to that some cancer cell lines, including
those of cervical cancer, present overexpression of folate
receptors in comparison with normal cells. This fact, it
allows that the NPs can be selectively internalized in the
cancer cells through the process of receptor-mediated
endocytosis [38].

Here we report the synthesis of functionalized AgNPs
with folic acid through two methodologies based on
the use of AOT micelles as a reaction media (direct and
reverse micelles). The AgNPs obtained were evaluated in
HelLa cells (human epitheloid cervix carcinoma), as pho-
tothermal agents capable to cause selective death after
irradiation with a laser of 808 nm.
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2 Experimental section
2.1 Materials

Isooctane (for analysis), silver nitrate (AgNO;, for anal-
ysis), folic acid (C,4H;4N;O4, for biochemistry), L(+)-
ascorbic acid (C4HgOg for analysis) were purchased from
Merck, Bis-(2-ethylhexyl)sulfosuccinate sodium salt
(AQT, > 96% purity) were purchased from Alfa Aesar,
sodium borohydride (NaBH,, > 96% purity) were pur-
chased from Panreac, sodium citrate tribasic dihydrate
(HOC(COONa)(CH,COONa),-2H,0, > 99.0% purity) and
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetra-
zolium bromide) were purchased from Sigma Aldrich,
citric acid (C4HgO5, 99.5% purity) were purchased from
JT-Baker. Ultrapure water was obtained from Milli-Q
equipment. All the reactants were used without further
purification.

HeLa Cells were maintained in EMEM supplemented
with 10% of fetal bovine serum (FBS) in a 95% humidified
atmosphere and 5% CO2 at 37 °C. Cells were seeded near
confluence a day before incubation with AgNPs.

2.2 Methods

The protocol described by Jiang et al. was used to the
synthesis of AgQNPs [24], in which 100 mL of a mixture
of AgNO; and AOT of concentration 2.5x 10~ M and
5.0x 10™* M were used respectively. Subsequently, dif-
ferent amounts of the aqueous solutions of the reducing
agents were added sequentially and under constant stir-
ring: 1.20 mL of citric acid (1.0 M), 0.30 mL of t-ascorbic
acid (0.10 M), and 0.02 mL of NaBH, (0.002 M). Once the
addition of each reducing agent to the reaction mixture
was completed, stirring was maintained for~30s.

In this case a solution of surfactant AOT/isooctane
0.05 M was prepared, an aqueous solution of 0.5 M
AgNO; was used as metal precursor and aqueous solu-
tion of 0.25 M NaBH, was used as reducing agent. Then,
two identical micellar solutions were mixing by magnetic
agitation at room temperature, and each one contains
the reactants (AgNO; and NaBH,), these RMs interact and
the silver ions are reduced. Nucleation and growth of
AgNPs occur in a limited space (polar core) and water to
surfactant molar ratio (Wo) used was 5.

The solutions obtained from the synthesis process
were deposited in microcentrifuge tubes (2 mL) and
centrifuged at 10,619 gravities/min for 20 min. Once
the centrifugation process was finished, the supernatant
was removed, and the resulting pellet corresponds to the
synthesized AgNPs. Subsequently, the pellet obtained
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was washed twice with an aqueous solution of 20% etha-
nol in order to remove the excess surfactant.

With the purpose to eliminate the organic solvent,
1 mL of an aqueous solution of acetone was added to the
volume of solution (2 mL) obtained in the above process.
After mixing the solutions, two phases were obtained,
the organic phase containing the AgNPs and the aque-
ous phase containing the excess of surfactant. The organic
phase is brought to dryness with nitrogen and the result-
ing solid was washed with a 50% aqueous acetone solu-
tion to remove the excess surfactant and centrifuged for
20 min at 10,619 gravities/min. The solid obtained corre-
sponds to the AgNPs.

The AgNPs obtained after the phase transfer and puri-
fication process were functionalized with FA, in this sense
2 mL of folic acid aqueous solution (1 x 1073 M) at pH: 9
(1 M NaOH) was added to the solid obtained in the pre-
cipitation and phase transfer process.

These solutions were sonicated for 5 min in order to
facilitate the interaction of the AgNPs with the folic acid
molecules. Subsequently, they were centrifuged at 10,619
gravities/min for 20 min. Once the centrifugation pro-
cess was over, the supernatant or excess folic acid was
removed.

UV visible spectra were recorded using a spectropho-
tometer Hewlett Packard-Agilent 8453 with a thermo-
stated sample holder. The path length used in all experi-
mentswas 1 cm.

Free FA and AgNP@FA solutions were analyzed by fluo-
rescence spectroscopy with a Perkin EImer LS-55 spectro-
fluorimeter. The concentration of the folic acid solution
was 5% 107> M. The excitation wavelength was 364 nm.
Measurements of Z-potential were performed on a Zeta-
sizer Nano ZS90 equipment, for each solution of AgNPs
and AgNP@FA prepared.

For TEM studies, the samples were placed into a form-
var-covered copper grid and evaporated slowly. The
micrographs were recorded using a Transmission Electron
Microscopy (TEM) FEI TECNAI G2 STWIN at 20-200 kV with
a camera Gatan ES100W, the images were analyzed and
the interplanar crystal spacing was measured using the
software Gatan Digital Micrograph, the Miller indices (hkl)
were assigned using the JCPDS-ICDD 04-0783 document.

Hela cells in Eagle’s Minimum Essential Medium
(EMEM) supplemented with 10% FBS were added in 96
well plate (density of 960.000 cells/well) and incubated
for 24 h at 37 °C with 5% CO, atmosphere. We studied the
effect of AQNP and AgNP@FA concentration over the per-
centage of viability cell and the effect of irradiation. Cells
were treated with different concentrations of AgNPs and
AgNPs@FA (20, 100 and 200 uM of Ag) prepared in EMEM
medium. Nanoparticles were not added in the case of the
control cells.
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2 and 4 h of treatment were evaluated in order to the
nanoparticles internalization. In the case of the assays
without irradiation, once the treatment time was finished,
the medium was discarded, and replaced by 200 uL of
MTT solution (500 pg/mL in HBSS solution). The assays
were maintaining in incubation for 3 h at 37 °C, and sub-
sequently, the MTT solution was discarded and 200 pL
of DMSO were added, in order to solubilize the crystals
formed. Finally, the plate was read at 570 nm on a Multis-
kan™ GO microplate reader [44]. The result obtained from
reading the plates corresponds to the absorbance values
of both the controls and each of the treatment wells. These
absorbance values allow calculating cell viability.

In the case of the irradiation assays after the treatment
time, the cell medium was removed, and replaced by
200 pL of fresh EMEM, in order to rule out the AgNPs that
were not internalized. Finally, the cells were irradiated for
5 min in each well using a diode laser (ThorLabs Newton
USA) of 800 nm with 800 mW and the distance between
the diode laser and samples was 5 cm.

Once the irradiation process was completed, EMEM
medium was removed and the MTT reagent was added.
The subsequent steps are the same as those mentioned
in the case of assays without irradiation.

Data were presented as means *standard error (SE)
from at least two independent experiments and compared
by analysis of variance one way (ANOVA) followed by mul-
tiple comparison analysis averages, Tukey. Differences at
p <0.05 were considered statistically significant.

3 Results and discussion

3.1 Determination of critical micelle concentration
(CMCQ)

In each of the micellar systems used as reaction media,
the effective formation of the molecular aggregates was
ensured through the determination of critical micelle con-
centration (CMC). For the AOT/water system, there is an
only report about the CMC in an aqueous binary system
[37]. Taking into account this limitation, in this work, the
CMC of the AOT/water system was determined by means
of a spectrophotometric method, where the changes in
the maximum absorption of the dye methylthionine chlo-
ride (methylene blue) were evaluated. Methylene blue
exists in the cationic form at neutral pH. The surface of
AOT direct micelles being negatively charged, the cationic
form of dye will be attracted towards the micellar Stern
layer due to electrostatic attraction. The concentration of
dye was 1.6 x 10 M and surfactant concentrations from
5x107° to 1x 1073 M. Graphing the values A of the maxi-
mum absorption of the dye against the logarithm of the

Table 1 Comparison of the concentrations used in the synthesis
processes with the value of the CMC

Micellar system Concentrations in the syn- CMC (moles/L)
thesis process (moles/L)
AOT/water 50x107* 4%x107™
AOT/isooctane 5.0x1072 1.7x1073
t (min)
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Fig. 1 Absorption spectra of AgNPs formation in AOT/water direct
micelles at [AgNO;]=25x10"* M, [AOT]=5.0%x10"* M, [citric
acid]=1.0 M), [L-ascorbic acid]=0.10 M, NaBH,=0.002 M and tem-
perature: 23 °C

surfactant concentration and using a sigmoidal adjust-
ment, the inflection point was determined, which corre-
sponds to the CMC value of the surfactant in the system.
The results obtained from this determination can be seen
in Supplementary information (Figure S1).

The value of the CMC for the AOT/water system
obtained was 4 x 10~ M. Table 1 shows the CMC values for
each of the systems evaluated together with the concen-
trations of surfactant that were used in the processes of
synthesis. When comparing each of the concentration val-
ues in the synthesis process with the values corresponding
to the CMC, it is observed that all concentration values
used in the synthesis processes are above the CMC.

3.2 Characterization of AgNPs obtained
through direct micelle (AOT/water)

The AgNPs obtained through the AOT/water system were
characterized by means of UV-Vis spectroscopy. Figure 1
show the kinetic formation of the localized surface plas-
mon resonance (LSPR) for AgNPs synthesized.

The absorption spectra indicated at 4 min of reaction
an initial band located at A, =420 nm, this band shifts
to longer wavelengths and increases its intensity, while
around 20 min a new band appeared at A,,, =335 nm.

SN Applied Sciences

A SPRINGER NATURE journal



Research Article

SN Applied Sciences (2019) 1:858 | https://doi.org/10.1007/s42452-019-0894-5

The stability of the reaction took place at 36 min, when a
characteristic LSPR with two maxima absorption bands at
Mnax=450 nm and A, =826 nm remains constant through
the time, these bands correspond to the contributions of
the collective oscillation of the electrons of the conduction
band of the NPs along the different axes of the nanoparti-
cles [40] which gives rise to the formation of NPs with dif-
ferent morphologies such as spheres, ellipsoidal, triangles
and forms not defined (pseudo geometries).

Taking into account the results obtained from the TEM
micrograph (Fig. 2c), the histogram presented in Fig. 2b
was constructed, as is shown the average diameter of
the particles obtained was 21.5+5 nm, and the obtained
shapes (triangles, prisms, spheres, and other undefined
shapes) (see Fig. 2c) are in concordance to the absorption
spectra obtained in Fig. 2a.

With respect to the coexistence of different types of
structures, in the study conducted by Jiang et al., they
found that this coexistence can be caused by the type of

a
0,3 -
]
202
]
=
S
=
172]
=
< 0,1
0,0 T T T
400 600 800
A (nm)

crystal structure that the AgNPs present, which is a cubic
structure centered on the faces (FCC) [23]. The presence
of this type of structure (FCC) in the synthesized AgNPs
was verified by high resolution micrographs obtained
through TEM. Interplanar crystalline spacing was meas-
ured using the Gatan Digital Micrograph software, and
this was correlated with the respective Miller indexes
using document JCPDS-ICDD 04-0783. The measure-
ments of these interplanar distances allowed to identify
a plane Ag (200), which is related to the formation of
structures of type FCC (Fig. 2d).

In order to determine the surface charge and the stabil-
ity of the AgNPs, Zeta potential measurements were made.
The obtained value was —40.4+7.74, which correspond
to stable particles in aqueous solution (values more posi-
tive than + 30 mV and more negative than —30). Addition-
ally, it is important to mention the obtained value can be
associated with the charge that it gives the residual AOT
molecules on the surface of the nanoparticle.
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Fig.2 a UV-Vis spectrum of the AgNPs obtained in the AOT/water
at [AgNO,]=2.5x107* M, [AOT]=5.0x 10~* M, [citric acid]=1.0 M),
[t-ascorbic acid]=0.10 M, NaBH,=0.002 M and temperature: 23 °C.
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b Histogram of particle size distribution by number at the end of
the reaction. ¢ HR-TEM micrographs. d Crystallographic planes
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3.3 Characterization of AgNPs obtained
through reverse micelle (AOT/isooctane)

AgNPs obtained through the AOT/isooctane system were
analyzed through UV-Vis spectroscopy. UV-Vis spectra
were taken every 10 s for 2 min. The results obtained are
shown in Fig. 3.

Figure 3 shows broad band with a \,,, =417 generated
when the corresponding volume of AgNO; (9 pL) is added
to the micellar solution and it becomes a light-yellow col-
oration through of time. The formation of this band may
be associated with the initial reduction of some silver
ions in the aqueous core of the micelles due to the effect
of the AOT surfactant molecules, thus giving rise to the
formation of a small number of seeds. Once the reduc-
tion process is started using the reducing agent (NaBH,),
the initial absorption band increases its absorbance and
moves smoothly towards longer wavelengths. The stability
of this absorption band took place after 2 min of reaction
with a A, at 427 nm.

The results of the characterization of AQNPs synthe-
sized using the AOT/isooctane reverse micellar system
are shown in Fig. 4.

In Fig. 4a the UV-Vis spectrum is shown with a wide
band at A,,, around 450 nm. Taking into account the histo-
gram presented in Fig. 4b, it was determined that the aver-
age diameter of the particles obtained was 12.61+6 nm,
and the shapes of the particles obtained were mostly
spheres, together with some anisotropic forms (Fig. 4c).
Interplanar crystalline spacing was measured following
the same methodology that was used for the previous
system. The interplanar distance measurements allowed
identifying the Ag (111) and Ag (200) planes, which are
related to the formation of structures of type FCC (Fig. 4d).
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Fig.3 Absorption spectra of AgNPs formation in AOT/isooctane
reverse micelles at W,=5, [AgNO;]=0.5 M, [NaBH,]=0.25 M

Regarding the Zeta potential values, the value
obtained for the AgNPs synthesized through RMs were
—45.8+5.94 nm. This charge is associated with the charge
provided by the residual AOT molecules on the surface
of the nanoparticles. Additionally, the value obtained was
within the range in which the AgNPs are considered to
be stable.

According to the results observed in both systems, the
reaction media has an important influence on the nuclea-
tion and growth mechanism of AgNPs. The anisotropic
structures obtained using direct micelles (DMs) (AOT/
water) are attributed to the synergistic effect of reduc-
tion using three different types of reducing agents: citric
acid, ascorbic acid and NaBH,,. The co-reduction approach
gave a better balance between nucleation and growth
of AgNPs, and therefore size and shape controlled silver
nanoparticles could be achieved [1].

Among the reducing agents used in the synthesis pro-
cess, the reducing agent with the lowest reduction poten-
tial is citric acid, thus to improve its reduction potential
requires high temperature conditions. Jiang et al. showed
that the rate of reduction of citric acid is significantly
reduced in the presence of the AOT surfactant, due to
the formation of the Ag, (AOT) and [Ag (Cit), AOT] com-
plexes. Additionally, the authors showed the influence of
the citric acid molar ratio: silver nitrate ([Cit]/[Ag*]). Taking
into account the molar ratios used are greater than 40,
the reaction becomes slower and therefore takes longer to
reach stability. This behavior can be associated to the high
concentrations of citrate ions, which give rise to the forma-
tion of complexes [Ag; --- citrate™] besides the Ag, (AQT),
causing a decrease in the rate of the precursor reduction.
The formation of these complexes supports the fact that
the synthesis process has taken place slowly and the stabil-
ity of the reaction is only reached until 35 min.

Due to the reduction potential of citric acid is low, the
reducing agents that made possible the initial reduction
of the Ag*ions were ascorbic acid and NaBH,. These reduc-
ing agents would result in the formation of AgJ dimers in
aqueous solution at the initial stage, as observed in the
reactions below:

Agt +e — Ag°

Ag® + Agt & Ag}

The dimers formed in the previous step, interact with
the citrate ions leading to the formation of complexes
[Ag? --- citrate|, which have an influence on the formation
and growth rate of AgNPs.

Ag? + citrate < [Ag} - citrate™ ]

Sodium borohydride (NaBH4) is considered a strong
reducing agent, which in the absence of other reducing
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Fig.4 a UV-Vis spectrum of the AgNPs obtained in the AOT/isooctane system at Wy=5, [AgNO;]=0.5 M, [NaBH,]=0.25 M. b Histogram of
particle size distribution by number at the end of the reaction. ¢ HR-TEM micrographs. d Crystallographic planes

agents can lead to the formation of nearly spherical sil-
ver particles (~ 5 nm). In order to obtain anisotropic forms
using this reducing agent, it is necessary to previously add
other weak reducing agents, which will lead to the for-
mation of complexes (i.e., [Ag (Cit), AOT]), which control
the rate of the reaction. Additionally, it is important taking
account that in the synthesis process, a low molar ratio of
(IBH,1/[Ag*] was used because the reduction potential of
this reducing agent is high, and to achieve the formation
of nanostructures such as nanotriangles, a slow and con-
trolled reaction is required [23].

In addition to the formation of dimers Ag®, Jiang et al.
reported that under the conditions evaluated also trimeric
clusters Ag; are generated, which can be used as nuclei for
the addition of newly formed silver atoms and, finally give
place to the formation of silver nanotriangles.

Additionally, it is known that the presence of the AOT
surfactant, besides playing an important role in the sta-
bility of the AgNPs, also influences the growth processes
of these in the presence of silver ions forming complexes
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such as Ag, (AOT), which affect the reaction rate of the
reducing agents, as well as the shape and final size of the
particles obtained [23].

In the case of RMs, we used only one reducing agent,
because in this systems the reaction is carried out in a
confined environment (nanoreactor) where the proper-
ties of the aqueous medium are different from those of
bulk water [41]. This confined environment allows con-
trolling the shape and size [62]. In the case of this work,
we used AQT, which is solubilized in isooctane and carry
out the formation of spherical micelles [16] within which
generates the reaction. The majority of the authors have
reported through these systems (AOT reverse micelles) the
obtaining of spherical nanoparticles and sizes between 5
and 10 nm [18, 37, 57, 71]. The influence of the solvent
in obtaining these spherical and small nanoparticles, it
is important since it has been observed that when using
long and linear chain solvents, these affect the micellar
interface rigidity, allowing the interface to have a lower
rigidity, which gives rise to an increase of intermicellar
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exchange rate [5], and in this way, it favors that the reac-
tion between the precursors is quickly. The use of this type
of conditions does not favor the obtaining of anisotropic
nanoparticles, since the reaction occurs quickly, avoid-
ing the generation of secondary growth processes. In
this work, the molar ratio of the precursors was different
from the molar ratio that they used and other authors. The
molar ratio ([BH,I/[Ag*]) used, less than 1, implies that the
metallic precursor (AgNO;) was in excess which decreases
the reaction rate, which allows to modifying the processes
of nucleation and growth, that leads to the generation of
some anisotropic silver nanoparticles.
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3.4 Silver nanoparticles functionalized with folic
acid

The AgNPs obtained in both reaction media (direct and
reverse micelles) were functionalized with folic acid and
characterized by UV-Vis and fluorescence emission spec-
troscopy. Additionally, Zeta potential measurements were
made in order to determine the surface charge and the
stability of the AgNPs after functionalization.

The characteristic UV-Vis spectrum of basic form of
FA is shown in Figs. 5 and 6. The band around 365 nm is
assigned to the m—m* transition localized on the pterin ring
of FA [32]. The other bands at 255 and 280 nm are also
from m—m* transitions of the pterin [32]. When this mol-
ecule interacts with the AgNPs, the band at 255 nm disap-
pear due to this band only appears in the basic form of FA,
due to deprotonation of the amine group of the pterin in
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Fig.5 a UV-Vis spectrum and b fluorescence emission spectra of FA and the AgNPs@FA obtained by the micellar system AOT/water at [Folic
acid]=5x 107> M, [Ag] =~ 200 pM, and excitation wavelength used was 364 nm
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Fig.6 a UV-Vis spectrum and b fluorescence emission spectra of FA and the AgNPs@FA obtained by the micellar system AOT/isooctane at
[Folic acid]=5x 107> M, [Ag] =~ 200 pM, and excitation wavelength used was 364 nm
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the anionic form of FA [32]. This modification of the UV-Vis
band of FA when it goes from its basic to acid form, it was
also evidenced in the study carried out by Li et al. which
they carried out pH-dependent, ultrafast time-resolved
infrared spectroscopy measurements to understand the
excited state electron transfer (ET) reactions of FA in its
cationic and anionic forms.

In addition to the UV-Vis spectroscopy analysis, fluores-
cence emission spectroscopy was performed, the results
allow to verify the interaction between NPs and folic acid,
through the effect of enhancement or quenching the
intensity of the fluorescence of the fluorophore to be
bound to the NPs.

Figures 5b and 6b show the fluorescence emission spec-
tra of the AgNPs@FA obtained through micellar system
AOT/water, AOT/isooctane and free FA. Quenching of flu-
orescence of FA in interaction with AgNPs in the two sys-
tems is observed. In this sense, it is known the fluorescence
of fluorophores could be increased or decreased due to
the presence of metallic NPs. This fluorescence behavior
is influenced by factors such as the size and shape of the
NP, the orientation of the fluorophore, dipole moments
relative to the NPs, the rate of radiative decay and quan-
tum yield of the fluorophore [29]. Lakowicz et al. reported
that at very short distances (< 5 nm) between the surface
of the AgNP and the fluorophore generate a decrease in
fluorescence [29].

Among the studies that support this “quenching”
effect, Zhao et al. showed a decrease in the fluorescence
of 7-methoxy-8-(3-methyl-2-butenyl) -benzopyran-2-one,
a coumarin which acts as a blocker of the calcium channels
in plants. They determined this decrease in fluorescence
occurs and the non-radiating velocity of the fluorophore
[73]1. Another previous work that is consistent with the
quenching effect was carried out by Pramanik et al. They
showed that the formation of the stabilizing AOT mon-
olayer does not prevent the close interaction of AgNPs
with Safranin molecules (dye) and then showed a decrease
in the fluorescence of the dye [51].

Regarding the zeta potential values obtained for
AgNPs@FA synthesized through direct and reverse
micelles were —34.7+7.03 and —36.3 +4.04 respectively.
The difference between the values obtained is associated
with the exchange of ligands that occurs when function-
alizing the AgNPs with folic acid. Additionally, the AgNPs
in this range of values observed are considered to be sta-
ble [49]. The negative charge on the surface of the nan-
oparticles could be associated with the presence of the
deprotonated carboxyl groups of folic acid [31, 59]. This
is in accordance with the study carried out by Su et al.,
which observed that these groups stabilized the nano-
particles through electrostatic repulsion [59]. It has been
shown that the interaction of folic acid with the AgNPs
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occurs through the amino group of the pterinic ring of
folicacid [7, 8, 31, 59]. Besides, Castillo et al. using the den-
sity functional theory to show that the Ag-FA interaction
occurs mainly through the nitrogen of the pteridine ring.
Additionally, the interactions of folic acid (FA) by surface-
enhanced Raman scattering (SERS) was studied [8].

3.5 Biological Assays with HeLa cells

The cytotoxicity of the AgNPs and AgNPs@AF obtained by
the micellar system AOT/water and AOT/isooctane were
evaluated in the absence of irradiation (Fig. 7). The effect
of irradiation on Hela cells was evaluated using a laser
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Fig.7 Cytotoxicity without irradiation of the non-functional-
ized AgNPs (Ag) and functionalized AgNPs (Ag@FA) synthesized
through AOT direct and reverse micelles. The treatment times were
a 2 h, b 4 h. The Ag concentrations evaluated were 200 uM for Ag
1 and Ag@FA 1, 100 pM for Ag 2 and Ag@FA 1/2 and 20 pM for Ag
1/10 and Ag@FA 1/10, the control corresponding to Hela cells not
treated. The treatment times were 2 and 4 h, *, **, *** Differences
statistically significant with respect to the control, p<0.05, p<0.01,
and p <0.001, respectively. Irradiation time per well 5 min
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of 808 nm and power of 800 mW (Fig. 8). Additionally, in
order to evaluate the internalization by folate receptors
two different times of treatment were used (2 and 4 h)
(Figs. 7, 8).

Figure 7 shows an effect of particle size on the cyto-
toxicity of the non-functionalized AgNPs. It was observed
that when the particle size decreased, the cytotoxicity in
Hela cells was increased. This result agrees with the study
carried out by Kim et al. who evidenced that the smallest
sized AgNPs (10 nm size) had a greater apoptotic effect
against the MC3T3-E1 cells when compared with other
sized AgNPs (50 and 100 nm). These differences are asso-
ciated in part with their cellular uptake processes from the
cell membranes [26]. The cytotoxicity of functionalized
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Fig.8 Cytotoxicity with irradiation (808 nm) of the non-function-
alized AgNPs (Ag) and functionalized AgNPs (Ag@FA) synthesized
through AOT direct and reverse micelles. The treatment times were
a 2 h, b 4 h. The Ag concentrations evaluated were 200 uM for Ag
1 and Ag@FA 1, 100 pM for Ag 2 and Ag@FA 1/2 and 20 pM for Ag
1/10 and Ag@FA 1/10, the control corresponding to Hela cells not
treated. The treatment times were 2 and 4 h, *, **, *** Differences
statistically significant with respect to the control, p<0.05, p<0.01,
and p <0.001, respectively. Irradiation time per well 5 min

nanoparticles (Ag@FA) showed that the percentage of cell
viability increased respect to the nanoparticles without
functionalization and also no statistically significant differ-
ences were reported with respect to control (Hela cells not
treated with AgNPs), see Fig. 7. In this case, the function-
alization of AgNPs perhaps contributes to decreasing of
the characteristic cytotoxicity of AgNPs. These results are
in agreement with those evidenced by Boca-Farcau et al.,
which evaluated the cytotoxicity of silver nanotriangles
functionalized with FA in an ovarian cancer cell line, evi-
dencing a significant decrease in cytotoxicity with respect
to AgNPs without functionalization [6].

Additionally, functionalization with folic acid facili-
tates the internalization of the particles in the HelLa cells,
because folate receptors are highly overexpressed in com-
parison with normal cells [75]. Thus the functionalization
of nanoparticles with folic acid is perhaps an advantage to
Hela Cells photothermal treatment.

The irradiation assays are shown in Fig. 8, the control
cells were not affected by the irradiation since there is no
statistically significant differences were found between
the irradiated and non-irradiated control cells. This can be
attributed to the fact that the chromophores present in
the tissues do not absorb the infrared radiation [22] and
showing that the IRC-induced photothermal therapy is an
innocuous technique, that does not affect healthy tissues
where the nanoparticles are not internalized [22].

Under the irradiation, the percentages of inhibition of
cell viability for the AgNPs obtained through direct and
reverse micelles systems at a treatment time of 4 h were
47.3 and 21%, respectively. The highest percentage of
inhibition (47.3%) of cell viability is observed in the AOT/
water system with a treatment time of 4 h (Fig. 8b). This
high inhibition percentage can be related to the aniso-
tropic shape of the nanoparticles (triangular prisms,
bars, spheres and other undefined forms), since accord-
ing to work of Boca-Farcau et al. and Mackey et al., who
reported that the triangles, nanoprims and nanobars,
have been shown to be better photothermal agents than
nanospheres, in the presence of infrared radiation [6, 36].
Boca-Farcau et al. also mentioned a decrease in cell viabil-
ity of 69% under irradiation with an 808 nm laser, when
evaluating the AgNPs@FA in an ovarian cancer cell line.
Despite these authors obtained a better percentage, the
conditions evaluated were different that used in this work;
they evaluated longer treatment time (24 h) and irradia-
tion time was 10 min per well.

Additionally, the highest percentage of inhibition of
cell viability observed in the AOT/water system, it could
be related with their plasmon band, which is in the near
infrared region, and its absorption coincides with the
wavelength of the laser used (808 nm). These AgNPs
show greater cell death, which is consistent with the
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absorption efficiency of irradiation. In addition to the ani-
sotropy of the nanoparticles and the plasmon band, the
average size of the AgNPs is also a factor that influences
the thermal efficiency of the AgNPs [34, 42]. The average
size of the AgNPs obtained with the AOT/isooctane system
(10-15 nm) was lower than obtained in the AgNPs with the
AOT/water micellar systems (20-50 nm) and it has been
indicated according to previous works that the appropri-
ate size to achieve a photothermal effect is around 50 nm,
which may explain the difference of the photothermal
effect observed.

4 Conclusions

The synthesis of AgNPs using a direct micelles (AOT/water)
system permits the formation of anisotropic nanoparti-
cles with 10-50 nm of sizes, while a reverse micelles (AOT/
isooctane) system allows nanoparticles spherical with
5-25 nm. Additionally, functionalization with FA allowed
decreasing the cytotoxicity without irradiation of the
AgNPs obtained by the two micellar systems, allowing to
improve its biocompatibility with HeLa cells. Finally, folic
acid functionalized AgNPs synthesized by the AOT water
system showed to be potentially effective photothermal
agents, managing to reduce up to 47.3% of the viability of
the Hela cells, using an 808 nm laser.
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