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Highlights

Novel hybrid nanomaterial composed by calcium carbonate and polyaniline was

synthesized and characterized.
e The new hybrid nanomaterial could be efficiently used in photothermal therapy (PTT).

e The first experimental demonstration of this nanomaterial applying in PTT was

described.

e A controlled-phototermal cytotoxic effect can be utilized after irradiation in vitro.

Abstract

Inorganic materials contain remarkable properties for drug delivery, such as a large surface
area and nanoporous structure. Among these materials, CaCOz microparticles (CMPs) exhibit
a high encapsulation efficiency and solubility in acidic media. The extracellular pH of tumor
neoplastic tissue is significantly lower than the extracellular pH of normal tissue facilitating
the release of drug-encapsulating CMPs in this area. Conducting polyaniline (PANI) absorbs
light energy and transforms it into localized heat to produce cell death. This work aimed to
generate hybrid CMPs loaded with PANI for photothermal therapy (PTT). The hybrid
nanomaterial was synthesized with CaCOs and carboxymethyl cellulose in a simple,
reproducible manner. The CMP-PANI-Cys particles were developed for the first time and
represent a novel type of hybrid biomaterial. Resultant nanoparticles were characterized
utilizing scanning electron microscopy, dynamic light scattering, zeta potential, UV-Vis,
FTIR and Raman spectroscopy. In vitro HeLa cells in dark and irradiated conditions showed
that CMP-PANI-Cys and PANI-Cys are nontoxic at the assayed concentrations. Hybrid
biomaterials displayed high efficiency for potential PTT compared with PANI-Cys. In
summary, hierarchical hybrid biomaterials composed of CMPs and PANI-Cys combined with
near infrared irradiation represents a useful alternative in PTT.
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1. Introduction

Calcium carbonate (CaCOgz) has been widely used in the development of hybrid organic-
inorganic materials.[1,2] Primarily due to the propertiess CaCOs of compound:
biocompatibility, large specific area, hierarchical structure, and mesoporosity.[3-5] This
inorganic material can adsorb or encapsulate compounds [6] and deliver them in areas with an
acidic pH, which is found in solid neoplastic tissues.[7,8] Bioinorganic materials possess key
properties for drug delivery, such as a large surface area and nanoporous structure, [9] which
permit loading of CaCOs microparticles (CMPs) with various drugs.[10,11] Alternatively,
polyaniline (PANI) based organic-inorganic hybrid materials have been synthetized with
interesting results, exhibiting improved or novel characteristics in comparison to those of the
base PANI polymer.[12,13]

In recent years photothermal therapy (PTT) has been extensively studied and
compared to conventional chemo- and radiotherapy. This therapy is minimally invasive and
can be actively delivered to specific biological targets using conductive particles.[14,15]
Considering these advantages, PPT has emerged as a promising therapeutic modality for
treating oncological disease. This therapy utilizes light in the near infrared (NIR) wavelength
range of 700 nm to 1200 nm and nanomaterials with good heat conducting properties. [16]
Some nanomaterials absorb light in the NIR region, dissipating the radiation as heat.[17,18] In
these nanomaterials absorbed photons are transformed into phonons in a process that involves
rapid electron—phonon relaxation followed by phonon—phonon relaxation, resulting in
increased system and, by conduction, surrounding temperature producing local heat.[19] NIR-

induced PTT is particularly attractive because it is minimally absorbed by normal tissue and
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has relatively deep tissue penetration.[20] PANI particles absorb light energy then transform it
into localized heat to produce controlled, local necrosis of neoplastic cells, which is termed
photoablation.[21]

This unique property of certain nanomaterials has been exploited to kill cancer cells.
The hybrid materials used to synthesize advanced microparticles must contain numerous
characteristics, such as a particular size and uniform shape, good solubility in an aqueous
dispersion or solution, an excitation wave-length must be between 650 nm and 950 nm to
avoid damaging the surrounding tissues, high photostability, and non-cytotoxic effects.[22,23]
To locate these properties, different materials with conductive properties have been studied,
such as graphene oxide,[24] metallic nanoparticles,[25] nanocomposites,[26,27] and
polymeric nanomaterials,[14] among others.[28] Of the latter variety, PANI has generated
great interest due to a low weight, mechanical flexibility, low cost, especially high electrical
conductivity,[29] low cytotoxicity,[30] and biocompatibility,[31] which are ideal for
preparing hybrid microparticles utilized in PTT.[21,22] However, PANI exhibits low
solubility in common solvents and it is not soluble in water medium, due to the balance
hydrophilic/hydrophobic groups in the molecule.[32] Therefore, PANI modification with
hydrophilic molecules such as L-cysteine can improve solubility in water-based media,
maintaining both the conductivity and stability of the polymer.[33] Furthermore, research has
demonstrated that the L-cysteine molecule improves biocompatibility to different materials.
[34-37] Yslas et al. demonstrated that the modification of a PANI substrate with L-cysteine
enhances cell attachment and growth in regard to unmodified PANI which is relevant to tissue
engineering applications.[34] Liu et al. synthesized cysteine-coated CuS nanoparticles to
operate as highly efficient PTT agents.[35] The Cys-CuS nanoparticles displayed high
biocompatibility due to the biocompatible cysteine coating.[35] Moreover, Kesarkar et al.
developed a facile method for impregnating a bi-functional linker L-cysteine onto gold

nanoparticles.[36] The half-maximal cytotoxic concentration value of functionalized gold
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nanoparticles increased after conjugating with L-cysteine, improving biocompatibility.[36]
The covalent immobilization of L-cysteine onto graphene oxide was recently demonstrated to
improve uptake in zebrafish embryos, which showed no tissue defects, malformation,
significant hatching delay, or death.[37]

In view of the preceding information, this study aimed to generate biocompatible,
hierarchical hybrid nanomaterials, composed of PANI modified with L-cysteine (PANI-Cys)
and CaCOg, which is able to incorporate the active photothermal nanomaterial (PANI) and

deliver the loaded materials to an area with acidic pH near the cancer cells. (Scheme 1).

Scheme 1. Preparation of hybrid CMP-PANI-Cys microparticles and NIR laser irradiation of

HelLa Cells.

These hybrid materials were tested as NIR absorbent with potential biomedical applications in
cancer PTT. Therefore, CMPs loaded with PANI-Cys were prepared in order to generate new
biomaterials to improve cancer cell treatment. We report, for the first time, the preparation of
a CMP-PANI-Cys hybrid biomaterial, by loading PANI nanoparticles modified with L-
cysteine into CMPs. Moreover, this work showed that the application of these hybrid
biomaterials improved PTT.

Our report demonstrated that hierarchical hybrid biomaterials composed of CMPs and PANI-
Cys combined with irradiation are potentially useful new drug delivery systems due to the

high efficiency for photothermal realease.

2. Results:

2.1. Synthesis and Characterization



FTIR spectroscopy was used to test the modification of the pristine polymer. The FTIR
spectra of PANI (gray line) and PANI-Cys (black line) are shown in Figure 1. The PANI
spectrum displayed all characteristic polyaniline absorption bands: 1582 cm™ (assigned to -
C=N- stretching vibration of quinonimine rings) and 1492 cm™ (C=C stretching vibration of
aromatic rings).[38] Also visible was the band at 1305 cm™ corresponds to the stretching
vibration of C-N, the band at 1147 cm™, which corresponded to the ring stretching N-Q-N,
where Q represents the quinoid ring.[38] The broad conduction band in the range of 1800 cm™
! to 3500 cm™ was assigned to the electronic transition in the free carriers of the polymer.
[39,40] The FTIR spectrum of modified PANI-Cys showed additional absorption bands
marked with an asterisk (*) in the graph at ~606 cm™ that could be assigned to the C-S
linkage of the cysteine group to the polymer. Additionally, new bands at 1731 cm™* and 1333
cm* correspond to stretching of the C=0 and C-O groups present in cysteine.[34,41] The
infrared spectrum revealed that PANI-Cys exhibited new functional groups in comparison
with unmodified PANI, confirming effective modification of the polymer.

FTIR of the hybrid material was also performed. However, the FTIR spectrum of the
hybrid nanomaterial exhibited two strong absorption bands at 1400 cm™ and 870 cm™,
attributable to the presence of CaCOs and the high quantity of carbonate in the final CMP-
PANI-Cys that avoid the visualization of PANI-Cys absorption bands that corresponds to the
CMPs (Supporting information, S.1.-1). FTIR analysis of initial and hybrid materials is

provided as supporting information (S.1.-2).

Figurel. FTIR spectra of PANI (gray line) and PANI-Cys (black line)

Raman spectroscopy was used to confirm the incorporation of PANI-Cys to the CMPs.
Raman measurements for PANI-Cys (Figure 2 dot line), CMP (Figure 2 gray line), and

hybrid materials CMP-PANI-Cys (Figure 2 black line) were performed in an aqueous
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solution. The Raman spectrum of PANI-Cys showed a band at ~1700 cm™ that could be
assigned to the carboxylic cysteine group, a band with the maximum at 1470 cm™ was
attributable to the imine C=N vibration, and the semi benzenoid polaronic band at ~1350 cm"
1 [42] The band at 600 cm™ could be assigned to C-S stretching of cysteine, and the imine
deformation of quinoid units band was present at 800 cm™.[43] In the case of CMPs (Figure 2
gray line), the Raman spectrum showed characteristic bands at 153, 278, 711 and 1085 cm™
corresponding to the calcite polymorph of CaCOs3.[44] The Raman spectrum of CMP-PANI-
Cys (Figure 2 black line) displayed a combination of initial PANI material and CMPs, which
confirmed the formation of the hybrid biomaterial. These complementary results provided
additional evidence demonstrating the incorporation of PANI-Cys by CMPs and successful
formation of a hybrid biomaterial. Raman analysis of initial and hybrid materials is also

provided as supporting information. (S.1.-3).

Figure 2. Raman spectra of PANI-Cys (dot line), CMPs (gray line) and hybrid biomaterial

CMP-PANI-Cys (black line).

The morphology of the PANI-Cys nanoparticles was analyzed by scanning electron
microscope (SEM) at a pH 2 and 7. The CMPs were solid, agglomerated spheres, with
diameter ~30 nm (Figure 3). The agglomeration of CMP could occur due to the direct
electrostatic interaction between the carboxylate groups of the carboxymethyl cellulose
(CMC) with the CaCO3, where the particles tend to agglomerate strongly. This process is
dominated by the surface free energy during the aqueous interfacial method.[45,46] These
agglomerates exhibited an elongated morphology, ranging from 1 um to 500 nm in length and
~100 nm wide. No considerable differences were observed in the morphology at different pH
values. The above mentioned materials were also analyzed by dynamic light scattering (DLS).

The PANI-Cys at pH 2 was 553 nm with a polydispersity index (Pdl) of 0.309 nm. The same
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material at pH 7 shows a size of 582 nm and Pdl of 0.292. These values are larger than
pristine PANI at pH 2 (481 nm, PDI 0.245) and pH 7 (382 nm, PDI 0.214). However, it is
important to mention that DLS estimates the radius of the particles assuming a spherical shape,
but miscalculations due to the asymmetric forms of the particles in the samples can not be
discarded. This result could be explained by considering that the modification of the polymer

backbone produced a steric effect that altered the morphology.

Figure 3. SEM images of PANI-Cys obtained by evaporation of the polymer solution at pH 2

(A, C)and 7 (B, D) at different magnification.

Values of zeta potential ({) for PANI at pH 2 and 7 were 9 + 2 mV and -22 £ 2 mV
respectively, and for PANI-Cys at pH 2 and 7 were 5 + 5 and -24 + 1 mV, respectively. These
results could indicate that at a higher pH, deprotonation of the amino groups present in the
polymer rendered a more negative ¢ value.

The shape of CMPs was observed by SEM images (Figure 4A). The formation of CMPs was
also observed, with sizes ranging from 0.5 um to 5 um. The microparticles displayed a
smooth surface with defined edges and a spherical to ovular shape. The morphology of the
new hybrid biomaterial composed of CMP-PANI-Cys was analyzed by SEM (Figure 4 B).
The hybrid biomaterial was ovular shape with an irregular surface due to the presence of the
polymer and a particle size between 0.5 pm to 2 um. Analysis of the SEM images let to the
proposition that CaCOs microspheres with a mean diameter of 5 um acted as a scaffold,

providing numerous micro- or nanopores for the insertion of polymer nanoparticles.

Figure 4. SEM images of A) CMPs and B) CMP-PANI-Cys biomaterial.



The hybrid CMP-PANI-Cys was smaller than the CMPs, which was determined by DLS
measurement (Table 1). This result concurred with the sizes observed by SEM. The decreased
CMP-PANI-Cys size could be attributed to the electrostatic interaction between the amino
groups (-NH2) of PANI-Cys and the carboxylate group from CaCOs. The more negative
value of CMP-PANI-Cys compared to CMPs was probably due to the incorporation and

surface exposure of the PANI-Cys (Table 1).

Typical UV-Vis spectrum of the PANI-Cys in DMSO is depicted in Figure 5. Two
characteristic absorption peaks at 340 nm and 602 nm appeared, corresponding to the n>n*

transition of the benzene rings and the exciton absorption of quinoid rings, respectively.[47]

Figure 5. UV-Vis of PANI-Cys in DMSO and PANI-Cys absorbance versus concentration in

DMSO (Inset).

A standard calibration curve was established to obtain the concentration of hybrid
material. The equation Abs = 0.0062 x C with R = 0.997281 was obtained, where C is the
concentration of PANI-Cys in mg/mL. The standard calibration curve was used to determinate
the incorporation efficiency (IE), the loading capacity (LC), and the performance (R). The
UV-Vis measurement of PANI-Cys was conducted by measuring the initial PANI-Cys
concentration in solution and the concentration in the supernatant (unincorporated CMPS)
before the formation of hybrid material. The incorporation parameters of PANI-Cys into the
hybrid biomaterial such as IE, LC, and R were calculated by using equations 1, 2 and 3. The
IE values (~81%) indicated a high percentage of PANI-Cys present in CMPs in regard to the
total PANI-Cys, which is very favorable for production. The LC was ~0.7% indicating that

the mass of modified materials was low in comparison to the mass of CMPs in the CMPs
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formulation. The R was ~28% because, of all the reagents used in the formulation, only

certain molecules reacted to form particles (Ca?* and COs%), and the rest were discarded.

5 (PANI — Cys — 0) — (PANI — Cys — F)
N (PANI — Cys — 0)

1)
PANI — Cys — 0) — (PANI — Cys — F
ch( y ) —( y )xlOO
MPw
(2)
R = MPw 100
~ Mw + (PANI—Cys—0)"
3)

To evaluate the effect of pH variation of CMP-PANI-Cys solutions on the release of
PANI-Cys nanoparticles, 6.25 mg/ml each of various hybrid formulations of CMP-PANI-Cys
with pH values from pH 1.5 to pH 7.4 (adjusted with HCI) were incubated at 37 °C. The UV-
Vis spectra of PANI-Cys at 5 min, 30 min, 60 min, and 180 min (S.1.-4) and the percentage
(%) of released PANI-Cys (S.1.-5) at 5 min from CMP-PANI-Cys hybrid particle in
DMSO:H20 (1:9) was evaluated by DLS and UV-Vis. Considering a PANI-Cys incorporation
of 81% into the CMPs-PANI-Cys hybrid formulations, the results indicated that in acidic
media (pH 1.5) ~50% of released PANI-Cys particles were determined at 5 min. Longer times
and pH values up to 3.0 had no statistical significance and determining a released PANI-Cys
percentage higher than 8% was not possible. A complimentary control experiment was
performed to evaluate the UV-Vis absorbance influence of CMPs for PANI-Cys
determination after the centrifugation of the CMP-PANI-Cys formulations (S.1.-5). Therefore,
UV-Vis of CMPs and PANI-Cys was carried out before and after centrifugation at 1740xg for
4 min with 0.1 mg/mL in DMSO:H20 (1:9) (S.1.-5). An aliquot of CMP supernatant, instead
of PANI-Cys, displayed an absorbance less than 0.00 (a.u.) at A 310 nm, which demonstrated
that the release of CMPs from CMP-PANI-Cys were unlikely to interfere with PANI-Cys

determination.
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The effect of CMP-PANI-Cys and the component PANI-Cys and CMPs on HelLa cells
viability was investigated using the MTS assay. This assay showed that different
concentrations of CMP-PANI-Cys, CMPs and PANI-Cys were nontoxic to cells treated for 24
h. Corresponding cell survival values for the different biomaterials are shown in Figure 6.
The CMPs and CMP-PANI-Cys, at concentrations lower than 2170 ug/mL and 2185 pg/mL,
respectively, had no effect on cell viability. Furthermore, the concentration of CMP-PANI-
Cys necessary to induce effects on cell viability in these trials was higher than the results

obtained with other biomaterials reported in the literature.[48,49]

Figure 6. Effects on cellular viability in HeLa cells against samples dark experiment. Control:
untreated control cells, CMPs, PANI-Cys and CMP-PANI-Cys at different concentrations of
each material (ug/mL). The table below the graphic shows the different concentrations of
separated components (PANI-Cys and CMPs) and CMP-PANI-Cys. Values represent mean +

standard error of the mean of three separate experiments in triplicate.

2.2. Laser Treatment of HeLa Cells

Cells irradiated only with the NIR laser for 20 min and control cells displayed no change in
the viability percentage. This result demonstrated that the NIR laser alone did not induce cell
death at the assayed doses (Figure 7). Alternatively, cells incubated with PANI-Cys and
irradiated with NIR laser light for 20 min showed 49% cell viability. Cells incubated with the
irradiated hybrid biomaterial CMP-PANI-Cys displayed significantly lower cell viability
(38%). The data indicate that the hybrid biomaterial triggered more efficient PTT effect than
PANI-Cys.

Figure 7. Effects on cell viability post irradiation in HeLa cells. Control: untreated control
cells. Control irradiated, CMPs (1080 pg/mL), PANI-Cys (8 pug/mL), and CMP-PANI-Cys

(1088 pg/mL) in dark and irradiation conditions. The concentrations of PANI-Cys and CMPs
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were the same at those included in CMP-PANI-Cys. Values represent mean + standard error
of the mean of three separate experiments in triplicate. Statistical differences were assessed by
ANOVA and Dunn’s post test *p < 0.05.

3. Discussion
In recent years, the synthesis of inorganic materials with controlled morphology and
polymorphism has garnered the attention and interest of chemists due to the wide applicability
of the materials. One of the most abundant biominerals, CaCOs has gained prominence in
many fields and was found to be an ideal candidate for drug delivery because it has large
porosity and surface area and can rapidly decompose under relatively mild conditions.[50]
This biomaterial could be a potential carrier of various drugs.[6,8,51-53] Zhang et al.
demonstrated that, though CMPs may induce oxidative damage to HelLa cells, porous,
spherical CaCOs appeared to have good biocompatibility in comparison to other
nanomaterials.[54] The results implied that CMPs could be utilized as relatively safe drug
vehicles but that the effect of high dosages should not be ignored when attempting to
maximize therapeutic activity by increasing the concentration.[54] Concurring with this
observation, the MTS assay showed that PANI-Cys and CMP-PANI-Cys materials were
nontoxic to the HeLa cell line. The CMP and CMP-PANI-Cys low effects on cell viability at
concentrations lower than 2170 pg/mL and 2185 pg/mL, respectively, were demonstrated.
Another important result was that the concentration values of CMP-PANI-Cys that induce
toxic effects were very high compared to other nanomaterials.[48,49]

Drug delivery systems are designed to promote and enhance the efficacy of controlled
drug release by delivering therapeutic agents specifically and selectivity at the necessary sites
without affecting the healthy neighboring cells or tissues. CMPs displayed promising
potential in the development of anticancer drugs carriers. For example, porous CMPs are
capable of simultaneously encapsulating and incorporating the protein co-precipitated with

CaCO0z.[55] We demonstrated that the CMP-PANI-Cys biomaterial was easily produced, with
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CMPs displaying a spherical to ovular shape that ranged from 0.5 um to 5 um in size. The
CaCOs microspheres were utilized as a template due to the porosity of the surface, which
provided numerous attachment sites for PANI-Cys. These results concurred with the data
reported by Peng et al. on carboxymethyl cellulose (CMC), doped CMPs with a diameter of 5
pm, coated by chitosan and alginate multilayers.[56] These particles exhibited a strong
Doxorubicin hydrochloride (DOX) loading ability, which was primarily attributed to the
charge attraction between negatively charged CMC and positively charged DOX. This system
has potential applications for in vivo drug delivery because the compound is only released
under acidic conditions. Using similar concept, biogenic CaCOs has come to the attention of
many researchers as a promising drug delivery system due to the safety, pH sensitivity, and
the large volume of information available regarding medical use of CaCOs. Other researchers
have used CMPs for encapsulating Camptothecin, an effective anticancer agent, by diffusion
and adsorption. Studies demonstrated that drug release was negligible under physiological
conditions (pH = 7.4) but almost complete at a pH of 4 to 6, i.e. pH found in lysosomes and
solid tumor tissue, respectively.[9] These findings suggest that porous, biogenic CMPs could
be promising carriers for the safe and efficient delivery of anticancer drugs with low aqueous
solubility. Cheng et al. encapsulated DNA/DOX in nano-sized CaCOs co-precipitates for co-
delivery of genes and drugs.[57] The results indicated that simultaneous treatment with genes
and drug could induce cell apoptosis and completely inhibit cell proliferation. Compared with
the gene delivery system (CaCO3s/DNA NPs) or the free drug DOX, the co-delivery system
exhibits enhanced cell inhibition rate. Abdullahi Kamba et al. developed and demonstrated a
bio-based CaCOz nanocrystal carrier that could be loaded with an anticancer drug and would
selectively deliver it to cancer cells with high specificity, achieving effective osteosarcoma
cancer cell death without inducing specific toxicity.[58] The results indicated pH sensitivity
of the controlled release characteristics of the drug. At a normal physiological pH of 7.4,

~80% of the drug was released within 1,200 min but when exposed to a pH of 4.8 a similar
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amount was released in 50 min. This study showed that the DOX-loaded CaCO3 nanocrystals
have promising applications in the delivery of anticancer drugs. The IE values (81%) obtained
in our materials indicate that a high percentage of PANI-Cys are presents in CMPs, which
concurred with several studies that indicated the high compound loading capability of CaCO:s.
Other researches focused their studies on PTT materials for improvement of anticancer
treatments.[28] Many materials have been examined, among PANI them, that offer the
advantages of easy synthesis, high stability, and several possibilities for structural
modification. In this context, the efficacy, toxicity, and effect on hepatic and kidney function
of PANI nanoparticle- mediated PTT were assessed in a tumor-bearing mice model.[21]
Ibarra et al., demonstrated the high PTT efficacy of PANI nanoparticles followed by NIR
light exposure. Considering the efficiency and biocompatibility of CaCOs and the
effectiveness of PANI in PPT therapies, we synthetized and characterized a new biomaterial
that presented those properties. Moreover, due to the solubility of carbonate in acidic media,
which is typical of the neoplastic stroma or the tissue surrounding neoplastic growths, we
proposed that the polymer will be undelivered near the cell cancer and increase the
effectiveness of PPT.

The MTS results demonstrated that the viability percentage of cells incubated with the
hybrid biomaterial CMP-PANI-Cys and then irradiated decreased to 38%, suggesting that the
biomaterial triggered a better photothermal effect than PANI-Cys. In summary, we obtained
an ovular CMP-PANI-Cys hybrid biomaterial with irregular surfaces through direct
incorporation of PANI-Cys nanoparticles into porous CaCO3 microspheres. This production
strategy could be used to create a variety of complex, multifunctional biomaterials with a vast
scope of applications, from biomedicine to nanotechnology and biomaterials science. We
demonstrated that CMP-PANI-Cys was easy to synthetize and enhanced the potential cancer

PTT.
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4. Conclusions
Hybrid CMP-PANI-Cys materials composed of PANI nanoparticles functionalized with L-
cysteine were synthesized and effectively incorporated into CMPs. The CMC was used to
preserve the shape, composition, and long term stability of hybrid materials and to deliver the
load near the cancer cell, which was released in the low pH areas that the cells induce. A
simple way to synthesize hybrid microparticles was depicted. Raman and FTIR
spectroscopies, as well as microscopic characterization, confirmed that PANI-Cys was
incorporated into the nanopores of CMPs. SEM observation of CMPs showed defined edges,
a smooth surface, and a spherical to ovular shape ranging from of 500 nm to 5 pum in size.
Moreover, SEM analysis of the hybrid biomaterial indicated particles sizes between 500 nm
and 2 um, with defined edges, rough surfaces, and ovular shape. In vitro studies of the CMPs
showed slight changes in cell survival at different concentrations and in dark and irradiated
conditions. Hybrid CMP-PANI-Cys and PANI-Cys biomaterials did not induce changes in
cell viability at the studied concentrations in dark conditions, but the combination of a laser in
the NIR region and CMP-PANI-Cys markedly decreased cell viability. In summary, we
concluded that the resultant hybrid biomaterial could be used a PTT agent for cancer ablation
and the development concept used for PANI-based micro or nanobioparticles could serve as a

platform for the next generation of in vivo cancer PTT agents.

Experimental Section

Reagents: Aniline (Sigma-Aldrich, St. Lous, MO, USA) was distilled twice. Ammonium
peroxydisulfate (Sigma-Aldrich) was used without further purification. Hydrochloric acid
(Cicarelli Laboratories, San Lorenzo, Argentina) was used as received. Calcium chloride
dihydrate (Merck & Co., Kenilworth, New Jersey, USA) was used without any purification.
Sodium carbonate monohydrate > 99.5% and low viscosity carboxymethyl cellulose sodium

salt were purchased from Sigma Aldrich. Dimethilsulfoxide (DMSO) 99.9% for analysis was
16



from Winkler Ltda (Santiago, Chile). All aqueous solutions were prepared using milli-Q

water. Other chemicals were analytical reagents and used as received.

Synthesis of PANI nanoparticles: To prepare the PANI nanoparticles, 7 mmol of aniline were
mixed with 20 mL of bidistilled water and kept under a magnetic-bar stirrer for 30 min. Then,
the mixture was cooled to 0 °C. An aqueous solution of ammonium peroxydisulfate (7 mmol)
was dissolved in 80 mL of freshly distilled water and added to the aniline solution.[59] The
reaction mixture was stirred for 1 h to complete the polymerization. The resultant PANI was
collected on a filter paper, washed with distilled water, and dried under a vacuum for 1 day.
The PANI was rinsed with 0.1 M NH4OH solution and then collected and dried as described
in the previous sentence to obtain emeraldine base, the deprotonated form of PANI. The
polymer was functionalized by nucleophilic addition following the procedure described by
Yslas et al.[34] The polymer was immersed into a stirred 1M aqueous solution of L-cysteine
for 24 h at room temperature, and then filtered, washed with deionized water, dried, and

stored at room temperature.

Synthesis of CMPs: The CMPs were synthesized based on CaCOs and carboxymethyl
cellulose (CMC) components by mixing 100 mL of aqueous 0.025 M CaCl, with 2 mL of
CMC 5% wi/v under a magnetic stirrer for 15 min (Solution A). Solution B was prepared by
dissolving Na,COz in 100 mL of aqueous solution to obtain a 0.025 M solution, and rapidly
added to Solution A under ultrasonication for 10 min using a Branson Digital Sonifier 450
(Branson Ultrasonic Corp., Danbury, CT, USA). CMPs were filtered with a 0.45 um filter
(Merck Millipore, Billerica, MA, USA) and washed with milli-Q water. Milli-Q water was
obtained from a water purification system (Labostar™ TWF, Evoqua Water Technologies

LLC, Warrendale, PA, USA). The resultant CMPs were dried at room temperature.
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Synthesis of a CMP-PANI-Cys Hybrids Materials: The CMP-PANI-Cys material was
synthesized based on CMPs and the PANI-Cys polymer. The incorporation of PANI-Cys was
performed in suspension. Briefly, 1 mL of a PANI-Cys stock solution was taken from a
starting stock suspension. The concentrated stock solution was composed of 500 pL of PANI-
Cys and 7.5 mL of PBS at pH 7.4, for a total of 1.8 mg of PANI-Cys in 1 mL of suspension.
The suspension was then mixed with 100 mL of Solution B a under magnetic stirrer until a
homogenous suspension was obtained. This suspension (Solution B + PANI-Cys) was added
to 100 mL of Solution A under ultrasonication at 80 W for 10 min. CMP-PANI-Cys materials

were filtered with 0.45 um filter and washed with milli-Q water.

Fourier Transform Infrared (FTIR) Spectroscopy: FTIR spectra of all materials were obtained
with an ATR/FTIR interspec 200-X spectrometer (Interspectrum OU, Toravere, Estonia). The
spectroscopic measurements of samples were performed directly using the PIKE MIRacle™
accessory in a Ge single reflection crystal plate. A flat pressure tip was used for all FTIR
spectra. The resolution was set to 4 cm™ and 20 scans were averaged. The wavenumber range

of the spectra was 600 cm™ to 4000 cm™™.

Ultraviolet-Visible Spectroscopy (UV-Vis): UV-Vis spectra were measured in a Rayleigh
UV-2601 (Beijing Beifen-Ruili Analytical Instrument Co., Beijing, China). All the solutions
were measured using a quartz cell with a 1 cm optical path. The concentration of PANI-Cys
incorporated into the CMPs was determined by UV-Vis spectroscopy (UV-Vis 2601) using a
standard calibration curve of the hybrid materials dissolved in DMSO. All samples were
measured by transmission in a quartz cell with a 1cm optical path. A standard calibration
curve of PANI-Cys in DMSO was performed using UV-Vis spectrophotometer at 340 nm.
Three experiments were conducted to synthetize CMP-PANI-Cys by adding 50 mg of PANI-

Cys to 2 mL of DMSO and were used to determine the incorporation efficiency (IE), loading
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capacity (LC) and production yield (R). Then, the solution was vortexed, centrifuged at 1740

xg for 4 min and the supernatant was removed.

Raman Spectroscopy: Raman spectra were obtained with a LabRam spectrometer (Horiba
Scientific, Irvine, CA, USA). This system has a highly sensitive detection method and it uses
a single spectrograph equipped with a notch filter in order to filter the Rayleigh scattering and
holographic gratings (1800 and 600 grooves mm™). The slit and pinhole employed were 300
and 500 um, respectively. The excitation line was provided by a 17 mW He-Ne laser at 632.8
nm and the laser power delivered at the sample ranged from 0.12 to 1.2 mW (laser power was
kept under minimum values in order to prevent sample degradation). The laser beam was
focused through a 50-x long working objective (0.5 NA). The diameter of the laser beam spot
on the sample surface was 2 um. The sample viewing system consisted of a color television
camera attached to the microscope. The spectrometer resolution was 3 cm™ and the detector

was a Peltier-cooled charge-coupled device (1064 x 256 pixels).

Scanning Electron Microscopy: SEM images of the samples were observed in a LEO 1420VP
SEM equipped with a dispositive for surface element microanalysis and a linear profile at 15
kV and in a Tesla 343 A SEM instruments. To obtain the SEM images, PANI-Cys were
dispersed in buffer solution with a pH of 2 and 7 and dried before observation. CMPs and

CMP-PANI-Cys were also observed by SEM.

Dynamic Light Scattering (DLS) and Z Potential: Particle size and zeta potential ({) of the
PANI, PANI-Cys, CMPs and CMP-PANI-Cys were estimated using a ZetaPlus analyzer and
a 90 Plus/BI-MAS (Brookhaven Instruments Corp., Holtsville, NY, USA). The overall
concentration of PANI-Cys was represented by PANI-Cys-O, and PANI-Cys-F corresponded
to the quantity of polymer that remained in the solution post-encapsulation. MPw is the

weight of the microparticles and Mw is the overall weight of the materials employed in hibrid
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synthesis. DLS analysis was performed at 25 °C by using a Malvern Zetasizer Nano ZS
operating at a light source wavelength of 532 nm with a fixed scattering angle of 90°.
Measurements were performed by introducing 1 mL of the colloidal sample in a cell with an
optical path of 1 cm. To determine the size distribution of the samples, the results were

analyzed from the intensity distribution values using the cumulants method.[60]

Cell Viability Assay: To determine the effect of the PANI-Cys, CMPs and CMP-PANI-Cys
on cell viability, an MTS assay was performed. A linear relationship between the viable cell
number and absorbance can be establish by the MTS test. The HeLa cells were seeded on 96-
well plates at 2500 cells per well in low glucose Dulbecco’s modified Eagle’s medium
(DMEM), containing 5% inactivated fetal calf serum (FCS), 2 mM glutamine, 50 U/mL
penicillin, and 0.05 g/mL streptomycin. The cells were then treated with increasing
concentrations of CMP-PANI-Cys, PANI-Cys, CMPs and CMP-PANI-Cys. After 24 h of
incubation, cell viability was measured in triplicate in three independent experiments using

the MTS assay according to manufacturer’s protocol.

Laser Treatment of HeLa Cells: The HelLa cells were seeded on 96-well plates at 2500 cells
per well in Dulbecco’s modified Eagle’s medium. Then, cells were incubated with PANI-Cys,
CMP and new hybrid CMP-PANI-Cys for 24 h. The cancer cell samples were irradiated using
NIR irradiation with a light fluence of 500 mW/cm? for 20 min. Furthermore, non-treated
HeLa cells were irradiated with the laser (irradiation control). The experiment was evaluated
by MTS assay 24 h after irradiation.
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Figure Captions

Figurel. FTIR spectra of PANI (gray line) and PANI-Cys (black line).

Figure 2. Raman spectra of PANI-Cys (black line), CMPs (blue line) and hybrid biomaterial
CMP-PANI-Cys (red line).

Figure 3. SEM images of PANI-Cys obtained by evaporation of the polymer solution at pH 2
(A, C) and 7 (B, D) at different magnification.

Figure 4. SEM images of A) CMPs and B) CMP-PANI-Cys biomaterial.

Figure 5. UV-Vis of PANI-Cys in DMSO and PANI-Cys absorbance versus concentration in
DMSO (Insert).

Figure 6. Effects on cellular viability in HeLa cells against samples dark experiment. Control:
untreated control cells, CMPs, PANI-Cys and CMP-PANI-Cys at different concentrations of
each material (ug/mL). The table below the graphic shows the different concentrations of
separated components (PANI-Cys and CMPs) and CMP-PANI-Cys. Values represent mean +
standard error of the mean of three separate experiments in triplicate.

Figure 7. Effects on cell viability post irradiation in HelLa cells. Control: untreated control
cells. Control irradiated, CMPs (1080 pg/mL), PANI-Cys (8 pg/mL), and CMP-PANI-Cys
(1088 pg/mL) in dark and irradiation conditions. The concentrations of PANI-Cys and CMPs
were the same at those included in CMP-PANI-Cys. Values represent mean + standard error
of the mean of three separate experiments in triplicate. Statistical differences were assessed by

ANOVA and Dunn’s post test *p < 0.05.

Scheme 1. Preparation of hybrid CMP-PANI-Cys microparticles and NIR laser irradiation of

HelLa Cells.
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Figure 3
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Table 1. Sizes and zeta potential of CMPs and CMP-PANI-Cys.

CMPs CMP-PANI-Cys
Average diameter (nm) 1771 +81 780 + 46
Pdl 0.005 0.005
¢ (mV) 31+1 3542
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