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RESUMO

Nanoparticulas metalicas tais como nanoparticulas de ouro, prata e platina desempenham
um papel importante como catalizadores heterogéneos. A fim de aumentar a estabilidade e
evitar a formacdo de aglomerados metélicos, estes tipos de nanoparticulas podem ser ancoradas
em materiais de suporte. Hidrogéis a base de Laponita e poliacrilato de s6dio podem agir como
um Otimo material de suporte para a sintese in situ de nanoparticulas metalicas, pois 0 processo
de gelificacdo ocorre rapidamente através de interagcbes ndo covalentes entre os nanodiscos de
Laponita, o poliacrilato e os cations adicionados. Neste trabalho, a eventual formacéo in situ de
nanoparticulas de Au, Age Pt dentro do hidrogel foi avaliada por espectroscopia de UV-Vis e
TEM. Os materiais também foram caracterizados por espectroscopia de infravermelho (FTIR),
e as propriedades mecénicas dos hidrogéis formados foram analisadas por reologia, que
mostrou uma propriedade de gel para todos os hidrogéis, com um médulo de armazenamento
(G’) maior que o médulo de perda (G”), e o hidrogel com Pt possuindo o maior valor G’ (23
kPa). A aplicacdo de AuNPs, AgNPs e PtNPs suportadas nos hidrogéis foi testada como
catalisador na reacéo de redugdo do conhecido poluente 4-nitrofenol (4-NP). O melhor hidrogel
com AuNPs mostrou a maior atividade catalitica com rendimento de 99% de reducéo, enquanto
os melhores hidrogeis com AgNPs e PtNPs resultaram em rendimentos de 97% e 84%,
respectivamente.

Uma versdo nanométrica do hidrogel a base de Laponita foi testada como um
nanocarreador de coquetel de farmacos anticancer. Os nanohidrogéis biodegradaveis foram
sintetizados pela técnica de miniemulsdo inversa com farmacos anticancer (Cisplatina, CP; 5-
Fluorouracila, 5-FU; e Ciclofosfamida, CPA) co-encapsulados. Os nanohidrogéis foram
obtidos com um tamanho médio entre 60-190 nm, que é um tamanho apropriado para ser
aplicado como nanocarreador de farmacos contra células cancerigenas. Nanomateriais com
diferentes razdes molares de 5-FU, CP e CPA foram aplicados em células MCF-7 e HelLa
(células de cancer de mama e adenocarcinoma cérvix, respectivamente) por 48h (a 37 °C), e
todos os materiais com 5-FU e CP apresentaram um I1Cso menor que os farmacos em solugéo.
O indice de combinacdo (Cl) para cada formulacdo 5-FU+CP foi calculado de acordo com o
método de Chou-Talalay (Cl<1, =1 ou >1 para, respectivamente, efeito sinérgico, aditivo ou
antagonico). Duas de trés combinagbes com maior propor¢do de 5-FU resultaram em

sinergismo contra as células MCF-7 (cancer de mama).



Os resultados obtidos com esse trabalho demostram a versatilidade de materiais
nanoestruturados a base de Laponita para aplicagdo tanto em catélise quanto em entrega de

farmacos.



ABSTRACT

Metal nanoparticles such as gold, silver and platinum nanoparticles play a notable role as
heterogenous catalysts. To increase stability and prevent the formation of large metal
aggregates, these types of nanoparticles can be anchored onto supporting materials. Hydrogels
based on Laponite and sodium polyacrylate can act as a great support material for in situ
synthesis of metallic nanoparticles, because the gelification process occurs rapidly through
ionic interactions between the Laponite nanodiscs, the polymer (polyacrylate) and the cations
added. In this work, the eventual in situ formation of Au, Ag and Pt nanoparticles inside the
hydrogels was evaluated by UV-Vis spectroscopy and TEM. The resulting hydrogels were also
characterized by FTIR spectroscopy, and their mechanical properties were analyzed by
rheology that showed that all hydrogels have a gel-like behavior, with G’ higher than G*’. The
hydrogel with Pt presented the higher G’ value (23 kPa) for all studied Laponite-based
hydrogels. The application of the AuNPs, AgNPs and PtNPs supported in the hydrogels as
catalyst was tested for the reduction of known poluent 4-nitrophenol (4-NP). The best hydrogel
with AuNPs showed the higher catalyst activity with 99% yield of reduction, while the best
hydrogels with AgNPs and PtNPs resulted in 97% and 84% vyield, respectively.

A nanosized version of the Laponite-based hydrogel was tested as a nanocarrier forcancer
drug cocktails. Biodegradable nanohydrogels were formulated by inverse miniemulsion
technique with the anticancer drugs cisplatin (CP), 5-fluorouracil (5-FU) and
cyclophosphamide (CPA) co-encapsulated. The nanohydrogels were obtained with an average
size between 60 — 190 nm, which is an appropriate size to be applied as a nanocarrier of drugs
against cancer cells. Nanomaterials with different molar ratios of 5-FU, CP and CPA were
applied in MCF-7 and HeLa cells (human breast cancer and human cervix adenocarcinoma
cells, respectively) for 48h (at 37 °C), and all materials with 5-FU and CP presented an 1Cso
lower than the free drugs. The combination index (CI) for each combo 5-FU+CP was calculated
according to the Chou-Talalay method (Cl<1, =1 or >1 to, respectively, synergistic, additive,
or antagonistic effect). Two out of three combinations with higher ratio of 5-FU resulted in
synergism against MCF-7 cells.

The results obtained with these two works demonstrate the versatility of Laponite-based

nanostructured materials for application in both catalysis and drug delivery.
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1. INTRODUCTION
1.1 Laponite-based hydrogels

Hydrogels are water-based three-dimensional crosslinked networks consisting of
polymer chains that can be natural, synthetic or even the combination thereof, and, as the name
suggests, can absorb and retain large amounts of water without disintegrating.* The hydrogel’s
network structure can be formed by chemical crosslinking through covalent bonds, or physical

crosslinking (non-covalent interactions),? in which physical hydrogels are formed.3

Physical hydrogels composed of clay and polymers have been gaining attention due to
possibility of application in several research areas. The inclusion of clay into polymeric
hydrogels can result in improvement of mechanical properties.® Smectite clay minerals, like the
synthetic Laponite, are often used due to their layered structure that, when dispersed in water,
exfoliates releasing the exchangeable interlayer cations (Na* in Laponite), increasing the
viscosity of solution, and eventually forming physically crosslinked hydrogels.?

Laponite (Lap) is a synthetic silicate with nanodisc shape and empirical formula
Na‘*o.7[(SisMgs.5Li03)020(0H)4]0.7. The layered structure of this silicate consists of one
octahedral (O) sheet of Mg-O between two tetrahedral (T) sheets of Si-O (i.e.,TOT-type)
(Figure 1).# Each Laponite nanodisc have 25 nm in diameter with less than 1 nm of thickness,

with the faces having negative charge and the edges present pH-dependent positive charges,
presenting an overall net negative charge.*

<
<]

N (T)

(0)

mor o=
p—o0—-F—o—
zo-§—ou

©

Na'*g 7[(SisMgs sLig.3)020(0H) 4l 0.7

d~25nm

t<1nm

Figure 1. Schematic representation of Laponite nanodiscs and its chemical structure in the solid
state (d = diameter; t = thickness).
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In water, the Lap-Lap interactions involve a series of electrostatic attractions (between
the faces and the edges), repulsion (face with face or edge with edge) and van der Waals
attractions. Although, some reports state that the high viscosity of Laponite solutions are gels
formed by the fractal network from the face-edge attraction forces (“house of cards” structure
demonstrated in figure 2),5 the real cause of viscosity is still controversial. Some studies
suggest* that the Lap suspensions with lower wt % at low ionic strength form colloidal Wigner
glasses due to the mainly electrostatic repulsion that keeps the nanodiscs apart from each
other.67

G S e RS R Lap aqueous sol.

"House of cards"

Figure 2. Schematic representation of Laponite nanodiscs interactions (“House of cards”) when

dispersed in water.

Our research group have recently developed a nonswellable hydrogel material based
on non-covalent interaction between Laponite nanodiscs, polyacrylate and a variety of salts.®
These materials have been showing interesting mechanical properties and our group is currently

exploring their potential applications in nanomedicine and in catalysis.

1.1.1 Laponite-based hydrogels for in-situ formation of catalytic active metal
nanoparticles

Among the various applications of hydrogels, including biomaterials fornanomedicine
and tissue engineering, and materials for environmental remediation, hydrogels have been
reported as support materials for metallic nanoparticles due to their interesting network.%1

Metallic nanoparticles, such as Ag, Au, Pd and Pt NPs, have been used fordifferent applications
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such as sensors, electronic devices, and material science, but thanks to their unique physical
and chemical properties such as high surface-area-to-volume ratio, these nanoparticles have
become interesting materials for heterogeneous catalysis.!1-12 To ensure high catalytic activity,
it is important to control the particle’s size, dispersity and shape, which can cause differences

in their electronic structure and in the surface atomic arrangement affecting directly their
catalytic activity.14

1.2 Materials in Nanotechnology

The concept of Nanotechnology was introduced by Richard Feynman in the 50’s in its
famous conference “There is plenty of room in the bottom”. Since then, a lot of research has
been dedicated to develop new nanomaterials and new characterization techniques for such
small entities. Nanoparticles can be defined as a particulate material withat least one dimension
in the range of 1 — 100 nm, although it is usually accepted if the material is smaller than 500
nm. Nanoparticles have several properties that are not found in their bulk material, like high
surface-to-volume ratio and unique optical, magnetic, thermal, and reactivity properties.t®
There are several types of nanomaterials that include dendrimers, micelles, vesosomes, metal
nanoparticles, polymeric nanoparticles, nanohydrogels, rotaxanes, catenanes, carbon
nanotubes, graphene nanosheets, clay nanodiscs, among others.

In the broad field of nanomaterials, nanohydrogels are interesting materials that
combine properties and characteristics of both hydrogels and nanoparticles.1® Nanohydrogels
can be defined as nanostructured hydrogels that are composed of crosslinked polymeric
networks and have a size range of 1-200 nm.1” Nanohydrogels, like other nanoparticles, are
suitable for a wide range of applications including food science and food industry,'® and
medicine.9:20

Nanoparticles have some interesting advantages as nanocarriers for the treatment of
diseases, when compared to conventional molecular agents, such as protection of encapsulated
drugs against early degradation, and the benefit that the nanoplatform can be designed for a
controlled and sustained release of drugs at the target site.2* A variety of nanohydrogels have
been studied as drug delivery systems, with the advantage of their unique structure and
properties that include high biocompatibility due to the large water content, their hydrophilic

interior capable of load and protect hydrophilic drugs and their high stability for prolonged
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circulation in the bloodstream.?223 Highly crosslinked polymeric nanohydrogels have the
disadvantage of low biodegradability and are often prepared by radical initiators or metallic
catalysts, which are incompatible with most molecules of interest for encapsulation. In those
cases, the drug loading is usually made post-gelification, depending on the drug diffusion, and
swellability of the hydrogel. To minimize these problems of nanohydrogels for nanomedicine
applications, our group has developed a new Laponite-based nanohydrogel formulation that is
nonswellable and can be gelified in presence of a wide variety of chemically sensitive
molecules. Moreover, we have demonstrated that these nanohydrogels can be used as pH-
responsive biodegradable nanocarriers,?? because Laponite degrade into nontoxic species at pH

lower than 7.0.4

1.2.1 Drug delivery systems against cancer diseases

Unlike healthy cells, cancer cells grow and multiply uncontrollably changing the
microenvironment, invading nearby areas, and spreading to other areas of the body through
some ways, like by the blood vessels and by the lymphatic system.24

The changes in the tumor microenvironment (TME) are one way of many to be
explored as route to treat and suppress the cancer growth. Once the endothelial cells in a tumor
vessel have loose interconnections and focal intercellular openings,?® the vascular pore sizes
become larger (20-800 nm) compared to normal tissue (5-10 nm) 26, and the barrier function is
affected? allowing the passage and accumulation of materials with a size larger than 20 nm.?
This differencein the intercellular opening can be used to selectively accumulate nanomaterials
into tumor tissues, the so-called enhance permeation and retention effect (EPR) (Figure 3a).The
EPR effect is also called passive targeting, in which the nanoparticles pass through the leaky
vasculature and accumulate in the tumor cells rather than in healthy cells. Another type of
selectivity towards tumor cells relies on biological interaction between ligands functionalized
on the surface of nanoparticles (that can be proteins, polysaccharides, nucleic acids and small

molecules) and specific receptors that are overexpressed in cancer cells (Figure 3b).2°
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a) Passive targeting mechanism
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Figure 3. Scheme illustrating the mechanisms to deliver drugs into the cancer cells by
nanoparticles: a) the passive targeting and b) the active targeting mechanisms.

Based on this, stimuli-responsive nanoparticles can be used as drug delivery systems
to encapsulate small drugs, prevent their early degradation, and release the drugs at the target
site through external stimuli, such as temperature changes,®® or internal stimuli like pH
changes.3! Nanomaterials that respond to pH variations, like Laponite-based nanohydrogel, can
be deformed or degraded under changes in the surrounding pH, and are interesting species to
be used in the treatment of cancer, since the tumor microenvironment (TME) and inflammatory
sites have pH significantly lower than the surrounding healthy tissue, i.e., values as low as 5.6
and in the range of 6.4-7 for tumors (according to some specific areas), in contrast to values of
7.3-7.4 for normal tissues.3?
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1.2.2 Co-delivery of anticancer drugs

Comparing to the single-drug approach, the combination strategy of different
anticancer drugs has been studied with the aim of increasing the anticancer effects of the drugs
and/or reducing the resistance that can occur when using the same drug over the long term.3
When two or more drugs are combined, there are three possible outcomes: antagonism, when
occurs adverse interaction between drugs that leads to decreased efficiency; additivity, with no
positive interaction between the drugs and, consequently, no general beneficial effect; and
synergism, in which the effects of drugs amplify each other’s, resulting in an higher efficiency
than the simple sum of the both drugs effect.34 The level of interaction betweenanticancer drugs
can be quantitatively calculated based on methods such as Chou and Talalay’s Combination
Index (CI). The CI for the drug combination is considered as synergistic when CI<0.9,
antagonistic to CI>1.1, and just additive if Cl = 0.9 to 1.1.35 A basic approach to obtain these
values for n drugs can be done by the Equation 1.3

cl=yn_ (Peomb.n) Eq. 1

N=1 (Dalone.,N)

where Dcomn,N is the dose of drug N in combination with others and Daione,n is the dose of the

drug N when used alone.

Cisplatin, 5-Fluorouracil and Cyclophosphamide are important drugs in currently used
in chemotherapy treatments for a variety of cancer types. Cisplatin (CP), a metal-based
chemotherapeutic drug, was approved by the Food and Drug Administration since 1978 and
has been used for the treatment of several cancers such as ovarian, cervical, breast and head
either alone or in combination with other drugs.3® Its antitumor activity is believed to be related
to its interaction with DNA (genomic or mitochondrial), creating lesions, blocking the
production of proteins, interfering in DNA replication and finally leading to apoptosis.®’
However, sometimes cisplatin does not act in its highest potential due to the side effectsin the
patient and the drug resistance that can arise. One way to improve these disadvantages is to use
the cisplatin in combination with other drugs like 5-Fluorouracil and Cyclophosphamide, which
was investigated by Dimery and co-workers (1990).28 5-Fluorouracil, a pyrimidine derivative,
has also been used for a long time, its mode of action is probably the inhibition of thymidylate
synthase (TS), a critical enzyme for DNA replication and cell growth, by fluorodeoxyuridine
monophosphate (Fd UMP) metabolite.3® Cyclophosphamide is an alkylating cytotoxicdrug used

for a broad range of cancers, and its metabolized by the liver enzymes resulting in an active
metabolite that interacts with DNA, inhibiting DNA replication and causing cell apoptosis.*°
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Based on all the considerations presented so far, this work aims to develop two
nanostructured materials for two different applications: i) Laponite-based hydrogels with in situ
synthesized gold, silver, platinum and palladium nanoparticles to be used as heterogeneous
catalysts, and ii) Laponite-based nanohydrogels with anticancer drugs co-encapsulated to be
applied against two cancer cell lines (MCF-7 and HelLa), and study the combination effect of

the drugs against the cancer cells.
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2. METHODOLOGY
2.1 Materials

The Laponite XLG was obtained from Southern Clay Products and the following
materials were purchased from Sigma-Aldrich: Sodium polyacrylate (SPA) (5 KDa, Mw ~5,100
by Gel Permeation Chromatography), Tetrachloroauric(l1l) acid (HAuCls), Silver nitrate
(AgNO3), Potassium tetrachloroplatinate(ll) (K2PtCls), Potassium tetrachloropalladate(ll)
(K2PdCls), 4-nitrophenol (4-NP), Sodium borohydride (NaBH4), SPAN®85, Cyclohexane, cis-
Diammineplatinum(l1)  dichloride  (Cisplatin),  5-Fluorouracil,  Cyclophosphamide
monohydrate, and WST-8 assay. RPMI-1640 medium, Dulbecco’s modified Phosphate-
buffered saline (DMPBS, pH 7.4), and fetal bovine serum (FBS) were purchased from Cultilab
Materiais Para Cultura de Células LTDA (Campinas, SP, Brazil). Dulbecco’s modified Eagle’s
medium (DMEM) was purchased from Nutricell Nutrientes Celulares (Campinas, SP, Brazil).
Trypsin-ethylenediaminetetraacetic acid solution (Trypsin-EDTA) was obtained from Gibco.
Phosphate buffer solution (PBS) was prepared using only sodium and potassium salts, and
NaOH and/or HCI to adjust pH (pH 7.4).

2.2 Synthesis of metallic nanoparticles (M NPs) into hydrogels (HG)

The metallic nanoparticles were synthesized in situ in the hydrogels with no addition
of external reducing agents. The hydrogels were made based on methodology developed in our
group (Becher et al. 2019).# To form the hydrogels, ImL of Laponite solution (500 mg of
Laponite and 10 mg of sodium polyacrylate dissolved in 10 mL of deionized water) was placed
in a 3 mL polystyrene vial under agitation (1000 rpm), at 25 °C. Then, to later form the metallic
nanoparticles, 100 pL of gold, silver, platinum, or palladium salts aqueous solution with
variable concentration was added tothe vial containing the Laponite nanodiscs and polyacrylate
and the agitation was immediately increased to 2000 rpm. After 2 min, the solutions were
already gellified, and the nanoparticles were formed in situ aftera variable time (hours or days).
The materials were named as “HG@M”, indicating the hydrogel with metallic M nanopatrticle,
synthesized at 25 °C.

The blank hydrogel was prepared using the same procedure described above, but 100

puL of 1.0 M PBS solution was added instead of the metal salts solutions.
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2.2.1 Characterization
2.2.1.1 Ultraviolet-visible spectroscopy (UV-Vis)

The in situ formation of nanoparticles into the hydrogels were evaluated firstly by UV -
vis absorption spectra with a 1 mm polystyrene cuvette at room temperature using a UV -vis
Agilent HP8453 spectrometer. For this analysis, the hydrogels were prepared directly inside the

cuvettes instead of the 3 mL vials.

2.2.1.2 Fourier Transform Infrared spectroscopy (FTIR)

Fourier transform infrared (FTIR) spectroscopy was done for hydrogels using Agilent
Cary 630 FTIR spectrometer with a spectral range of 4000-400 cm! and resolution of 2 cm™,
and the measurements were carried out by placing the samples directly on the diamond ATR

Sensor.

2.2.1.3 Rheology

Rheology was used to observe the mechanical properties of these synthesized
hydrogels and the measurements were carried out in a Haake RheoStress RS1 rheometer. The
materials were tested with amplitude sweep (strain sweep, SST) to study the response of
material against an increasing deformation amplitude (strain, y) and obtain information of some
parameters such as the linear range of viscoelasticity (LRV), storage modulus (G’) and loss

modulus (G””), at constant frequency (1 Hz) and temperature (25 °C).

2.2.1.4 Transmission Electronic Microscopy (TEM)

To confirm the presence and analyze the size and morphology of the nanoparticles into
hydrogel, microscopy analyze was done by Transmission Electronic Microscopy (TEM
JEM1400PLUS (Jeol, Japan) operating at 120 kv, where the sample was dried directly on
carbon-coated copper grid.

2.2.2 Reductive catalytic properties
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The catalytic activity of AuNPs, AgNPs and PtNPs were tested using one model
reaction based on the catalytic reduction of 4-nitrophenol (4-NP) by borohydride ions (BH4") in

the presence of the metallic catalyst.*?

The procedure to study the reductive catalytic activity of the nanoparticles into the
hydrogels was adapted from Haraguchi (2014).13 with few modifications. In a quartz cell, 0.5
mL of NaBH4 solution (17 mM) was added to 2 mL of 4-nitrophenol solution (0.16 mM). Then,
variable amounts of HG@Au, HG@Ag, and HG@Pt were subsequently added. The UV-vis
spectra of the reaction mixture were collected immediately with 1 min intervals, for 20 min, at
25 °C.

The conversion (%) of 4-NP to 4-AP was calculated based in the UV-vis absorbance
of 4-nitrophenolate ion by the following equation (Equation 2):

Yield of reduction (%) = (A"A;At)x 100 Eq. 2

0

where Ao is the initial absorbance of 4-nitrophenolate ion (at 400 nm)*! after the addition of

NaBH4; and At is the absorbance of this ion over the time, at same wavelength.

2.3 Synthesis of Nanohydrogels (NH)

The nanohydrogels were synthesized by inverse miniemulsion technique and were
based on a methodology developed by our group?® with few modifications (Figure 4). For all
nanomaterials, to the organic phase formed by 8 mL of cyclohexane and 75 mg of SPANS5,
was added the aqueous phase consisting of 500 pL of Laponite aqueous solution previously
prepared with the ratio 100:1 of Laponite nanodiscs:sodium poly(acrylate) (SPA) and 500 puL
of drug aqueous solution (Cisplatin, 5-Fluorouracil or Cyclophosphamide, and in some cases,
different mixing ratios between these drug solutions were used). The mixture was
ultrasonicated, in an ice bath, twice (Branson Sonifier 450 Digital, 0.5 inch tip) for 6 min with
50% of amplitude and at a pulse regime of 0.9 s of sonication intercalated with 0.3 s of pause,
and between the ultrasound runs, 100 pL of 1.0 M phosphate buffer solution (PBS) was added,
finally forming the nanohydrogels NHCP, NHFU and NHCPA (nanohydrogel with Cisplatin,
5-Fluorouracil and Cyclophosphamide, respectively) and it combination: NHFUCP for
nanohydrogel with 5-Fluorouracil and Cisplatin co-encapsulated, and NHCPCPA for

nanohydrogel with Cisplatin and Cyclophosphamide. Intending to a more stable storage, after



evaporation of organic solvent, an aliquot of each nanohydrogel synthesized was dispersed into
10 mL of a0.1 M PBS (pH 7.4), and the final dispersion was stored in the fridge.
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Figure 4. Schematic representation of the synthesis of the nanohydrogels using miniemulsion

technique.

2.3.1 Characterization of nanohydrogels by Dynamic Light Scattering

The average size and zeta potential of nanohydrogels were obtained by dynamic light
scattering using a Malvern Zetasizer Nano ZS-Zen3600 equiped witha 4 mW He-Ne laser, light
wavelength of 632.8 nm, and detectionat scattering angle of 173°. All measurements were done
at 25 °C using a disposable capillary cell (DTS1070). The samples were analyzed as dilutions
(10000x in PBS pH 7.4), and three measurements were taken of the resulting dilutions. The

results are presented in percentage by number of particles, as mean + standard deviation (SD).

2.3.2 Stability study

The stability of nanohydrogels was evaluated by monitoring the changes in their size
over time. The measurements were obtained by dynamic light scattering using a Malvern

Zetasizer Nano ZS-Zen3600 equiped with a 4 mW He-Ne laser, light wavelength of 632.8 nm,
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and detection at scattering angle of 173°. Nanohydrogels were dispersed in acetate buffer
solution (dilutions 10000x, pH 5.44), at 37 °C, and three measurements were taken of the

resulting dilutions.

2.3.3  Cell viability

The human breast adenocarcinoma cells (MCF-7, ATCC® HTB-22) were grown in
RPMI-1640 culture medium supplemented with 10% fetal bovine serum (FBS) and antibiotics
(penicillin  at 100mU mL! and streptomycin at 100 pg mL-1). The human cervix
adenocarcinoma cells (HeLa, ATCC® CCL-2) were cultured in Dulbecco’s modified Eagle’s
medium with high glicose supplemented with 10% FBS, 1% nonessential amino acids (NEAA),
and antibiotics (penicillin at 200mU mL"! and streptomycin at 100 pg mLt). All the cell lines
were maintained in T-75 cm? cell culture flasks with 12 mL of medium, at 37 °C, in a humidified
atmosphere with a controlled percentage of CO2 (5% CO3) and at every 2-3 days the culture
medium was refreshed, and when the cells from culture flask reached 70-80% confluency, the
cells were detached and plated into a new treated T-75 ¢cm? cell culture flask with 12 mL of
medium. To be used in the tests, cells were seeded into 96-well plates at a cell density of 7.5 x
103 cells per well and incubated for 24 h to ensure cell adhesion in the plates before any
treatment. Then, the medium was replaced by a fresh one with different concentrations of
nanohydrogels (final volume of 200 pL per well), and the plates were incubated for 48h under
the same conditions. After this period, the cellular viability was quantified by colorimetric
method using the CCK-8 (Cell Counting Kit-8) and the absorbance of the solution in each well

was measured at 450nm using FlashScan 530 Analytik Jena.
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3. RESULTSAND DISCUSSION
3.1 Laponite-based hydrogels with metallic nanoparticles for catalysis

In order to study the in situ formation of metal nanoparticles in the hydrogel matrix,
metal salts were used as crosslinkers for the gelification of hydrogels using the procedure
previously developed in our group for Laponite-based hydrogel formation with other types of
salts*. When Laponite was dispersed in deionized water under magnetic stirring, the interlayer
Na* ions started to exfoliate, and the early cloudy dispersion slowly evolved into highly viscous
materials like a hydrogel.* With the addition of sodium polyacrylate (SPA), the cloudy
dispersion became homogenous once the negative SPA wrap the positively edges of the
nanodiscs, increasing the rate of exfoliation.* This interaction is confirmed by zeta potential of
diluted Laponite/SPA solution, as seen in Figure 5a, which showed an increased negative value
as a consequence of the exposure of negative surface of Laponite nanodiscs once the polymer
wrapped around nanodisc’s edges, neutralizing the positive charges.2® Moreover, the DLS data
(Figure 5b) for Laponite nanodiscs and Lap/SPA solution did not show any significant
difference in the average size, suggesting that most polymer chains interact with only one

nanodisc. If the polyacrylate chains worked as a bridge between several nanodiscs would expect
a significant increase in the size of system due to the entangled nanodiscs.
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Figure 5. a) Zeta potential data obtained for nanodiscs and Laponite/SPA solution (nanodisc’s

edges wrapped by polyacrylate chains), and b) DLS data showing the size of nanodiscs,
polyacrylate and Laponite/SPA solutions, with intensity represented by number (%).

After the solution become homogenous, an aliquot of the Laponite/SPA solution was
transferred to a polystyrene cuvette and the metal salt solution was added to form the hydrogel.
The evolution of the hydrogel color was followed visually (pictures of Figures 6-9) and by

absorption spectroscopy to see the eventual formation of M° nanoparticles within the hydrogel
network.
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Figure 6. a) UV-vis absorption spectra of hydrogel formed with HAuUCI4 salt at different time
points and b) color change of hydrogel with the formation of Au-NPs over time.
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Figure 7.a) UV-vis absorption spectra of hydrogel formed with AgNOs3 salt at different time
points and b) color change of hydrogel with the formation of Ag-NPs over time.
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Figure 9.a) UV-vis absorption spectra of hydrogel formed with K.PdCls at different time points

and b) color change of hydrogel over time.

As seen in Figure 6-9, the drastic color changes of the hydrogels are indicative of the
in situ formation of their respective nanoparticles, which was accompanied by changes in the
UV-vis spectrum: the new band around 530 nmas indicative of AuNPs (Figure 6a);*? the broad
band at 423 nm associated with AgNPs (Figure 7a);*3 and the disapearance of bands at 325 and
388 nm which are characteristic of the K2PtCls solution, as indicative of the reduction of Pt(I1)
to Pt over the time, forming PtNPs (Figure 8a).#* In the case of HG@Pd (Figure 9), however, it
is not possible to indicate the formation of PdNPs based on the color since no drastic color
change was observed in the hydrogel and the UV-vis spectrum does not show big changes in

the bands over time. For this case, TEM microscopy will be essential to observe the
presence/absence of Pd nanoparticles.

The in situ formation of these metallic nanoparticles is probably due to the interaction
of the metal ions with the exfoliated clay nanodiscs in aqueous medium, more specifically, with
the clay surface.*® Since the surface of the Laponite is constituted by siloxane groups (Si-O) in
the tetrahedral sheet, the metallic ions might interact with the Si-O forming a complex that,
later, will be reduced on the clay surface possibly via successive proton-electron transfer
processes. After several reductions, occurs the coalescence of M? atoms that form clusters of
metallic atoms, and subsequently results in nanoparticles trapped on the hydrogel network. This
hypothesis is supported by Haraguchi (2014), who did an in situ formation of Pt nanoparticles
in a gel consisting of NIPA and Laponite without adding a reducing agent.1® Moreover, the
exfoliated clay nanodiscs of the hydrogels not only interact favorably to reduce the metallic
ions of the solutions, but also act as support material for the formed nanoparticle, without their
precipitation even after days, as observed in the hydrogel’s photos (Figure 6b-8b).

The TEM images confirm the presence of spherical Pt NPs (Figure 10) and Ag NPs
(Figure 11) with a diameter in range of 1-2 nm and 2-3 nm, respectively. The Figures 10 and
11 shows the nanoparticles trapped and well-dispersed on the hydrogel network, as expected in
accordance with the explained hypothesis.
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Figure 10. TEM images of Pt nanoparticles with a size range of 1-2 nm (black points in the
images), from dried HG@Pt (synthesized at 25 °C).
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Figure 11. TEM images of Ag nanoparticles with a size range of 2-3 nm (black points in the
images), from dried HG@Ag (synthesized at 25 °C).

The effect of temperature on the in situ formation of nanoparticles was studied by
heating the resulting hydrogels at 40°C. Just after gelification, the hydrogels were placed in a
bath at 40 °C for 48h, and the eventual NPs formation was followed by color change of
hydrogels and UV-Vis over time (Figures 12-14). The hydrogels synthesized by this way were
named as “HG@M40”, where M40 indicates the metal nanoparticles formed at 40 °C.
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Figure 12. a) UV-vis absorption spectra of hydrogel formed with HAuCls at different time

points and b) color change of hydrogel with the formation of Au-NPs over time (at 40 °C over

48h).
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Figure 13. a) UV-vis absorption spectra of hydrogel with AgNOs salt at different time points,
b) color change of hydrogel with the formation of Ag-NPs over time (at 40 °C over 48h).
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Figure 14. a) UV-vis absorption spectra of hydrogel formed with K2PtCls at different time
points b) color change of hydrogel with the formation of Pt-NPs over time (at 40 °C over 48h).
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As seen in Figure 12 and 14, the increased temperature was favorable for a rapid
formation of AuNPs (with a new band at 532 nm just one day after synthesis) and PtNPs (with
a loss in the characteristic bands of Pt2* solution at 325 and 388nm) nanoparticles, respectively.
At 25 °C, it is possible that the reduction of the Si-O-M complexes takes place slowly. However,
when the hydrogels were placed in a bath at 40 °C, there was a significant increase in the rate
of reduction. Similar results were also obtained by Haraguchi (2014) for the synthesis of PtNPs
into a NIPA-Lap gel, at 60 °C.13

Liu et al. (2020) has demonstrated that under sufficient metallic ion precursors, high
temperature is favorable to both nucleation and growth of nanoparticles, but once the rate of
growth is increased, there is also an increase in the particle size, as demonstrated in their work
with the size of Ag NPs synthesized at different temperatures (7.8 nm when formed at 70 °C
and 17nm at 90 °C).#5 Following this demonstration, the UV-Vis spectra obtained here for
hydrogels synthesized at 25 °C and 40 °C also can be indicative of a difference in the size of
nanoparticles. For Au hydrogels, they had the characteristic band at distinct wavelength: 529
nm for HG@Au (Figure 6a) and 532 nm for HG@Au40 (Figure 12a), and due the localized
surface plasmon resonance (LSPR) of gold nanoparticles, the peak absorbance wavelength is

slightly red-shifted with a possible increase in the particle diameter.*’

Based only in the UV-Vis spectra, it is not possible to conclude about the positive
influence of temperature on the synthesis of AgQNPs (HG@ Ag40, Figure 13a) since there is still
no pronounced band in the range of 420 nm when compared with the HG@Ag (Figure 7a). Due
to this, for the next experiments, was considered only the HG@Au40 and HG @Pt40.

FTIR spectroscopy of the hydrogels synthesized at 25 °C was performed and the
spectra obtained are shown in Figure 15. In the total spectrum (Figure 15a), is seen a large band
at 3100-3700 cm! that frequently is reported as a consequence of overlapped bands: -OH
stretching of hydroxyl groups on the lattice (in the range of 3500-3700 ¢cm-?, such as Si-OH,
Mg-OH, Li-OH, and MgLi-OH), and -OH stretching vibrations of free H>.O (near 3400 cm-1).48
Similarly, the region at 1634-1637 cm is related to H-OH bending mode vibration (from H20
molecules). Shoulder peak at 1075 cm is attributed to Si-O (non-bridging oxygen) vibration
and higher peak at 1001 cm! to Si-O stretching vibrations of the external tetrahedral sheets of
nanodiscs. Comparing the vSi-O vibration on the pure Laponite nanodiscs that is observed at
982 cm! (usually at 960-990 cm 449), for the hydrogels HG@M the same stretching is

obtained shifted in higher wavenumber value at 1001-1002 cm™t, and probably this change was
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a consequence of interactions between metallic ions and silanol group to result, finally, in

nanoparticles on the matrix of hydrogel.
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Figure 15. a) FTIR spectra of HG@AUNPs (-), HG@PtNPs (-), HG@AgNPs (-), and Laponite

nanodiscs (-) as blank material, and b) region of spectra dashed in (a).

measurements and the results are presented in Figure 16.
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Figure 16. SST data obtained for hydrogels synthesized at 25 °C with Au, Ag and Pt
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As seen in the Figure 16a-b, at the begin of the stress sweep test, all hydrogels have G’
higher than G*” under stress ranging from 1 to 340 Pa (indicated by dashed line), meaning that the
elastic portion was dominant in all materials at that range and the confirming the gel-like behavior
of these hydrogels °°. Also, this range represents the linear range of viscoelasticity (LRV), which
is the region where a stress can be applied without destroying the structure of the samples. The
maximum G’ values obtained by rheology for these three hydrogels were: 6.5x10° Pa for
HG@AQgNPs, 7.9x10° Pa for HG@AUNPs, and 2.3x10* Pa for HG@PtNPs. Between the three

hydrogels, the one with Pt NPs have a higher G’ and G’ values which means that this hydrogel is
stronger structurally than others.

The Figure 16b shows the relation of G’ (loss modules) for hydrogels and specifically in
respect do HG@PtNPs, it is clearly observed that in a stress at 236 Pa there is a little increase in
the viscous modulus (G*”) with a subsequently decrease, probably due micro cracks in the structure
of hydrogels as indicative of starting the breakdown until the maximum is reached with a macro
crack, where G”’ curves pass the G’ curves (Figure 17). The cross-point between G and G”’ curves
for the materials occurs at a stress of 436, 429 and 410 Pa for HG with Au, Ag and PtNPs,
respectively. Higher than this stress values, the viscous nature (quasi-liquid state) of each hydrogel
is prevailing over the elastic nature (quasi-solid state) 1.
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Figure 17. Comparative SST data between storage (G’) and loss (G’’) modulus, obtained for
hydrogels synthesized at 25 °C with Au, Ag and Pt nanoparticles, at 25 °C and constant
frequency of 1 Hz.

To study theapplicability of HG@M hydrogels as catalysts, reduction of 4-nitrophenol
(4-NP) to 4-aminophenol (4-NP) by sodium borohydride (NaBH4) was used as a model
reaction, because this reaction can be easily monitored by UV -vis. This reaction, although it is
thermodynamically favorable, it is kinetically restricted in absence of a catalyst (as seen in the
Figure 18) due to the high kinetic barrier between the repelling negative ions of p-NP and BH4
1252 Fyrthermore, 4-NP is used to manufacture drugs, insecticides, and dyes, but it is toxic and
has been classified as a priority pollutant by US Environmental Protection Agency (EPA), being
carcinogenic and causing skin diseases.>® On the other hand, the reaction product, 4-
aminophenol (4-AP), is an important intermediate in the production of analgesics like

paracetamol.>
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Figure 18. UV-vis spectra for reduction of 4-NP (0.16 mM) by NaBH4 (20 mM) without
catalysts, over 30 min, at 25 °C.

The kinetic reduction experiment was performed at 25 °C using each HG@M as
catalyst with three different amounts of hydrogels (100 mg, 200 mg and 300 mg of each
hydrogel), and according to the UV-vis spectra obtained, % conversion of 4-NP to 4-AP was
calculated following the Equation 2. The results for all catalysts used are presented in Table 1
and to calculate the Kinetic rate constant was choose the best HG@M according to your yield
of reduction. The amount of metallic nanoparticle was calculated as % mols of metal in the
hydrogel related to the mols of 4-NP used. The Figures 19-21 show the reduction spectra
specifically forthose hydrogels that showed better catalytic activity.
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Table 1. %Conversion of 4-nitrophenolate ion with the formation of 4-AP at variable amounts
of metallic nanoparticles as catalyst (into hydrogels). Values were calculated based on the
absorbance at 400 nm, with the reaction occurring for 20 min at 25 °C.

69 99
Au 50 82
26 42
107 84
Pt 70 26
39 16
172 93
Ag 108 94
52 97
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Figure 19. UV-vis spectra for reduction of 4-NP by NaBH catalyzed by HG@AuNPs (69% of
Au), at 25 °C.
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Figure 20. UV-vis spectra for reduction of 4-NP by NaBH4 catalyzed by HG@PtNPs (107% of
Pt), at 25 °C.
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Figure 21. UV-vis spectra for reduction of 4-NP by NaBH4 catalyzed by HG@AgNPs (52% of
Ag), at 25 °C.

As seen in these absorption spectra, the kinetic reduction of 4-NP can be easily
followed by UV-Vis spectroscopy due tochanges in the spectrum: the absorption maximum for
4-NP at 317 nm (light yellow) is rapidly shifted to 400 nm when an excess of NaBH 4 is present
due to the formation of 4-nitrophenolate ion (dark yellow). When the catalyst is added (i.e.,
HG@M), after an induction time to the reduction takes place, starting the decrease of band at
400 nm with a slowly increase in the peak at 300 nm as consequence of the formation of 4-
aminophenol (4-AP). Originally, two isosbestic points must be present at ~280 and ~315 nm,
but they can be shifted due to the presence of bubbles of H2 gas that is generated in the reaction,

affecting the optimal measurement.>®

The Kinetic reduction also was performed at 25 °C using hydrogels synthesized at 40
°C that showed a characteristic UV-Vis spectra with indicative of nanoparticles formation (i.
e., HG@AU40NPs and HG@Pt40NPs), with three different amounts (100, 200 and 300 mg of
each hydrogel), and according to the UV-vis spectra obtained, the percentual conversion of 4-
NP to 4-AP was calculated following the Equation 2. The results for all catalysts used are
presented in Table 2 and was choose the best HG@M40 according to your yield of reduction
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to calculate the linear correlation (kapp). The Figures 22 and 23 shows the reduction spectra

specifically forthose hydrogels that showed better catalytic activity.

Table 2. Conversion of 4-nitrophenolate ion with the formation of 4-AP (%), at variable
amounts of metallic nanoparticles as catalyst (into hydrogels). Values were calculated based on
the absorbance at 400 nm, with the reaction occurring for 20 min at 25 °C.

Au40 46 17
26 5
98 75
Pt40 81 56
40 21
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Figure 22. UV-vis spectra for reduction of 4-NP by NaBH4 catalyzed by HG@Au40NPs (66%
of Au), at 25 °C.
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Figure 23. UV-vis spectra for reduction of 4-NP by NaBH4 catalyzed by HG @Pt40NPs (98%
of Pt), at 25 °C.

As expected, the hydrogels that were synthesized at 40 °C also presented a catalytic
activity on reduction of 4-NP to 4-AP. However, comparing the hydrogels synthesized at 25 °C
and 40 °C, the best percentage of reduction was higher in both the hydrogels made at 25 °C.
When was used 69% of Au from HG@AUNPSs, the conversion of nitrophenol to aminophenol
was of 99%, but using an approximated amount of Aufrom HG @ Au40NPs (66%) was possible
obtain only 51% of reduction. These different results can be a consequence of different
diameters of the nanoparticles, once that the size of nanoparticles is an important parameter in
heterogeneous catalysis.

Since the work of Haber (1898),%6 various studies assume that the catalysis occurs on
the surface of the metallic nanoparticle with an adsorption/desorption equilibrium of the 4-NP
and BH4" in the surface,>-59 that is, in terms of a Langmuir-Hinshelwood kinetics where both
reactants must be firstly adsorbed on the surface to react.>>:89 According to Ayad et al. (2020),
based on this model of kinetic, briefly, two catalytic mechanisms can be considered in the
reduction of 4-NP: i) adsorption of BH4™ on the surface of metallic nanoparticle with production
of the hydrogen radical by electron transfer; and ii) adsorption of 4-NP with formation of 4-

nitrophenolate ion that will be reacted with the adsorbed hydrogen species to form 4-AP by the
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formation of 4-hydroxylaminophenol as intermediate.f! Kong et al. (2017) also investigate
these reduction process by mass spectrometry and detected intermediates that indicated that
these commonly proposed mechanism is viable.%2 The Figure 24 presents an illustration of this
process on the surface of metallic nanoparticle.
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Figure 24. Illustration of proposed catalytic reduction of 4-nitrophenol (4-NP) by NaBH4 with
a simplified mechanism of reaction. The reduction proceeds on the surface of the metal

nanoparticles with an adsorption/desorption equilibrium of the reactants.

Since NaBH4was used in high excess in all catalytic reductions (about 100-fold higher
than 4-NP, considering the initial concentrations), was expected that this reduction follows a
pseudo first-order kinetics.41:63-67 Based on this, the apparent reaction rate constant, kapp, for the
best catalytic hydrogel of each type (HG@Au, Ag and Pt) was evaluated using the Equation 3:

()= W(5) = ~kapp -t Eq. 3
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where A and Ao are the absorbance at 400 nm relative to 4-nitrophenolate ion at every time and
in the initial stage before addition of catalyst, respectively; and kapp is the apparent kinetic rate
constant (at 25 °C). The plotted results are showed in Figure 25.
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Figure 25. (a) Plots of In(A/A0) vs time for the catalytic reduction of 4-NP by NaBHa in the
presence of the hydrogels HG@M that presented best catalytic activity (at 25 °C); and (b) the

linear correlation plot to obtain the apparent rate constant (to is not included).

In the Figure 25a is observed that in the initial stage (between 0 and 120 s to the three
hydrogels) there is an induction time to in which no significant reduction takes places.>®
Although the exact concept of to is still unclear, some authors have suggested that the induction
time is the period necessary for all dissolved oxygen to be consumed and not to compete with
4-NP and borohydride in interactions with surface of metallic nanoparticle 416168 However,
others authors describe the induction time as the period in which occurs a surface reconstruction
with the activation of the nanocatalysts surface and the adsorption of reactants®9.65.69. After this
time, the reaction starts following a pseudo first-order rate and from this linear part the kapp was
taken according to the slope of linear fitting for each selected hydrogel (Figure 25b), and the

values of kapp were presented in Table 3.

Table 3. Comparison of apparent rate constant (s'1) of the three hydrogels for the reduction

reaction, at 25 °C.

Catalyst Kapp (52) R?2
HG@PtNPs 2.12x10% 0.996
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HG@AuUNPs 5.69x 103 0.969
HG@AgNPs 8.50x 1073 0.962

In addition to the influence of the nanoparticle’s characteristics in the kinetic rate of
reduction, such as size of NPs"?, in this work was possible to note that the viscoelastic properties
of hydrogels also can affect it, once the HG@Ag was the material with lowest value of storage
modulus (G”) (in the LRV), but the highest kapp Value. This can be related to the rigidity of
material and the diffusion of species into hydrogel matrix until reaching the surface of
nanoparticles where occurs the reduction process. This relation is seen in all the three hydrogels,
as demonstrated in Figure 26, once was obtained an increased kapp value according to decrease

in their G’ values.
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Figure 26. Relation between Storage modulus (G”) and kapp values for hydrogels synthesized
at 25 °C.

Similarly, to the hydrogels synthesized at 25 °C commented before, was calculated by
Equation 3 the kapp values for hydrogels synthesized at 40 °C (Table 4).
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Table 4. Comparison of apparent rate constant (s!) of the two hydrogels (40 °C) for the

reduction reaction, at 25 °C.

Catalyst Kapp (S'l) R2
HG@Au40NPs 1.61x103 0.988
HG@Pt40NPs 1.22x10°3 0.956

As expected, the kapp for these hydrogels were lower than for their respective materials
made at 25 °C, and this can be related with the nanoparticles size. Liu and co-works (2020)
discussed that, under sufficient precursors, increasing temperature leads to an increase in the
apparent constants ki and k2 of nucleation and growth process (Figure 27), respectively,

resulting in the formation of larger nanoparticles*®.

Free M™ jons Clusters Nanoparticles

e » Q 9

o'o —>005—>* e

0
o . R Q
' kw ,‘u k2
S S L A
1) Nucleation 2) Growth

Figure 27. Representation of basic process for nanoparticles formation (nucleation and growth).

Furthermore, as mentioned before, based on UV-Vis spectra, is expected that these
nanoparticles synthesized at 40 °C have a diameter slightly larger than the formed at 25 °C, and
this will influence directly their catalytic activity 6°.

3.2 Laponite-based nanohydrogels for delivery of anticancer drug cocktails

The nanohydrogels (NH) were formulated through inverse miniemulsion process as
nanoemulsion in water-in-oil (w/o) biphasic system,2? in which the Lap/SPA solution and the
drugs’ aqueous solution constitute the aqueous phase and the cyclohexane the oil phase (Figure
4). As nanoemulsion, the NHs appear transparent and are stable against sedimentation, which
was confirmed by DLS measurements.”* The mixture of phases was sonicated for 6 min to
obtain inverse miniemulsion and this high-energy homogenization was chosen with the

intention of producing nanodroplets with smaller size, once that this procedure generates
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intensity pressure waves that propagate through liquids, forming microbubbles near the tip of
the probe that oscillate violently.”? As consequence of this oscillation, the microbubbles
implode soon after, producing intense disruptive forces that efficiently breaks larger droplets

into smaller.”2

As seen in the Table 5, all nanohydrogels were synthesized with a size ratio lower than
200 nm, and this is important because the size of nanomaterial will directly impact their use as
drug delivery system as mentioned in the introduction. The Figure 28 shows two nanohydrogels

with single and co-encapsulation.

Table 5. Diameter (nm) obtained by DLS of synthesized hydrogels.

. Diameter by DLS
Nanohydrogel Molar ratio

(nm)
NHCP - 128 £39
NHFU - 148 +38
NHCPA - 152 +£32
NHFUCP1 46:1 68 +12
NHFUCP2 11.5:1 70+15
NHFUCP3 31 78+13
NHCPCPAL 1:43 190 +30
NHCPCPA2 1:16 163 +34

NHCPCPA3 1.2:1 91+16
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Figure 28. Hydrodynamic diameter (nm) of two diluted samples (10000x) obtained by DLS:

NHCP, as example of nanohydrogel with only one drug encapsulated (red, at left), and
NHFUCP1 as sample of NH with two drugs encapsulated (blue, at right).

All NH synthesized present zeta potential between -6 and -10 mV. The net negative
value was expected since the SPA, polymer used with negative charge, will be preferentially
wrapped in the positive edges of the nanodiscs, resulting as the outer layer of nanohydrogels

the negatively charged surface of the Lap nanodiscs as mentioned before.

Since these hydrogel networks are formed by ionic interactions between Laponite
nanodiscs and SPA, a neutral surfactant was used to stabilize the nanoemulsions and avoid
possible interference that others charged surfactants could cause. Because of this, was used
SPANSS5, a nonionic and biodegradable surfactant with low HLB value which is ideal for w/o
emulsion.”® Furthermore, since the gelification of this material is based on ionic interactions,
no radical initiator, UV, metallic catalysts or pH is used, which is an advantage since it will not

damage the chemical structures of the guest molecules that will be encapsulated.

Lap nanodiscs slowly disintegrate at pH<7, liberating nontoxic species in the medium
such as Si(OH)4, Mg*? and Na*’* As commented before, the tumor microenvironment (TME)
has a low pH and, because of these differences in pH (pH at 7.4 for the stable solutions of NHs
in PBS medium against pH around 5 for the TME), is expected that the nanohydrogels act as
pH-responsive nanomaterial protecting the encapsulated drugs in physiological conditions but

releasing inside the tumor microenvironment at acidic medium. To simulate this condition, the
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pH responsiveness of the nanohydrogel was investigated using DLS to measure the changes in
its size when dispersed in acid solution. As seen in the Figure 29, when NHFUCP2 was
dispersed in acetate buffer solution (pH 5.5), after 1h was observed a significant increase in
size, which kept changing for the next hours. The increasing in the value of diameter over 24h
suggests the absence of a well-formed nanomaterial, which could be associated with the
swelling of the nanohydrogel over time until reaching 1648 nm, the point at which the material
burst and disintegrates, as represented in the Figure 30.
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Figure 29. DLS datashowing the changes in the size of NHFUCP, at pH 5.44 (37 °C), over
time.
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Figure 30. Representation of swell and burst processes of nanohydrogels in acidic medium.
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Intending to evaluate the potential use of these NH as drug delivery system and,
mainly, study the combination effect of different ratios between the encapsulated drugs against
cancer cells, the nanomaterials were applied on MCF-7 and HeLa cells (breast and cervical
cancers, respectively). The 1Cso values (i.e., the dose of a drug that causes an inhibition of 50%
in a population after a time)’® for the nanohydrogels tested in the cancer cells are presented in
Table 6, and the preliminary tests of cell viability were made using CCK-8 kit, which is a
colorimetric method based on the bioreduction of WST-8 (monosodium 2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium  salt) by  cellular
dehydrogenases with formation of orange product. The amount of these orange product is
directly proportional to the number of living cells and because of this is possible determinate
the cell viability by colorimetric assay.

Table 6. 1C50 values obtained by nanohydrogels with different ratios between the drugs after
48h of incubation.

IC M
Nanohydrogel Molar ratio® 50 (1M)
MCF-7 HelLa
NHCP - 23.9x0.04 22+0.01
NHFU - 1134 *
NHCPA - * *
. 289.7+£0.08 1927 £0.05
NHFUCP1 46:1 (total drug) (total drug)
. 140.9+£0.10 135.1+£0.03
NHFUCP2 11.51 (total drug) (total drug)
. 556.1+0.09 149.8%0.12
NHFUCP3 31 (total drug) (total drug)
. 72.64£0.14
NHCPCPA1 1:43 (total drug) *
. 40.47+0.18 228.3+0.06
NHCPCPA2 1:16 (total drug) (total drug)
NHCPCPA3 1.2:1 67.03+0.11 *

(total drug)

1The molar ratio are presented as concentration of 5-FU to CP in NHFUCP nanohydrogels, and CP to
CPA in NHCPCPA materials. *It was not possible obtain a ICs, because did not reach 50% of cell
viability. The ICs, values for aqueous solution of CP applied alone in MCF-7 and Hela were,
respectively, 30.15and 27.3 uM. The ICs, value for aqueous solution of 5-FU applied alone in MCF-7
cellswas 1356 uM, and for HeLa cells did not reach 50% of cell viability. The ICs, value for aqueous
solution of CPA did not reach 50% of viability in both MCF-7 and HeLa cells.

Taking into consideration the materials that reached 50% of cell viability (i. e., that
has an 1Csp value) with single drugs and the relative proportions in NHs combinations, the sum

of the drug effects would result in the following ICso values for MCF-7 cells: 1110.5 uM for
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NHFUCP1, 1045.4 uM for NHFUCP2, and 848.1 uM for NHFUCP3. For all three
nanohydrogels the real values obtained (as seen in the Table 6) were lower than the values
expected for the amount of the drugs effect, with a better result being obtained with the
NHFUCP2 which is composed of approximately 92% of 5-FU and 8% of CP (140.9 uM for
MCEF-7 cells, at 48h). These data suggest that NHs presents an overall positive effect on the
drug cocktail delivery for MCF-7 cells, since the actual inhibition effect obtained was greater
than the expected when calculated based on the relative proportions of drugs in the
combinations. Moreover, the nanohydrogels that combine Cisplatin and Cyclophosphamide
(NHCPCPA) presented 1Cso values very low when applied in MCF-7 cells, with the best
material resulting in an 1Cso of 40.47 uM, which means an increase in the cytotoxic effect of
when combined these two drugs, differently of the NH with only CPA (NHCPA) that did not
even reach 50% of viability in MCF-7 cells.

One way to analyze the relation between the drugs mixed in the nanohydrogels is
calculating the Cl index for each NHFUCP according to the classic equation of Chou-Talalay
35 (Eq. 1), where C1<0.9 indicate synergistic effect between drugs; Cl = 0.9 to 1.1 corresponds
to an additive interaction (enhancement of one drug toother); and CI>1.1an antagonistic effect.
For MCF-7 cells, considering the values for free drugs in aqueous solutions and the dose of
each drug in the NHFUCP that inhibited 50% of cells (i.e., the ICso value achieved for each
drug in the combination), two combinations resulted in synergistic effect, NHFUCP1 and
NHFUCP2, with Cl of 0.88 and 0.5, respectively. For NHFUCP3, however, was obtained a ClI
value higher than 1 which indicates that this combination had an antagonistic effect between 5-
FU and CP. Interestingly, the nanohydrogels combinations with a higher amount of 5-
Fluorouracil over Cisplatin were those that presented better results and synergistic effect (both
nanohydrogels with 5-FU more than 90% of total drug dosage). It was known that the
combinatory effect between drugs were associated with the drugs ratios’” and the synergism
was observed just at certain ratios of drugs in combination.®> Fu et al. (2020) applied a lipid-
polymer hybrid nanoparticle with co-encapsulated CP and 5-FU (at different ratios) in BE-3
cells (human esophageal cancer cell line), for 24h, and obtained a synergistic effect with

combinations that had intermediate proportions, with lower CI value resulted from a
combination with an 2-fold excess (w/w) of 5-FU over CP.”8

When applied in HeLa cells, however, the maximum concentration of NHFU and
NHCPA results in a cell viability of only 64% and 73%, respectively, and this can be related to
the lower sensitivity of HeLa cells to 5-FU and CPA than MCF-7 cells. Blanco et al. (2011)
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also obtained a lower cytotoxicity of 5-FU-loaded folate-conjugated submicrogels when applied
in HeLa cells, reaching approximately 60% of viability at 48h, while for MCF-7 cells in the

same conditions of concentration and time, was reached approximately 20% of viability 7°.

The Cl values were calculated only for NHFUCP combinations applied in MCF-7 cells
because was not possible obtain values for applications these materials in HeLa cells since in
these cell lines was not reached a viability of 50% for free 5-FU aqueous solution and, according
to Eq.1, to calculate the CI values is necessary the dose (ICso in this case) at both single free
and mixed drug (5-FU and NHFUCP, respectively) in the material. Also, was not possible to
calculate the CI values for NHCPCPA in both MCF-7 and HeLa cells for the same reason
explained above (neither CPA aqueous solution nor NHCPA reached a viability of 50%).
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4. CONCLUSION

The results obtained in this work, indicate the development of Au, Ag and Pt
nanoparticles via in situ synthesis into Laponite/SPA hydrogels, where the formation and
stability of these NPswas followed by UV-Vis spectroscopy. The TEM images confirmed the
formation of spherical Pt and Ag NPs, with sizes between 1-2 nm and 2-3 nm, respectively,
which is an interesting size to be applied as a nanocatalyst, since smaller metallic nanoparticles
have a higher surface area. To investigate the application of these materials as heterogeneous
catalysts was used a reaction model based on the reduction of 4-nitrophenol to 4-aminophenol
with NaBH4 as a reducing agent. For this reduction, the materials acted very well as catalysts
and was analyzed the influence of the hydrogel’s amount in the reduction kinetic, getting a
conversion between 80-99% for the best materials between the hydrogels with Au, Ag, and Pt.
Also, in additionto the influence of nanoparticles size over the Kinetic reduction rate, was noted
that the rheological properties of hydrogels also influence the apparent constant of reduction,
decreasing the catalytic activity with the increase in the rigidity of hydrogels (i. e., |kapp With
tstorage modulus — G’). Finally, was evaluated the effect of a higher temperature on the
synthesis of the hydrogels (synthesis at 40 °C), but despite they have been formed in a shorter
time than the materials synthesized at 25 °C, there was a decrease in the catalytic activity of the
best materials.

As drug delivery systems in the nanoscale, the Laponite-based nanohydrogels were
synthesized within the size range adequate for drug delivery applications (60-190 nm).
Nanohydrogels with combinations of two anticancer drugs co-encapsulated (combinations
between Cisplatin, CP + 5-Fluorouracil, 5-FU; and Cisplatin, CP + Cyclophosphamide, CPA)
were synthesized with varied ratios and applied against MCF-7 and HeLa cells to verify the
effect of different molar ratios between anticancer drugs. When applied in MCF-7 cancer cells,
two of the three proportions (NHFUCP1and NHFUCP2, with molar ratio of, respectively, 46:1
and 11.5:1 for 5-FU:CP) resulted in a synergistic effect with CI1<0.9, while the third
combination resulted in antagonistic effect (NHFUCP3, 3:1 for 5-FU:CP). For combinations
between CP+CPA (NHCPCPA), all nanohydrogels when applied in MCF-7 cells resulted in a
lower 1Csp value than the nanohydrogel with single drug, which means an increase in the
cytotoxic effect when mixed those two drugs. The results were interesting since indicates the

influence of the ratios between the drugs co-encapsulated against the cell viability.
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The results obtained showed the incredible versatility of Laponite-based materials for
applications from catalysis as support material to metallic nanocatalysts, to drug delivery as

nanohydrogels acting as nanocarriers.
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