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Abstract Polyaniline nanoparticles (PANI-Nps)
have been used in several applications; however, there
are few publications related to the use in the
photothermal therapy. PANI-Nps have high optical
absorbance in the near-infrared region and in this
wavelength range, biological systems are relatively
transparent. For this reason, these materials can be
used to absorb energy and to generate heat that
destroys cancer cells selectively. PANI-Nps with
average size of ca. 200 nm and neutral zeta potential
were synthesized and characterized by DLS, SEM, and
zeta potential. The kinetics of incorporation of PANI-
Nps into LM2 cell line was monitored using UV—-Vis
spectrophotometry. The analysis of cell viability after
PANI-Nps exposure shows that these nanoparticles
are not cytotoxic even at high concentration and show
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no change in cell morphology and metabolic activity.
Furthermore, we found that nanoparticle cell uptake
reaches the maximum value c.a. 3 h after incubation.
Cells were targeted by Pani-Nps and irradiated,
resulting in significant elevation of intracellular ROS
and heat production. One of the mechanisms of PANI-
Nps-mediated photothermal killing of cancer cells
apparently involved oxidative stress resulting in
apoptotic cell death.

Keywords Polyaniline nanoparticles - Cytotoxicity -
Nanomedicine - Cancer - Photothermal therapy -
Environmental and health effects

Introduction

The effectiveness of a cancer therapeutic device is
measured by its ability to reduce and eliminate tumors
without damaging healthy tissue. A revolution in
cancer therapy has evolved with the emerging use of
laser light to achieve controlled and confined thermal
damage in the tumor tissue (Welch 1984). Nanotech-
nology is currently offering alternative techniques for
remote and localized heating that are based on the
development and bioincorporation of heating nanopar-
ticles. In addition, nanoparticles have been widely
considered for various applications such as the devel-
opment of drug and gene delivery system (Kievit et al.
2009; Wang et al. 201 1a), tissue engineering (Shevach
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et al. 2014), and cellular imaging (Fery-Forgues
2013). Photothermal therapy (PTT) has been widely
studied as a minimally invasive treatment modality in
comparison with other methods (Sultan 1990; Jaque
et al. 2014). The PTT has many advantages over other
photo-assisted therapies. From a clinical perspective,
cancer cells are generally more sensitive to the heat
than normal cells due to the lack of an efficient cooling
system supplied by abnormal blood vessels, which
induces damage and apoptosis to the cancer cells
(Kampinga 2006). In this type of therapy, the light in
the near-infrared wavelength range (NIR), between
700 and 1200 nm, is more useful than UV-Vis light
since it is less absorbed by live tissue. This is due to the
fact that few biological chromophores and water
barely absorb light in the NIR region, and thus light
can penetrate deeper into biological tissues (Weissle-
der 2001), and due the advantage conferred entirely by
nanomaterials. Moreover, it is widely accepted that
nanoparticles can be easily absorbed by cells (Thurn
et al. 2011; Sokolova et al. 2013). For this reason, a
variety of nanoparticle systems are currently being
explored for cancer therapeutics (Haley and Frenkel
2008), which include dendrimers (Zhao et al. 2014),
liposome (Allison 2007; Bovis et al. 2012), micelles
(Lee et al. 2003), carbon nanotubes (Huang et al.
2010), and polymeric nanoparticles (Kumari et al.
2010; Li and Liu 2014). Several nanoparticles based
on organic and inorganic chromophores, which show
strong absorption in the near-infrared (NIR) tissue-
transparency window, such as gold and carbon nano-
materials, have displayed encouraging photothermal
therapeutic efficacy in preclinical animal experiments
(Yuan et al. 2012; Chu et al. 2013). However, the
major issue with these types of nanomaterials is their
low biocompatibility, particularly their long-term
toxicity, which limits their clinical application (Bala-
subramanian et al. 2010; Zhang et al. 2011). Recently,
we have demonstrated that polyaniline nanoparticles
are very effective for in vivo photothermal therapy,
and have nontoxic effects and a good tolerance (Ibarra
et al. 2013, 2015). Polyaniline is one of the most
promising conducting organic polymers because of its
low cost, facile synthesis, high conductivity, and
environmental and chemical stabilities (Heeger 1993;
Stejskal and Sapurina 2005; Stejskal and Proke 2014).
This polymer is a well-studied system having large
number of applications in nanoelectronics (Novak
etal. 1997), inkjet printing (Ngamna et al. 2007), opto-
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microelectronics, photonics, chemical, and electro-
chemical sensors (Virji et al. 2004) and biology (Yslas
etal. 2012; Stejskal et al. 2014). Polyaniline has a high
optical absorbance in the NIR region, where NIR light
achieves the highest tissue penetration. Moreover,
polyaniline is noncytotoxic and has been successfully
used as an electroactive material for studying cellular
proliferation and in the field of nanomedicine (Li et al.
2009; Yang et al. 2011; Villalba et al. 2012). In the
present study, the ability of an organic conducting
polymer to be employed in photothermal therapy is
analyzed evaluating PANI-Nps toxicity, the cell
uptake, and its ability to promote tumor cell death by
photothermic effect, thus revealing a possible mech-
anism of cell death.

Materials and methods
Synthesis and characterization of PANI-Nps

Polyaniline nanoparticles were synthesized by nucleation
and growth polymerization, using poly(vinylpyrroli-
done) as stabilizer (Stejskal and Sapurina 2005). Aniline
hydrochloride (259 mg) was dissolved in an aqueous
solution of 40 g/L of poly(N-vinylpyrrolidone) (PVP
Fluka, Mn = 360,000), instead of water, to 5 mL of
solution. Polymerization was started at 20 °C by
adding 5 mL of aqueous solution containing 571 mg
of ammonium peroxydisulfate. The mixture was
briefly stirred and left at rest to polymerize. The
polymerization was finished in several minutes. PANI-
Nps formed a stable suspension at physiological pH.
The total amount of PANI-Nps in the obtained
dispersion was calculated from the concentration and
volume. Then, the mass of PANI-Nps was rationed
with the mass of the reactants (aniline hydrochloride,
PVP, and persulfate) to calculate a percentage yield of
the synthesis. The diameters of PANI-Nps were
characterized by dynamic laser light scattering (DLS)
and scanning electron microscopy (SEM). In addition,
these nanoparticles were characterized by zeta poten-
tial and electronic properties analyzed by UV-Vis
spectra.

Heat production by NIR light absorption

PANI-Nps dispersed in water were placed in glass
tubes with magnetic stirring and covered with a
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polystyrene box to avoid heat leakage. A solid-state
NIR laser (Ocean Optics), which emits light, (785 nm,
500 mW) was guided through an optical fiber the end
of which was placed at 2 cm over the liquid/air
interface. The temperature was measured using a TES
1326S/1327K infrared thermometer after irradiation
pulses (Hong et al. 2011; Fu et al. 2012).

Cell culture

Cell culture experiments were carried out using murine
mammary adenocarcinoma cell line (LM?2) purchased
from Hospital Roffo (Buenos Aires, Argentina), and for
biocompatibility analysis, Human keratinocyte cell line
(HaCaT) and murine colonic carcinoma cell line
(CT26.WT) were also used. Cells were grown in
medium Dulbeccés modified Eaglés medium (DMEM)
supplemented with 10 % fetal bovine serum (Sigma);
2 mM L-glutamine, 100 mg/mL penicillin G, and
100 mg/mL streptomycin (Gibco) at 37 °C in a
humidified and 5 % CO, atmosphere (Hera Cell,
Thermo Scientific, Waltham, MA).

Uptake of PANI-Nps into live cells

Cellular nanoparticles uptake was determined by UV—
Vis spectroscopy, using the optical absorption of
polyaniline in solution. Cells were seeded (5.0 x 10°)
into 60-mm culture dishes in 4 mL of DMEM
containing 10 % fetal bovine serum and then incu-
bated overnight at 37 °C. Afterward, the cells were
incubated in the dark at 37 °C for various time
intervals (0-24 h) with 4 mL of DMEM containing
10 % FBS and 0.42 or 1.04 mg/mL PANI-Nps.

Cells were washed twice with PBS and harvested
using a cell scraper. The cell number per mL was
calculated by using a hemocytometer chamber (Im-
proved Neubauer). Subsequently, the intracellular
concentration of PANI-Nps was calculated consider-
ing the cell number after the incubation time of each
treatment group. Cells were lysed by addition of 4 %
aqueous sodium dodecyl sulfate (SDS) to 1 mL of
cellular suspension and after centrifugation; 1 mL of
buffer (sodium acetate/acidic acid, 0.1 M) was added
to the supernatant to dissolve the polyaniline and to
preserve pH of samples. To determinate PANI-Nps’
concentration, a calibration curve was obtained with
stock solution. To this end, 4 aliquots of 500 pL of the
stock PANI-Nps solution were dehydrated, at reduce

pressure in a vacuum oven in a preweighed recipient.
The mass of the obtained solid residue was calculated
and used to estimate the average concentration (mg/
mL) of PANI-Np in the stock solution. A calibration
curve was constructed as follows. Different volumes
of PANI-Nps stock solution were diluted into 5 mL of
buffer (sodium acetate/acidic acid, 0.1 M). The
absorptions of the resulting dilutions were measured
at 636 nm, and the absorbances were plotted as a
function of the PANI-Nps’ concentration. The cali-
bration curve showed a lineal relationship with a slope

of ~2.99 cm® mg™' em™'.

Inhibition of endocytosis

For the temperature-dependent effects on uptake, cells
were preincubated for 1 h at either 4 or 37 °C before
and during the treatment with nanoparticles. The cells
were treated with PANI nanoparticles (1.04 mg/mL)
for 0.5 and 1 h and finally processed as per the
previous experiment to determine the concentration of
nanoparticles in cells.

Cytotoxicity in dark condition of PANI-Nps
on LM2 cells

Nanoparticle cytotoxicity was assessed by different
colorimetric cell viability assays: the 3-(4,5-dimethylth-
iazol)-2-diphenyltetrazolium bromide (MTT) test, neu-
tral red uptake, and tripan blue stain. These experiments
were carried out employing different tumor cell lines
(LM2 and CT26) and a normal cell line (HaCat). The
MTT assay was conducted to assess cellular viability
based on mitochondrial function. Ability of viable cells
to incorporate and bind the supravital dye neutral red in
the lysosomes was also performed. To this end, cells
were seeded into 96-well microplates at a concentration
of 200,000 cell/mL and allowed to grow for 24 h to a
subconfluent state, the culture medium was replaced
with fresh medium containing different PANI nanopar-
ticles concentrations.

MTT assay was performed culturing cells with
suspended nanoparticles (0.42—-12 mg/mL) for 24 h.
MTT solution (5 mg/mL in culture medium) was
added (final concentration 0.5 mg/mL), and cells were
incubated for 3 h at 37 °C in 5 % CO, before the
analysis. Thereafter, the medium was removed, and
200 pL. DMSO was added to dissolve blue formazan
crystals. A purple color developed within the cells,
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indicating the cleavage of the tetrazolium salt (MTT)
by mitochondrial reductase in live cells. The absor-
bance of the formed dye was measured at 550 nm
using a microplate reader. Absorbance values for
untreated wells were taken as control reference
(100 % survival).

Concerning the neutral red assay, following expo-
sure to PANI-Nps (24 h), cells were incubated for 2 h
with neutral red dye (100 pg/mL) dissolved in serum-
free medium (DMEM). Cells were then washed with
phosphate buffered saline (PBS) and 1 mL of elution
medium (EtOH/AcCOOH, 50/1 %) was added, fol-
lowed by gentle shaking for 10 min so that complete
dissolution was achieved. The absorbance of neutral
red dye was measured at 540 nm using a microplate
reader. Absorbance values for untreated wells were
taken as control reference (100 % survival).

In addition, after incubation with nanoparticles at
different times (0-24 h), medium was removed, and
cells were washed with PBS twice and harvested using a
cell scraper. Cell suspensions were counted via hemo-
cytometer with Trypan blue staining. This method
evaluated membrane integrity and allowed counting
nonviable cells since only those cells admit blue staining
into the cell. All experiments were run in triplicate.

To confirm the cell viability after nanoparticles’
exposure, a clonogenic assay or colony-formation assay
was performed with LM2 cells. The assay essentially
tests every cell in the population for its ability to
undergo ‘‘unlimited’’ division. First, cells were seeded
into 35 mm Petri dishes at a concentration of 200,000
cell/mL to a subconfluent state. Afterward, cells were
incubated for 24 h with the suspended nanoparticles
(0.42-12 mg/mL) and then, the medium was removed,
and the cells were washed with PBS. They were
trypsinized to produce a single-cell suspension, were
plated at a very low density in p-35 dishes (200 cells per
dish), and allowed to grow until colonies were observed
(10 days). The colonies were defined to consist of at
least 50 cells. Finally, these cells were fixed with
methanol and stained with Methylene Blue to proceed
with the counting of colonies. It is assumed that each
colony originates from a single plated cell.

Laser treatment of tumor cells with PANI-Nps
To evaluate the effect of PTT with PANI-Nps, LM2

cells were incubated for 3 h with PANI-Nps’ suspen-
sions in DMEM (0.42 and 1.02 mg/mL), the time when
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PANI-Nps reached a maximum concentration inside the
cells. After removing the medium, two washings with
PBS were performed, and fresh medium was added.
Subsequently, cells were irradiated with continuous
NIR light from a laser Raman System Inc. LED
(785 nm) at a light intensity of 500 mW/cm? for
5-15 min. The laser spot has a diameter of 2 mm
approximately. The same procedure was performed in
the absence of light as a control of PANI-Nps in
darkness. As an irradiation control, cells were irradiated
as described above, but without the addition of PANI-
Nps in medium. The polymer dispersant of nanoparti-
cles combined with irradiation was also evaluated. To
this end, cells were incubated with dispersant solution in
medium at the same concentration used with nanopar-
ticles following the same protocol described above. The
morphology of cells, on the irradiation area, was
determined using Toluidine blue staining and optical
microscopy and atomic force microscopy (AFM).

AFM procedure

AFM measurements were made using an Agilent 5420
AFM/STM microscope under ambient conditions. The
analysis of fixed cells was carried out at room
temperature (20—25 °C) using a commercial Point
Probe® Plus Non-Contact/Tapping Mode-Long Can-
tilever (PPP-NCL) with a force constant of 6 N m™!
and resonance frequency of 156 Hz in the Acoustic
AC (AAC) mode.

Determination of oxidative stress after PANI
nanoparticles exposure and PTT

Taking into account that nanomaterials can induce
oxidative stress on their own, as well as trying to
figure out its implications after photothermal therapy,
the oxidative stress triggered by PANI-Nps was
assayed. To this purpose, the diacetate probe 2',7’-
dichlorodihydrofluorescein (DCFH-DA) was used.
This is one of the most widely used techniques to
measure directly the redox state of cells (Royall and
Ischiropoulos 1993). DCFH-DA is a nonfluorescent
precursor to dichlorofluorescein (DCF). This nonflu-
orescent molecule accumulates in the cells and in the
presence of ROS generates DCF, a highly fluorescent
product. Before incubation of monolayer cultures with
different PANI-Nps dispersions, the incubation of the
cells was carried out with 10 pM solution of DCFH-



J Nanopart Res (2015) 17:389

Page 5 of 15 389

DA in PBS for 1 h. Then, cells were washed with PBS
and were subjected to two PANI-Nps concentrations
(0.42 y 1.04 mg/mL) for 3 h to be subsequently
exposed to photothermal treatment with PANI-Nps.
Finally, we proceeded to observe the cells under
fluorescence microscope after PTT. The different
treatment groups consisted of only irradiated cells;
cells treated with the dispersant of the PANI-Nps
(PVP) un-irradiated and irradiated cells; cells incu-
bated with PANI-Nps (0.42 y 1.04 mg/mL) without
irradiation; cells without any treatment; and positive
control cells incubated with 100 pM H,0,.

Results and discussion
Characterization of PANI-Nps

The size and shape of the PANI nanoparticles were
characterized by SEM (Fig. 1a) and DLS. Also Zeta
potential was obtained (Fig. 1b). SEM image shows
very uniform and spherical nanoparticles with an
average size of 200 nm c.a. The size of the nanopar-
ticles measured by DLS was similar to SEM analysis
with an average size of 224 nm and a polidispersant
index (PII = 0.145) showing uniform monodispersity
of samples. The yield of the synthesis described in this
work was of 77 & 0.1 % (data not shown).

Figure 1c shows the UV-Vis spectra of PANI-Nps
in acid-doped state at pH = 5 (solid line). At pH 7,
PANI-Nps were in base undoped state (denoted by dot
line). In the spectrum at pH = 7, it is possible to
observe the three characteristic bands at ca. 290, ca.
366, and ca. 627 nm of the PANI-Nps. At pH 5, it is
also possible to recognize the three characteristic
bands at ca. 320, ca. 430, and ca. 780 nm. The
shoulder at ca. 320 nm is attributed to the n — =m*
transition of the aniline ring, and the band at ca.
430 nm is assigned to the n — n* transition of the
localized radical cation. Moreover, the band at ca.
780 nm is assigned to the excitation from the highest
occupied molecular orbital (HOMO) of the benzenoid
rings (pb) to the lowest unoccupied molecular orbital
(LUMO) of the quinoid rings (pq) in the quinoneimine
units. This behavior is characteristic of conductive and
electroactive PANI (Acevedo et al. 2007).

Since PANI in an acid media absorbs light in the
NIR range (700-1200 nm) and taking into account
that various solid tumors (adenocarcinoma, squamous

cell carcinoma, soft tissue sarcoma, and malignant
melanoma) have a pH range between 5.7 and 7.8 (Lee
et al. 2003, 2008), it is possible to heat PANI-Nps by
irradiation with NIR light.

Figure 1d shows the temperature change (AT
(°C) = Tf — Trt) from room temperature (Trt) to that
upon application of radiation (Tf). The temperature
changes of different PANI-Nps concentration were
tested after irradiation with NIR laser light for 15 min.
A PANI-Nps’ dispersion of 0.167 mg/mL produces a
significant increment of 3.5 °C, and a PANI-Nps’
dispersion of 0.313 mg/mL in acid solution causes an
increment of ca. 4 °C, the same as for the dispersion
of 0.419 mg/mL. However, a major concentration
(1.04 mg/mL) increases the temperature to more than
12 °C. The increase of temperature achieved in the
surrounding medium of nanoparticles was significant
compared with the water control in all the concentra-
tions tested.

In vitro cellular uptake

The biokinetics of nanoparticles, which is measured as
the rate of nanoparticle uptake, is expected to make a
large contribution to their toxicity. In vitro determi-
nations of intracellular drug accumulation indicate
that PANI-Nps are taken up by LM2 cells at low
incubation times (<3 h). Then, it leads to a saturation
value at incubation time of c.a. 3 h. The uptake is
estimated to be 0.07 mg/10° cells when the cultures
were treated with 0.42 mg/mL of PANI-Nps. Similar
uptake profile was observed when Nps concentrations
were 1.04 and 0.42, reaching a plateau value of
0.33 mg/10° cells at a low incubation time of 3 h
(Fig. 2a). Consequently, it is possible to conclude that
cellular uptake increases with the increasing nanopar-
ticles’ concentration exposure.

In addition, in order to investigate the effect of
cellular metabolism on the uptake of PANI-Nps, cells
were incubated at 4 °C before and during the treatment
with nanoparticles (Fig. 2b). LM2 cells were treated
with 1.04 mg/mL PANI-Nps for 0.5 and 1 h at either 4
or 37 °C, and the intracellular concentration of
nanoparticles determined by UV-Vis spectroscopy.
Uptake at 37 °C was similar to previous experiments,
but it diminished 60 % in cells treated at 4 °C
compared to 37 °C. This result suggests an active
endocytic mechanism of nanoparticle incorporation.
However, the inhibition of endocytosis was not
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Fig. 1 a SEM micrographs of PANI-Nps, b Hydrodynamic
diameter (DLS) and Zeta-potential of dispersed PANI-Nps,
¢ UV-Vis spectra of PANI nanoparticles at different pH, and

completed; probably some of the nanoparticles remain
attached to the cell membrane. Casas et al. have shown
that, in explants treated with liposomal ALA, phos-
pholipid vesicles can be seen in the cytoplasm, and
they can also be seen in the intracellular space after
being incorporated into the cell. The presence of huge
lisosomes containing liposomes is evidence enough to
show the participation of the endocytic pathway in the
release of the entrapped ALA into the LM2 cell line
(Casas et al. 2002).

The lysosomal compartment has been suggested to
be the most probable intracellular site of storage and
degradation of nanomaterials (Stern et al. 2012). This
organelle presents an acidic pH (4-5.5), and for this
reason, the polyaniline triggers transition state from an
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emeraldine base (EB) to an emeralidine salt (ES). This
phenomenon occurs due to the increment of proton
concentration influencing the conductivity of polyani-
line (Choi et al. 2014). The only electrically conduct-
ing form is ES, as the EB/ES transition takes place
mainly between pH 3 and 6, which suggests that the
lysosomal pH improves its photothermal activity.
Many other nanoscale macromolecules and molec-
ular assemblies are internalized through endocytosis.
This endocytic fate of nanomaterials has been demon-
strated by various precedents in the literature (Verma
and Stellacci 2010). The shapes and sizes of nanopar-
ticles have been found to greatly affect their cellular
uptake process. The clathrin-mediated pathway of
endocytosis shows an upper size limit for internalization
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Fig. 2 Time course of PANI-Nps uptake: a PANI-Nps 0.42 or
1.04 mg/mL into LM2 cells as a function of incubation time at
37 °C. Values represent mean =+ standard deviation of three

of approx. 200 nm, and kinetic parameters may deter-
mine the almost exclusive internalization of such
particles along this pathway rather than via caveolae.
Accordingly, these data suggest that, in a size-dependent
manner, differences exist in the potential control and
mechanism of internalization, a point of inflection
becoming apparent at a size of approx. 200 nm where
PANI-Nps has its mean size distribution.

Biocompatibility of PANI-Nps

Although the potential toxicity of the PANI nanopar-
ticles was tested, it is important to evaluate its
cytotoxicity using different methods. Viability assays
assess the overall dose-dependent toxicity of PANI-
Nps on cultured cells, testing different cell organelles.
The MTT metabolic assay for cytotoxicity, which is a
colorimetric assay that measures the enzymatic activ-
ity of cellular mitochondria, was employed. If cells
properly metabolize the MTT dye, the cell culture will
turn blue, allowing quantifying cellular activity by
absorbance measurements (Marquis et al. 2009). Cell
viability was also evaluated by the uptake of Neutral
Red dye and binding to lysosomes. This assay
represents the functionality of these organelles. Cell
viability was significantly reduced in a dose-depen-
dent manner after exposure to nanoparticles in all cell
types (LM2, CT26, and HaCaT) tested by MTT and
Neutral Red assays. However, the toxicity varied
according to the test, showing different sensitivities
(Fig. 3). This variation of sensitivity relates to the
tested cell functions. For instance, PANI-Nps seem to

ek
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separate experiments. b Effect of temperature on the rate of
internalization of PANI-Nps into LM2 cells employing a
concentration of 1.04 mg/mL

cause a larger injury to mitochondria compared to the
damage against lysosomes. In the case of LM2 cells,
the LC50 determined by MTT is 7.5 mg PANI-Nps/
mL; compared to the LC50 of 11.8 mg/mL determined
by Neutral Red assay. These results were found at very
high concentrations compared with other PANI nano-
materials with toxic effects at concentration starting of
1 and 100 pg/mL, respectively (Villalba et al. 2012;
Kucekova et al. 2014). These differences could be
attributed to modifications in nanoparticle’s composi-
tion and properties like the shape and size. PANI
nanoparticles, evaluated by Kucekova et al., were
synthetized using a solution of PVP more concentrated
(4 wt%) compared to our work (2 wt%). In a previous
study, using an in vivo toxicological model to assays
PANI-Nps exposure, we demonstrated that nanopar-
ticle’s toxicity was associated with the polymer
stabilizer PVP concentration employed. This effect
was not observed when a combination of polymers
(PVP and PNIPAM, both with a concentration of
1 wt%) was used in PANI-Nps’ synthesis (Ibarra et al.
2015). On the other hand, a major toxicity reported by
Villalba et al. was dependent on the size and shape. It
is well known that particle size and surface area play a
major role in the interaction of materials with biolog-
ical system. Apparently, the decreasing size of the
materials leads to an exponential increase in surface
area relative to volume, thereby making the nanoma-
terial’s surface to be more reactive. In our previous
study, we demonstrated a size-dependent toxicity of
PANI-Nps in larvae of R. arenarum (Ibarra et al.
2015).
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Fig. 3 Effects of PANI-Nps concentrations on cell viability
after a 24-h exposure time: a MTT metabolism and b neutral red
uptakes of LM2, CT26, and HaCaT cells under dark condition.
Values are expressed as mean =+ standard deviation of three
separate experiments

HaCaT, a nontumor cell line, was more resistant to
PANI-Nps’ cytotoxicity, and therefore, it seems that
tumor cells (LM2 and CT26), due to a higher
metabolic rate and endocytic activity, could internal-
ize more nanoparticles than normal cells and be more
susceptible to exposure to PANI-Nps.

Another factor worth considering is that nanopar-
ticles are capable of interacting with assay compo-
nents or interfering with detection systems, resulting
in unreliable data (Schulze et al. 2008). In order to
reveal which assay adequately represents the cell
viability after PANI Nps’ exposure, a clonogenic
analysis was performed (Fig. 4a). This assay is based
on the ability of a single cell to grow into a colony after
receiving nanoparticles’ treatment. PANI-Nps’ expo-
sure at a concentration of 0.45 and 1.04 mg/mL did not
decrease the cell viability in LM2 cells compared to
the control cells. The minimum PANI-Nps’ concen-
tration to decrease significantly cell viability (71.7 %)
was 2.94 mg/mL, while a concentration of 7.5 mg/mL
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decreased cell viability even more (39 %). The highest
concentration directly tested (12 mg/mL) did not
allow colony formation in LM2 cells. The results of
this study demonstrated that MTT assay could be
implemented as an effective and sensitive tool to
assess PANI-Nps’ cytotoxicity on tumor cell lines.

Cell viability by the Tripan blue exclusion assay
(Fig. 4b) showed that PANI-Nps are not toxic for a
Murine mammary adenocarcinome cell line, confirm-
ing the results obtained by MTT and neutral red assay at
these concentrations. High concentrations of nanopar-
ticles were required to obtain the cytotoxicity assuming
the safety of nanoparticles to be used therapeutically at
lower concentrations. Microscopic observations by
toluidine blue staining of control cells (Fig. 5a) and
nanoparticle-treated cells (Fig. 5b) did not show alter-
ation in cell shape or morphology in a monolayer
culture indicating healthy cells. Furthermore, cells
incubated with a media containing the stabilizer PVP
appeared similar to control cells (Fig. 5d). These results
suggest the innocuousness of PANI nanoparticles and
the polymer stabilizer at concentrations lower than
1.5 mg/mL of PANI-Nps, and as a consequence, to
determinate photothermal effects of PANI-Nps, con-
centrations lower than 1.5 mg/mL were employed with
laser treatment.

Laser treatment of tumor cells with PANI-Nps

Cells irradiated with NIR laser in the absence of
nanoparticles at different periods or incubated with
PVP and irradiated did not show cell death or alteration
in cell morphology (Fig. 5c, e, respectively). On the
contrary, cells incubated with 1.04 mg PANI-Nps/mL
and irradiated with NIR laser light for 15 min (Fig. 5f,
g) showed changes in cell phenotype with apoptosis as a
mechanism of cell death, and also cell detachment and
debris were observed, suggesting a necrotic mechanism
of cell death. PANI-Np (1.04 mg/mL)-treated cells
showed an apoptosis morphology. This finding was
observed at different doses of irradiation, being more
pronounced especially at 15 min of illumination.
Apoptosis is defined as a distinct set of morphological
changes observed during cell death, including the
formation of cell membrane buds or blebs, and a
decrease in total cell volume (Hurle and Merino 1999;
Hicker 2000). Furthermore, using AFM, changes in the
cellular morphology between cells treated with
nanoparticles and irradiated and control cells were also
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Fig. 4 a Effects of PANI-Nps at different concentrations on
cell viability evaluated by colony-formation assay after 24 h of
exposure to nanoparticles and followed by 10 days, and b effects

observed (Fig. 6). The images shown are a typical
representation of these changes. The obvious mor-
phological changes such as disappearance of filopo-
dia, volume changes, and transformation to a round
shape observed by AFM were consistent through
three separate experiments only in the area of laser
illumination (Wang et al. 2011b; Lee et al. 2013;
Gaspar et al. 2015). These results suggest that the
combination of nanoparticles and radiation triggers
cell death by apoptosis in attached cells. Promising
results with these nanoparticles were obtained in our
laboratory for in vivo assays with apoptosis and
necrosis as the responsible mechanisms of cell death
(Ibarra et al. 2013). Previous studies of polyaniline
nanoparticles in PTT showed similar results in
different cancer cell lines (Yang et al. 2011; Zhou
et al. 2013). Apparently, the uptakes of both PANI-
Nps and the laser dosage are the controlling factors
for thermally induced cytotoxicity.

PTT triggers oxidative stress

Based on the results obtained in the biochemical
investigation, a status check of intracellular oxidative
stress was done using DCFDA (2, 7-dichlorodihy-
drofluorescein diacetate) fluorescent dye. Cells irra-
diated in the presence or the absence of dispersant did

of PANI-Nps (0.42 and 1.04 mg/mL) after 24-h exposure in
dark condition on cell viability using Tripan Blue staining

not show ROS generation (Fig. 7). Cells treated only
with PANI nanoparticles in dark condition did not
exhibit oxidative stress. On the contrary, Xue et al.
demonstrated that nano-Cu affected the oxidant—
antioxidant balance and induced cytotoxicity in
podocytes, resulting in the enhanced generation of
ROS. These results suggested that oxidative stress
played an important role in the mechanism of nano-
Cu toxicity in podocytes (Xu et al. 2012). Similar
behavior has been observed for different nanoparti-
cles in cultured cells (Pulskamp et al. 2007; Park and
Park 2009; Passagne et al. 2012). However, this
seems not to be the case for PANI-Np. In fact,
Kucekova et al. report that exposure of neutrophil
leukocytes to PANI-Nps <150 pg/mL did not only
produce ROS, but they could also act as ROS
scavengers (Kucekova et al. 2014). In our study,
however, we found that the cells that are treated with
PANI-Nps (0.42 and 1.04 mg/mL) and irradiated
lead to ROS generation, which could be sensed from
DCF fluorescence (Fig. 7). These results indicated
that intracellular oxidation is occurring during PTT.
Mitochondria are the potential sites of ROS produc-
tion in cells, and thus, considered the major sites of
generation of oxidative stress after injuring the
organelle (Hiura et al. 2000). Recently, different
studies have reported that nanoparticles with

@ Springer
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Fig. 5 Images of LM2 cells staining with Toluidine blue
obtained by inverted-design optical microscope (x 10 magnifi-
cation). a Control cells, b cells incubated with 1.04 mg PANI-
Nps/mL (dark control), ¢ cells irradiated with NIR laser light for
15 min (light control), d cells incubated with stabilizer PVP,

@ Springer

e cells incubated with PVP and irradiated with NIR laser light
for 15 min, f cells incubated with 1.04 mg PANI-Nps/mL and
irradiated with NIR laser light for 15 min, g cells incubated with
1.04 mg PANI-Nps/mL and irradiated with NIR laser light for
15 min
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Fig. 6 AFM microscopy images of LM2 cells. a Control cell and b cells incubated with 1.04 mg PANI-Nps/mL and irradiated with

NIR laser light for 15 min

different sizes and chemical compositions can be
localized near the mitochondria in tumor cells, and
therefore induce major structural damage that would
cause the generation of ROS after PTT (Markovic
etal. 2011; Mocan et al. 2014). In addition, exposure
to high temperature for a sufficient amount of time
causes physical damage such as protein denaturation
and membrane lysis, and can increase oxidative stress
(Jaque et al. 2014). We suggest that mitochondria
could be a secondary target of PTT like other
organelles such as lysosomes, and therefore the
damages to these structures may alter the oxidative
balance of cells. PANI-Nps is released into the
cytoplasm of LM2 cells by endocytosis and could be
translocated from endosomes/lysosomes to mito-
chondria, inducing a decrease in the mitochondrial
membrane potential and an increase in the oxidation
stress, and finally triggering cell death. The increase
of intracellular ROS by hyperthermia could be
considered to be a likely mechanism for hyperther-
mia-induced cell injury and the principle of hyper-
thermic treatment in cancer therapy. This effect is
related to a mild hyperthermia achieved in tumor
cells (41-45 °C) that induce apoptosis, and higher
temperatures (>45 °C) inducing a necrotic cell death
(Ahmed and Zaidi 2013; Purschke et al. 2010).
Seemingly in our study, cells from the inner center
suffer death due to necrosis, and then they get
detached from the substrate; on the other hand, cells
from the periphery, which achieve a moderate tem-
perature, die due to apoptosis. Mocan et al. (2014)
confirmed this result showing that mitochondrial

membrane permeabilization with consequent apop-
tosis represents the primary mode of death induction
following administration of MWCNTSs-PEG com-
bined with laser irradiation by activating early
apoptosis pathways. Zhang et al. (2014) reported
that EGFRmAb-AuNRs, with appropriate laser irra-
diation, resulted in higher Hep-2 cells apoptosis
in vitro, accompanied by alteration of reactive
oxygen species (ROS) production, Ca*" release,
and change in mitochondrial membrane potential
(AWm). The data suggested that the apoptosis
induced by EGFRmAb-AuNRs was ROS-dependent,
and that ROS generation might be required for
subsequent activations of apoptotic factors, like
caspase-3. Previous reports demonstrated that hyper-
thermia was associated with the increases of intra-
cellular reactive oxygen species (ROS) and apoptosis
in U-2 OS cells. In addition, hyperthermia triggered
the endoplasmic reticulum (ER) stress, which was
characterized by changes in cytosolic calcium levels,
as well as increased calpain expression and activity.
In conclusion, hyperthermia induced cell apoptosis
substantially via the ROS, ER stress, mitochondria,
and caspase pathways (Hou et al. 2014). In addition,
Yoo etal. (2012), demonstrated that ROS-generating
magnetic nanoparticles can effectively sensitize
cancer cells to make them highly vulnerable to
subsequent apoptotic magnetic hyperthermia at low
temperatures (43 °C). The increase of intracellular
ROS by hyperthermia could be considered a probable
mechanism for hyperthermia-induced cell injury in
cancer therapy.
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Fig. 7 Fluorescence images of ROS captured 60 min after PTT
treatment. a Positive control cells incubated with 100 uM H,0,
for 2 h and cells only irradiated with laser NIR for 15 min
(negative control), b PANI-Nps exposure at 0.42 and 1.04
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mg/mL for 24 h under dark condition, and ¢ PTT treatment of
cells with PANI-Nps at 0.42 and 1.04 mg/mL and irradiated
with NIR laser for 15 min. Each green spot corresponds to a
single cell producing ROS
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Conclusions

In this study, the incorporation kinetic of PANI-Nps in
LM2 cell was evaluated at different exposure times, and
a significant decrease in the cellular uptake at lower
temperature (4 °C) compared to 37 °C involving the
participation of an endocytic mechanism was observed.
Furthermore, the cell viabilities in the wells treated with
concentrations lower than 1.5 mg/mL of PANI-Nps in
dark conditions were comparable to those of control
cells. Microscopic observation of cells treated with
nanoparticles in the absence of light or those only
irradiated showed no indication of any morphological
change and cell death. The PANI-Nps were biocom-
patible, and did not show cytotoxicity to cells.

In contrast, the combination of laser in the near-
infrared region (NIR) and PANI-Nps induced cell
death. These results suggest that oxidative stress played
an important role leading to apoptosis-induced cell
death post-PTT with this type of nanoparticles. In
conclusion, the PANI-Nps show promise as a new
therapeutic agent in this regime, because this nanoma-
terial is capable of inducing selective photothermal
destruction of cancer cells by laser-nanoparticle treat-
ment. We suggest that cell death could be attributed to a
synergistic effect of hyperthermia-induced cell necrosis
(detachment cell) and heat diffusion/ROS migration-
caused apoptosis (attach cell).
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