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Abstract

We investigated the combinatorial cytotoxic actions of the chemotherapeutic drug (sorafenib tosylate, ST), in synet
y-radiation, orhuman hepatocellular carcinoma (HepG2) cells. The novel radiosensitizer, hexagonal gold nanopartic
was prepared and utilized to enhance the radiobiological response of HepG2 cells-designed nanoporous
alginate/calcium carbonate hybrid (A-CaCQ) was prepared as a biocompatible/biodegradable nanocarrier-delivery
of the hydrophobic drug (ST) and the hydrophilic radiosensitizer (HG) to the cancer cells. Incubation of HepG2 cell
prepared nanoprobes followed by irradiation wiifferent doses (0, 3 or 6 Gy) gfradiation resulted in a significa
reduction of the cells viability as a result of the synergistic (cl-radiation) cytotoxic actions.
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1. Introduction

Nanotechnology provides several methods
physical encapsulation of hydrophilic and
hydrophobic drugs in biocompatible polymers in n
conditions [1].Nanocapsules made of nat
polymers such as alginates and chitosan can enl
the biocompatibily and blood pharmacokinetics
the loaded drug, while reduce its s
effects[2,3].Polymeric nanoparticles, especially tr
made of natural polymers such as alginates,
promising platforms for formulating combinati
cancer therapeutic models [4]. /pecial interest in
the pharmaceutical industry has been given
alginates because of its excellent biodegradab
biocompatibility, nontoxicity, chelating ability, ar
relatively low cost. Alginates are anionic hydroph
polysaccharide mostly used rfoproduction of
biocompatible/biodegradable delivery systems
cancer drugs.Alginate nanoparticles are ust
obtained by inducing the crosslinking of an algir

solution with calcium chloride. When sodit
alginate solution is added into a solutioncalcium
ions, the calcium ions displace the sodium ions ir
alginate polymer [5].Alginate is a biosynthesi:
natural polymer derived from two main sourc
marine plants and bacteria [6]. The chemical
physiological properties of alginates have I
intensively studied [7]. The chemical structure
alginate polymer allows for several modificatic
with an excellent impact on their drug rele
behavior compared with unmodified alginate.
instance, alginates that are rich -guluronate form
strong but brittle gels, whereas alginates rich -
mannuronate are more flexible [8]. Sorafenib tosy
(ST)a tyrosine kinase antagonist is one of the 1
efficient antineoplastic for treatment of advan
hepatocellular  carcinoma[9].However, the |
bioawailability, hepatic first path and cell resistivi
are the main challenges towards achieving |
potency of ST in the clinical therapy [10].
address such issues, many approaches have
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developed such as incorporation of ST in from shrimp shells, and sorafenib tosylate, ST (§9%
nanoparticles made of biodegradable were products of Sigma (Merck),
polymers[11,12]. In the other side, radiation tipgra  Germany.Chitosan(CS) was refined by dissolving in
has been one of the most potent modalities for 0.1% acetic acid followed byfiltration
treatment of malignant solid tumors[13].The major andreprepcipitation by droping of 20N aqueous
challenge towards optimized potency of radiation sodium hydroxide [24].D-(+)-Glucono-1,5-lactone
therapy is focusing the radiation dose to the was a product of Alfa Aesar (CAS 90-80-2).Other
malignant tissues with minimal damage to the normal reagents and solvents were of analytical graddi-Mil
tissues in the surrounds[14,15]. One way to elevateQ water was used for the preparation of the final
the radiobiological response of the cancer celthés formulations, otherwise deionized water was
use of radiosensitizers.Radiosensitization effesta used.Sterilized dialysis tubing with molecular weig
from interaction of ionizing radiation with high-Z cut-off (MWCO 3kDa) was purchased from Cellulose
(atomic number) materials resulting in enhancement Dialysis Tubing, Fisherbrand, USA.AIl glassware and
of Auger electron emission[16]. The low energy and magnetic stir bars used in the syntheses were
short effective zone of Auger electrons lead to thoroughly cleaned in aqua regia rinsed in digtille
deposition of energy around the nanoparticles water, and then oven-dried prior to use.

localized at the tumor sites [17]. Radiosensitizers 2.2. Methods

such as gold nanoparticles, improve the response of Transmission electron microscope (TEM) images
hypoxic tumor cells to the ionizing radiation evan were recorded on a JEM-2100, Jeol electron
low radiation doses [18].This is mainly attributtd microscope. The hydrodynamic mean diameter and
their strong photoelectric absorption coefficient size distribution of the prepared gold and polymeri
[19].Gold nanoshapes are biocompatible, apparently nanoparticles were determined, after samples
non-toxic and mainly cleared from the body through dilution, by Dynamic Light Scattering (DLS)
the kidneys [20].Chemotherapy is usually instrument (PSS, Santa Barbara, CA, USA), using the
recommended as an adjuvant treatment in 632 nm line of a He-Ne laser as the incident light
combination  with  radiotherapy[21,22].However, with angel 90° and zeta potential with externaleding
synergistic cytotoxic effects of the combined 18.90. Optical extinction spectra were recorded at
therapeutics are essential when a dual treatmentroom temperature using a computerized Cary 300
model is designed[23]. Tailor-made polymeric spectrophotometer, Agilent Technologies, over a
nanoparticles are advantageous platforms spectral range between 400 and 1000 nm and a
forproduction of synergetis dual modalities.In this spectral resolution of 2 nm. Differential scanning
work, we investigated combination of the calorimeteric (DSC) analysis were carried out on
chemotherapeutic drug (sorafenib tosylate, ST) in DSC131 evo (SETARAM Inc., France), Central
synergism with gold-sensitizedradiation therapy. In  Laboratories Network, National Research Centre
this study, nanoporous alginate/CaCO3 hybrid was (NRC), Egypt. The instrument was calibrated using
proposed as a nanocarrier aiming to enhance thethe standards (Mercury, Indium, Tin, Lead, Zinc and
bioavailability and release profile of the hydroplm Aluminum). The test was programed including the
ST.Additionally, nanoporous alginate/CaCO3 hybrid heating zone from 25°C to 400°C with a heating rate
has hydrophilic sites wherethe hydrophilic novel 10 °C/ min. The samples were weighed in aluminum
radiosensitizer (gold hexagonal nanoparticles)lman  crucible 120 puL and introduced to the DSC. The
co-encapsulated. The proposed combinatorial modelthermogram results were processed using (CALISTO
(HG-ST-ALG in synergism withy-radiation) is Data processing software v.149). Gold analysis was
promising for effective and minimally invasive carried out using a double beam flame atomic

treatment of HepG2 cells. absorption, Agilent 240FS equipped with cross flow
2. Materialsand M ethods nebulizer.
2.1. Materials 23. Preparation of hexagonal gold
Sodium alginate was a product of PanReac nanoparticles (HG)

AppliChem, Italy. Chloroauric acid (HAuCI4.4H20, A solution of 1% concentration of D-(+)-Glucono-

99.99%), chitosan (CAS 9012-76-4) low viscosity 1,5-lactone was prepared by dissolving in Milli-Q
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ultrapure water 18.2 B.cm at 25 °C. Chitosan was assess the optimized conditions (concentrations and
dissolved in lactone solution to givea final temperature)aiming at preparation of monodispersed
chitosanconcentration of (0.05%, w/v).After passage nanoparticles featured withhigh drug payload.

through 0.22 pM pore size filtermembrane, the 25. Estimation of drug content and
chitosan solution was brought to boiling. Aqueous encapsulation efficiency

solution of HAuCI4.3H20 (200 pL, 49 mg/ml) was During the synthesis procedures of the gold and/or
added to the boiling solution. The ruby red color ST containing alginate nanoparticles, acetone
characteristic for gold nanoparticles was observed supernatantswere collected and analyzed for the
after 10 minutes. After cooling to room temperature unloaded (free) amounts of HG and/orST. Thus, the
gold hexagonal nanoparticles were separated byloaded amounts of HG and ST can be calculated by

centrifugation (13,000 rpm, 4°C). Purification was
carried out thrice by sonication in pure water
followed by centrifugation. The solidwas redispérse
in ultrapure water and stored in dark at 4 °C till
characterization. The characteristic plasmonic p#ak
HGcolloid at [max = 536 nm showed no shift or
broadening after storage at these conditions figr o
month. This stability is mainly attributed to laoto
and chitosan coats on the surface of the particles.

2.4. Preparation of alginate nanoparticles

In this work, we provide a facile method for
synthesis of gold hexagonal nanoparticles (HG).
Firstly, sodium alginate was purified by dissolviing
DW, passage through a filter (0.45 pL) and finally
dropping acetone till a white precipitate is formed
[25]. The solid was dried at room temperature under

reduced pressure. Accurately weighed 60 mg of the

purified alginate was dissolved in 10 ml of DW &t 3

°C. Afterwards, 7 ml of aqueous calcium chloride
solution (0.02 M) was added and the mixture was
stirred for 30 min. A previously prepared aqueous

abstracting the unloaded amounts from the total
added amounts of each species. Concentration df gol
in the supernatant was determined using atomic
absorption spectroscopy as previouslydescribe [18].
Concentration of ST was determined via
spectroscopic  method by  monitoring  the
characteristic absorption of sorafenib tosylatein
organic solvents at 264 nm [26]. Drug loading
(mg/g) and percent encapsulation efficiency (% EE)
were calculated according to equations 1-2, where
(Cs) is the concentration of HG or ST in the
supernatant and the total concentration of each
species (Ct).
Drug Loading (mg/g)= (Ct-Cs)/(Weight of the

NPs powder) [1]

Encapsulation Efficirncy (%)=(C&s)/Ct x 100

(2]

2.6. In-vitrorelease profile of ST
The release profiles of sorafenib tosylate (ST)

solution of sodium carbonate (7 ml, 0.02 M) wasithe from the nanoparticles werestudied as follows:10 mg
added followed by stirring for 3 h. The solid was of the lyophilized powder was dispersed in 4 ml of
separated by centrifugation (3500 rpm, 10 min). The PBS (pH 7.4) and put in dialysis tubing (MWCO 3

white solid was washed twice with DW. The KDa). The bag was immersed in 20 ml of dialysate
microparticles suspension was freeze-dried and the(phosphate-buffered saline, PBS, pH 7.4) under air

lyophilized powder was stored at 4 °C for
characterization. For drug loading,acetone solutibn
ST (2 mg in 2 ml) was added to 10 mg of the
lyophilized alginate powder and the mixture was
stirred for 12 h to evaporate the organic solver.T
solid was washed with 20% aqueous solution of
tween 20 before washing twice with DW. Finally, the
colloid was subjected to freeze-drying and stored i
dark at 4° C. For loading of HG, acetone solutién o
lyophilized HG (100 pg in 1 ml) was added followed
by the same procedure for separation and
purification. For loading of both ST and HG, aceton
solution containing 2 mg of ST and 100 pg of HG
was used.Preliminary studies were carried out to

bath thermostat (37 £ 0.5 °C, 180 rpm). At sucaessi
time intervals (1 - 72 h), exactly 1 ml of the ¢isdte
was taken out and replaced with 1 ml of fresh PBS.
The dialysate aliquotswere analyzed for ST
concentration by monitoring the decrease in the
absorption of sorafenib tosylatein aqueous meditim a
265 nm, as previously described [27].For deternginin
the released amount of HG, the dialysatewas
analyzed for gold concentration by digestion in
preheated nitric acid followed by atomic absorption
method. The same experiments were repeated while
the dialysate solution is (phosphate-buffered salin
PBS, pH 5.2).
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2.7. Céell viability assay hepatocellular carcinoma (HepG2) cells. For this

Liver cancer cells (HepG2) were obtained from purpose, hexagonal gold nanoparticles were prepared
American Type Culture Collection and were cultured and used as a novel radiosensitizer to enhance the
at 37°C in RPMI-1640 medium supplemented with radiobiological response of HepG2 cells.Nanoporous
10% fetal bovine serum (FBS), L-glutamine (200 alginate/CaCO3hybrid was prepared as a
mM), penicillin (100 U/ml), streptomycin (100 biocompatible/biodegradable nanocarrier for physica
pug/ml), and HEPES buffer (1M) (All from Biowest, encapsulation of the hydrophilic hexagonal gold
Nuaillé, France). When reaching confluence, nanoparticles (HG) and the hydrophobic drug (ST).
monolayer cells were rinsed with phosphate buffered The proposed combination regimen was designed to
slaine (PBS) and harvested by trypsin/EDTA target key pathways in a characteristically syrstigi
(Biowest) treatment. After treatment of cells witte or an additive manner.
formulations containg different concentration of HG 3.1. Hexagonal gold nanoparticles
and ST and incubation for 48 h at 37°C, the plates Size, shape and coating of the gold nanoparticles
were examined under the inverted microscope anddetermine their ability of cellular internalizati@nd

proceeded for the MTT assay [28]. radiosensitization efficacy [18,30].In the present
study, a facile procedure for synthesis of gold
2.8. Cellsirradiation hexagonal nanocrystals (HG) is described. The

After incubation of the cellswith different radiosensitization effect of HG was used. Chitosan
formulations for 48 h, the media was replaced with was used to reduce Au3+ ions to atomic gold, where
fresh media and the cells were irradiated with D-(+)-glucono-1,5-lactone was used to dissolve
different radiation doses (3and 6 Gy)by cesium- chitosan polymer instead of acetic acid. This led t
137source and incubated at 37 °C for 24 h. The formation of lactone-capped hexagonal nanocrystals
source-to-cell surfaces distance was adjusted @t 10 (HG). The ruby-red color of colloidal gold (Fig. YA
cm for the irradiated culture plates at a radiafield is characteristic for the excitation of surface
size of 15x15 cm2. Twenty four hours post plasmonic resonance of HG.Extinction spectra of
irradiation, cell viability was assessed by incirgt aqueous lactone-capped HG colloid showed an
the cells for 2 h with a medium containing neutesl extinction spectrum at 536 nm (Figs. 1B,C). Low
solution. After replacing the media several tintag, magnification TEM images (Fig. 1B) showed
dye in each well was extracted and the absorbance ahexagonal gold nanocrystals of average diameter of
a wavelength of 570 nm was read using a plate reade about 28 nm, while high magnification TEM images
(Victor 3V-1420, Finland).Sensitization enhancement of HG (Fig. 1C) showed high degree of crystallinity
ratio (SERs) of various treatment groups was As predicted from dynamic light scattering (DLS)
calculated and compared using HepG2 cells. (SERs)measurements, the particles have a mean
were calculated by dividing the surviving fractioh hydrodynamic radius of 34.2+4.5 nm indicating the
the irradiated cells in the absence of goldon the presence of thin layer coat of about 6 nm (Table
surviving fraction in presence ofgold for each doe  1).According to Zeta potential measurements, HG

radiation according to standard protocols [29]. NPs have a negative surface charge of -14.62 mV
(Table 1) and this suggests the lactone cappingp@®n
2.9. Statistical analysis surface of the gold hexagons. We likely ascribe the

All experiments were repeated three times (n = 3) formation of hexagonal nanocrystals to therelagivel
and differences in the data were evaluated with oneslow growth of gold crystals in the viscous lactone
way ANOVA test. The data are given as a mean = medium. Apparently, lactone capping instead of
standard deviation (SD)at statistically significant chitosan capping contribute to the formation of the

values (P < 0.05). hexagonal-shaped nanocrystals. Generally, the
proposed surfactant-free procedure for preparatfon
3. Resultsand Discussion HG ismore favored than the surfactant-based method

In this work, we investigated the synergistic [31] and more facile than other previously desatibe
cytotoxic actions of the chemotherapeutic (ST), procedures [13,32].
combined with gold-sensitizedradiation, on human
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Alginate hybrid is capable for loading different
therapeutics regardless of their surface charge and
hydrophilicty [33, 34]. Nanoporous alginate/CaCO3
hybrid platform is significant in that the hydropdi
anionic alginate sites can be loaded with the
hydrophilic gold hexagons, while the nanosized
porous can be loaded with the hydrophobic drug
(ST). Divalent cations like Ca2+can induce inteioha
association with G units of the alginate polymer
forming junction zones (Fig. 3). After addition of
Na2CO3, carbonate anions tend to deprive the
coordinated calcium cations as CaCO3, while the
polymer chains prevent the precipitation of CaCO3.
Thus, Ca2+ rich sites will be condensed in the ofre
the nanoparticle with formation of nanosized pores,
whereas Ca2+ deficient sites will be enlarged e si
due to repulsion between the anionic carboxylate
groups (Fig. 3). In a previous work [35], the
hydrophobic drug PTX was loaded in alginate
hybridfollowed by loading of the hydrophilic drug
(DOX) and thus low amounts of DOX could be
loaded because some nanoporous have been occupied
by PTX. However, in this work, we aimed to achieve
a simultaneous loading of the hydrophobic drug and
Fig. 1. Extinction spectra of aqueous HG colloid,(AEM image the hydrgphll|c dr,UQ to aVO'O,' low 'Oad'”9 of the
of hexagonal gold nanoparticles (B), high magntfama TEM hydrophilic drug in the previously described two
images of HG (C), Inset, electron diffractogrant@ NPs. steps loading process (Fig. 3)[35]. In this worle w
proposed a one step procedure for production of the
hydrophilic HG and the hydrophobic ST loaded
alginate hybrid nanoparticles suitable as a
combinatorial (chemo-radio) model for treatment of
HepG2 cells. The physicochemical properties of the
prepared nanoprobes were studied by TEM, DLS,
Zeta-potential analyzer and DSC. TEM images (for

A 536 nm

Absorbance, a.u.

3 40 500 E00 70 BO0 80
Warelength, nm

3.2.Alginate/CaCOgpolyelectrolyte nanoparticles

This study aims to investigate the cytotoxic
actions of gold hexagons-sensitized radiation in
synergism with sorafenib tosylateagainst human
hepatoma HepG2 cells. The key parameter in such
combinatorial model is the choice of a nanocarrier

capable for incorporating and co-delivery of bdia t example, Fig. 4) showed spherical nanoparticlel wit
hydrophobic  drug (sorafenib tosylate) and the meanpdi:almgter) of 230 2%5 290 and p295 nm for
hydrophilic  radiosensitizer  (hexagonal gold empty ALG ST—ALG’ HG,-ALG and HG-ST-

nanoparticles). Al_ginqte has a linear polys_acclmrid ALGNPs, respectively. The high magnification TEM
structure comprising linear blocks of & 4)-linked image (Fig. 4 inset) shows porous structure of the

B-d-mannuronic acid (M) and-I-guluronic acid (G) : }
monomers [6-8]. This copolymer comprises three E;i%%raegide?brld and  hexagon-shaped  gold

forms of polymer segments: consecutive G residues,
consecutive M residues, and alternating MG residues
(Fig 2). Therefore, alginate copolymer consists of
different compositions, sequence, and variable
molecular weights according to its source.

NaOO NdOOC
x o

N.xooc 0

M-Block O

G Block Fig. 4. TEM images of HG-ST-ALG NPs, sample wasgethafter
staining with phosphotungstic acid for better vimaion of the
polymeric nanoparticles. (inset: high magnificatiomithout
staining)

Fig. 2. Molecular structure of sodium alginate [8]
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Ca Partialy Crosslinked Alginate Nanoporpous Alginate/CaCO, Hybrid

5 Outer Surface

o e oy e | H, e,

Sites for
H OH  ahydrophilic
species e.g. HG

Ca difficient
domains
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) : \ i kY . Nanosized
Sites for ~ POTeS
a hydrophobic
drug e.g. ST

Fig. 3. Formation of nanoporous alginate/Ca@®brid with hydrophilic enlarged outer layer wittater access suitable for loading of
hydrophilic drug e.g. HG; and condensed calciuth domains with calcium carbonate nanosized poristdel for loading of a hydrophobic
drug e.g. sorafenib (A diagram modified from refere 35).

beforein-vitro studies. The amounts of ST and HG
loaded in the nanoparticles were analyzed by a
spectroscopic method and atomic absorption
spectroscopy, respectively. Drug loading conteiat an

Dynamic light scattering (DLS)
measurements of the prepared polyelectrolyte
nanoparticles showed average hydrodynamic

diameters of 345.4+ 4.2, 366.1 £3.2, 39009 £ 28 a  gncapsulation efficiency of the prepared nanoprobes
405.8 + 6.2 nm, for empty ALG, ST-ALG, HG-ALG 416 compiled in Table 2. In the current wok, the

and HG-ST-ALGNPS, respectively (Flg 5) The hydrophobic drug (ST) and the hydrophlllc

hydrodynamic diameters of all prepared samples, (5giosensitizer (HG) were homogeneously dispersed
measured by DLS of the aqueous colloid, are i, acetone and simultaneously loaded in hybrid
significantly higher than the mean diameter obsgérve alginate/CaCQ@ Therefore, the loading amounts of

of the solid particles by TEM. This is mainly g1 i ST-ALG and HG-ST-ALGare comparable. In
attributed to high diffusion of water to the outer 4o other side the hybrid  alginate/CaCO
hydrophilic layer of the hybrid. All nanoparticles panoparticles showed moderate loading capacity for
showed a narrow size distribution (polydispersity ot ST and HG. DSC measurements is an important
index < 0.3) and negative zeta potential (Table 1). {,5in drug delivery systems to inspect the natfre
The prepared nanoparticles are nearly monodispersedy,o encapsulated drug (amorphous or crystallind) an
nanoparticles (PDk 0.3) (Fig. 5 and Table 1) and e possible physicochemical interactions between
characterized  with  high ~drug loading and e grug and the recipients used for design of the
encapsulation efficiency (Tables 2). Nanoparticles ¢, mulations [36, 37].DSC measurements of pure ST
are physically stablg, .d.ue to the neg:.;mve. surface (A), sodium alginate polymer (B), lyophilized empty
charges, and no significant changes in size, zetap g NPs (C) and HG-ST-ALG NPs (D) were carried
potential, or drug content was observed for one g from room temperature to 400 °C (Fig. 6). The
month. Stability of the prepared nanoformulations pge thermogram of pure ST showed a sharp melting

was further proved by observing no changes in the o qotherm band at 241.2 °C (Fig. 6A) coincides with
extinction spectra of ST and HG in all formulations reported for sorafenib tosylate (240-243 °C)

Egypt. J. Chen65 No. 5 (2022)



ALGINATE/CACO;HYBRID LOADED WITH SORAFENIBTOSYLATE AND GOLD HEXAGONSA MODEL FOR 729

indicating purity of the drug [36]. The DSC thermag of sodium alginate polymer (Fig. 6B) showed an
endothermic peak centered at 88°C and an exothepea& centered at 256 °C corresponding to polymer
dehydration and degradation, respectively [38].e DI8C thermogram of lyophilized empty ALG/Cagi@ybrid
nanoparticles (Fig. 6C) exhibited a sharp endotielrand at 185 °C and a broad exothermic band {260 °C

to 295 °C). The endothermic band is probably aggigo cleavage enthalpies (breakage) of calciurnesgtate
bonds within the calcium rich sites of the compfexming the so called “egg-box” structure [38]. Theoad
exothermic band probably corresponds to degradafiors-linked alginate hybrid. The shift of thisndato
higher temperature, compared to that of alginatgnper, indicates that the cross-linked hybrid isrencesistive

to thermal degradation than the polymer. Lyophdit+¢G-ST-ALG NPs exhibited a DSC thermogram simitar
that of empty ALG NPs (Fig. 6D), except the broadgrof the endothermic peak, probably due to scaticé
defects of alginate matrix due to inclusion of gafdl sorafenib nanoparticles.

40—

2z Empty ALG NPs ] 366 nm ST-ALG NPs

20| 345 nm

3 z
T E
E =
=
200 a0 00 ata 1000 200 400 &0 a0 000
Size (d. nm) Size (d. nm)
40 35
1 HG-ST-ALG MPs

a5 - 390 nm HG-ALG NP 0 405 nm
5 E
E E
= =

T
200 4 DD =lili] 1000

Size (d. nm) Size (d. nm)
Fig. 5. Results of DLS measurements of the prepaaedparticles

Table 1

Data of hydrodynamic diameters and zeta potentililes of HG NPs, blank nanoparticles and drug ddadnoparticles. The data
correspond tothe average of five independent batahé are presented as mean + SD

Formulation Hp + SD (nm) PDI {+SD (mV)
HG NPs 34.2+45 0.211 -1235+24
Empty ALG NPs 3454 +4.2 0.205 -20.1+1.9
ST-ALG NPs 366.1+3.2 0.271 -12.4+0.6
HG-ST NPs 390.9+2.9 0.282 -13.6+0.9
HG-ST-ALG NPs 405.8+6.2 0.296 -145+1.2

Data of H, and zeta potential represent the mean values +18£3. Abbreviations ALG, a alginate/Cag@ybrid nanoparticles, EE,
encapsulation efficiency,d;the average hydrodynamic diameter estimated b8,[IG, Hexagonal gold nanoparticles, PDI, polydrsjig
index, ST, sorafenib tosylate, SD, standard dexiati zeta potential.
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Table 2

Drug loading contents and encapsulation efficienof the drug loaded nanoparticles. The datasmoralto the average of five

independentbatches and are presented as mean + SD

DL (mg/g) +SD

EE (%) * SD

Formulation HG ST HG ST

ST-ALG NPs 59+3 42.6 + 3.6

HG-ALG NPs 714 58.4+ 2.6

HG-ST-ALG NPs 64+5 55+4 47.8+4.2 39.65+3.7
DL (mg/g) + SD EE (%) * SD

Formulation HG ST HG ST

ST-ALG NPs 59+3 42.6 + 3.6

HG-ALG NPs 714 - 58.4+ 2.6 -

HG-ST-ALG NPs 6445 55+4 47.8+4.2 39.65+3.7

Note, Data represent the mean valuesz+ standardatievi (SD), n=3. Abbreviations ALG, alginate/Cag@brid nanopatrticles, DL, drug
loading, EE, encapsulation efficiency, HG, hexadgudd nanoparticles, NPs, nanopatrticles, ST, sen#df tosylat.

A
Exo
B
c
D
I 1 1 1 I 1 |
Q 50 100 150 200 250 300 350 400

Temperature ("C)

Fig. 6. DSC thermograms of ST (A), sodium alginaag/mer (B), empty ALG/CaCéhybrid NPs (C), and HG-ST-ALG NPs (D).

3.3. In-vitro release study

Release profiles of STrevealed a sustainedrelease lhoth ST-ALG and HG-ST-ALG nanoparticles
within the first 72 hours (Fig. 7). For ST releaseneutral media (pH 7.4), the driven mechanismetéase is
drug diffusion. Release of ST from both formulatoim neutral media is slow and shows no burst selea
probably due to the hydrophobicity of ST. A moderatlease of ST is observed in acidic medium witinaum
release of 62.1 % and 50.3 %, from ST-ALG and HGA&RGnanoparticles, respectively (Fig. 7). A similar
release profile was reported for release of therdplibbic drug paclitaxel from alginate/Cag@ybrid

Egypt. J. Chen65 No. 5 (2022)
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nanoparticles (ALG).Compared to release in neutratlium, the released amounts of ST are greatecidtica
medium (pH5.2) from both ST containing formulatiofi$is release behavior is adequate for cancetmtera
due to the well-known acidic extracellular tumorieonment [39,40].It is well known that the acidionditions
accelerate the breaking down of particle structur@ resulting in a fast diffusion of drug from théerior of the
nanoparticles [41].A steady and optimal releas§Dfvas reached after 48 h.

1004 1004
A m pH=7.4 1 B
A pH=52 m pH=74
80 - g 80 - A pH=52
> T
< 6o i a 4 < g0
= : =
0 w0 i
B i 5 % i 2
w w -
d 404 i @ 404
s x 3 4
o i = [] i i o i
A5 . i F i
] 4 [ il
20 204 i A ]
i ¥ ey '
1a® | S . &
1 ——— o+
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Time (h) Time (h)

Fig. 7.In-vitro release profiles of ST from ST-ALG (A) and HG-ST-® (B) in neutral and acidic media.

3.4In-vitro anticancer efficiency 3.4.1. Treatment without external radiation

In this work, the half-maximal inhibitory Cellviabilities obtained after incubation of
concentration (Igy) of sorafenib tosylate (ST) free HepG2 cells with the prepared nanoprobes without
drug on human hepatocarcinoma HepG2 cells of 18.9subsequentexternal radiation represent thepure
pag/ml was estimated from the dose response curve.chemical cytotoxicity of the formulations (Fig.
This value is comparable to the previously reported 8A).The results can be summarized as follows:

value 17.5 pg/ml [42]. Free drug sampleswere « Empty alginate nanoparticles (ALG) showed
prepared by dissolving sorafenib in dimethyl high biocompatibility to HepG2 cells with
sulfoxide (DMSO) and stored as stock solution at - viability percentage more than
20°C. IGgvalues of ST in ST-ALG and HG-ST-ALG 90%.Treatment of HepG2 cells with ST-
were found to be 12.7 and 14.3 pg/ml, respectivély. ALG NPsshowed a significant toxicity on
can be concluded that inclusion of ST in alginate HepG2 cells in a concentration dependent
nanoparticles significantly reduced theJ@®@alues of manner(Fig. 8A) andthis evidences the
ST, compared to the free drug. This evidences the efficient release and cellular internalization
crucial role of the nanocarrier in the cellular of ST nanoparticles. This is in accordance
internalization of the drug.To verify the cytotoxic with the previous reports on the increment in
effects of the proposed model onhuman cell cycle inhibition of cancer drugs when
hepatocarcinoma HepG2 cells, the cells were cuture loaded in polymeric nanoparticles [43].
andincubated with formulations containing different + HG-ALGNPsare nearly non-toxic to HepG2
concentrations of sorafenib tosylate (0-24 pg/ml) cells and about 90% of the cells remain
followed byy-irradiation with selectedradiation doses viable after treatment with the highest gold
(0, 3 and 6Gy) (Fig.8A-C). According to gold concentration. This is mainly ascribed to
analysis, the corresponding gold concentrationsewer biocompatibility of HG nanoparticles at the
found to be in the range of (0 - 25.2 uM).HepG2scel tested concentrations (Fig. 8B) This may be
were incubated with the formulations for 48 h befor attributed to elevated released amounts of
processing MTT assay (Fig. 8A-C). The cell vialilit HG from HG-ALG NPs.

results are summarized in the next two parts.
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HG-ST-ALG NPs are significantly toxic to HepG2

cells and this toxicity increases gradually with
increasing the concentration of both ST and HG in
the nanoparticles (Fig. 8C). It is noteworthy to
mention that the synergistic effects of HG and ®Tar
not observed in this set of experiments where no
external radiation is applied.More than 40 % of
HepG2 cells could survive even at the highest
concentrations of both ST and HG.

3.4.2. Treatment with external radiation

To verify the cytotoxic effects of the
combinatorial (chemo-radio) model, HepG2 cells
were incubated with the prepared formulations at th
same previously tested concentrationsof HG and/or
ST followed byy-radiation (3 and 6 Gy) using Cs-
137 source. The results of cell viability assayare
illustrated in Figs. 8B,C. It can be concluded that
Incubation of HepG2 cells with empty ALG
NPs followed by irradiation with 3 and 6 Gy
showed moderate cytotoxicity and more
than 60% of the cells remain viable. Since
ALG NPs are nearly non-toxic to HepG2
cells in absence of external radiation (Fig.
8A), this cytoxicity is mainly attributed to
the radiobiological actions on HepG2 cells
and generation of reactive oxygen species
[20].

Incubation of HepG2 cells with gold
containing nanoparticles (HG-ALG or HG-
ST-ALG) followed by y-radiation (3 or 6
Gy) results in a significant reduction of the
cell viability compared to irradiation without
prior incubation with gold formulations.
This effect increases with increasing of the
concentration of the gold radiosensitizer.
This evidences that gold hexagonal
nanoparticles efficiently enhances the
radiobiological response of HepG2 cells
(Figs. 8B,C).

Incubation of HepG2 cells with ST-ALG
NPs followed by radiation doses of 3 or 6
Gy resulted in cytotoxicities higher than the
correspondingvalues obtained for each
individual treatment (Fig. 8). These results,
together with the markedly increased
cytotoxicity observed with increasing
STconcentration, confirms the synergistic

cytotoxic actions of ST and the non-
sensitized ionizing radiation on HepG2 cells.
Incubation of HepG2 cells with gold-
sensitized combined treatment model (HG-
ST-ALG+ radiation doses of 3 or 6 Gy)
resulted in the highest cytotoxicity values
among all other modalities (Fig 8). This
confirms  both the radiosensitization
enhancement effects of HG and the
synergetic cell killing actions of ST and the
gold sensitized radiotherapy. The
cytotoxicity of this model increases with
increasing the molar concentration of both
ST and HG.

Generally, it can be concluded that both the
hydrophilic radiosensitizer (HG) and the
hydrophobic chemotherapeutic (sorafenib
tosylate) could be efficiently released from the
hybrid nanoporous alginate/Cag@nd can be
efficiently internalized into HepG2 cells
resulting in significant and synergistic cytotoxic
effects.  Eventually, the  gold-sensitized
combinatorial model (HG-ST-ALG + radiation
dose of 6 Gy) effeciently reduces the cell
viability of HepG2 cells to less than 15%.

Conclusions and futur e outlook

Nanoporous ALG-CaC® hybrid matrix was
prepared and utilizedas a biocompatible platform fo
simultaneous encapsulationof the hydrophobic drug,
sorafenib tosylate, and the hydrophilic
radiosensitizer, hexagonal gold nanoparticles. A
simple method was proposed for preparation of
monodispersed stable nanoparticles featured with
high payload and sustained drug release prbfile.
vitro studies on HepG2 cells demonstrated that
hexagonal gold nanoparticles can significantly
enhance the radiobiological response of HpG2 cells
to low doses of-radiation. Sorafenib-loaded alginate
nanoparticles exhibited moderate cytotoxicity
indicating the good release of ST from the
nanoparticles. Treatment of HepG2 cells with
theproposed combinatorial model (HG-ST-ALG +
irradiation with 6 Gy) exhibited high toxicity and
much higher than each individual treatment model.
This evidences that the proposed design is sigmific

in that it provides synergistic and combinatorial
effects of two therapeutic modalities that areed#ht
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in their mechanisms of action. These promisingitro results suggest the prepared combinatorial model fo
furtherin-vivo studies.
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