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1. Background and Introduction

Cancer is one of the most important serious health issues and is the second common
factor associated with death worldwide. However, pathogenesis of cancer is diverse and
most of the time is associated with physicochemical and biological occurrence. In
cancer there is a series of abnormal mutations in the genetic code which leads to
uncontrolled cell growth. Therefore, the function of the cells are hampered, and
abnormalities are noted (Saha et al., 2016). In case of cancer prognosis, the proto-
oncogenes are held responsible for cell division and growth under normal condition
though in some special occasions during the mutation phase these oncogenes mutate

abnormally and becomes dangerous.

Although there are hundreds of cancer type and all are different in each other in all
aspect including pathogenesis involved, prognosis, treatment strategies, life expectancy
and many more, however regular screening, high risk patient with significant family
history, early diagnosis have improved the patient prognosis and health outcome (jang
et., 2003). It is evident that almost 80% of the cancers are solid tumours which can be
surgically removed, prior to which chemotherapy and radiotherapy is the main choice
of treatment for the reduction in tumour size and association of other organs at the
tumour site (Jang et al., 2003). Moreover other treatment strategy includes
immunotherapy/immunosuppression, gene and hormonal therapy, transplantation etc.
(Leach, 1999). Chemotherapy predominates significantly owing to its lower adverse
effect compared to other means of treatment however, there are several obstacles
associated to killing of all the cancer cells and difficult to manage when the cells are
metastasized to other organs of importance. There are several reasons that contribute
to the failure of the chemotherapy in cancer treatment. The notable parameters
including selectivity of inappropriate drugs/cycles, multi drug resistance, heterogenous
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biological factors for cancer etc. Moreover, there are many other parameters associated
with the drug itself including poor solubility at physiological pH, targeting of the drug
to the site etc. Because of these factors, the present treatment strategy requires high
dosage which can exhibit multitude of adverse events including nausea and vomiting,
pain in muscle, hair loss, headaches, diarrhoea, appetite loss, throat scores, etc. resulting
in lower patient compliance (Minchinton, and Tannock, 2006). Further most of the
anticancer drugs are insoluble or have lower solubility in aqueous medium therefore
for solubilization of the drug, various toxic chemical substances are in use which often
exhibits several adverse events hence increase the morbidity and mortality rate (Feng,

and Chien, 2003; Torchilin, 2004).

The major concern persists with the conventional chemotherapy related to the
pharmacological and physicochemical properties of the drug molecule. Anticancer
drugs delivered directly do not have the best therapeutic efficacy owing to several
problems, including low absorption, enzymatic degradation, adverse drug reactions due
to high dosage, and systemic toxicity due to local accumulation [Saha et al., 2016].
Further higher dosage of a drug is required in case of short plasma half-life which
further leads to nonspecific toxicities to the proliferating cells. Therefore, it is of prior
importance to choose an efficient and safe delivery system of anticancer drug.
Therefore, nanoparticle mediated drug delivery is an important choice as it allows a
controlled release of the moiety to the target site thereby reduced accumulation of drugs
in the body that results in reduced toxic side effects and dosage frequency. When
compared to typical bare pharmaceuticals, the employment of suitable nanoparticles
(e.g., biocompatible and biodegradable) in drug delivery applications is a significant
topic because of their small size, enhanced solubility which is expected to display

maximal performance. Nano drug delivery is one of the most challenging approaches



towards the treatment of many diseases including cancer that helps to overcome several
conventional drug delivery related drawbacks. As a result, in recent years, several
nanoparticles, including as polymeric, liposomes, metal oxide, composites, and
ceramics, have been extensively explored for the above-mentioned use (Hassan et al.,

2020).

As the nanoparticle-based drug delivery is gaining popularity among the formulation
scientists, both small and large drug molecules are under investigation for the treatment
of cancer which has a significant potential to revolutionize the landscape of

biopharmaceutical field.

In this regard, layered double hydroxide (LDHSs), a type of ceramic material (anion
exchanger clay substance), has long been utilised as a catalyst, ceramic precursor, and
additive for polymers, among other things. Although the nanoscale production of
materials has opened up a new arena in the field of drug/gene delivery with applications
in nanomedicine (Choy et al., 2007). Moreover, their intrinsic extraordinary features
including pH dependant degradability, high swelling propery, ease of surface
functionization, tailor made anion exchange capacity and chemical inertness, it can be
used as an excellent carrier of drug/biomolecule, genes, small interfering RNA
(siRNA)/ other small molecules and thereby the controlled release property of the
material makes it a suitable alternative to polymeric nanoparticle in the field of drug

delivery (Kriven et al., 2004; Choi et al., 2009).
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Scheme 1 lon exchange allows the molecule to be inserted into the

interlayer/interlamellar space of the bilayer via cationic layers of LDH (Saha et al.,

Appl. Clay Sci. 2016)

An anionic layered mineral (LDH) is composed of charge-balancing hydrated gallery
anions and charged metal hydroxide layers. [M"1x M""'y(OH)2]*[A™xn]*yH20, in which
M'' denotes bivalent metal ions such as Mg, Ca, Zn, Ni, Cu, Co, and M"' denotes
trivalent metal ions such as Al, Cr, Fe, Ga, and so on. The ions are able to occupy
octahedral core of brucite layers, e.g., M"-O- M"'-OH, that forms positive layers which
exhibits strong interaction between the layers and the electro neutrality of the structure
is maintained by the presence of hydrated exchangeable anions. COs?", NOs -, CI, SO4*
etc (Scheme 1), and x= molar ratio of M"/ (M"+M""") comes within the range of 0.25 -
0.33, yields LDH structure (either 2:1 or a 3:1) respectively. Moreover, function of the
anion is denoted by y and the x/n term achieves charge neutrality throughout the LDH

structure (Chakraborty et al., 2013).

Herein, Lung carcinoma is a malignant lung tumour marked by uncontrollable cell
proliferation in the lungs. By metastasizing into neighbouring tissue or other sections
of the body, this abnormal tissue growth might expand beyond the lung (Cooper GM et
al., 2000). Coughing (including coughing up blood), shortness of breath, normal weight

loss, and chest pains are the most prevalent symptoms of lung cancer (Cooper GM et



al., 2000). Although various therapeutic options for lung cancer exist, such as surgery,
radiation therapy, chemotherapy, targeted therapy, and immunotherapy, the majority of
them lack specificity and hence fail (Maeda et al., 2018). Though the side effects
associated with the drug including schedule dependency and poor stability and less
bioavailability often restricts it to exert the desired therapeutic action which leads to
treatment failure. To overcome these drawbacks an attempt has been made to develop
a novel (CaAl based) nanoceramic layered double hydroxide based extended-release
drug delivery formulation encapsulating anticancer drug etoposide for the treatment of

lung carcinoma.



2. Aims & Objectives of the present study

Etoposide been widely used as single or in combination as a first line drug in the
treatment of lung cancer, though the side effects associated with the drug including
schedule dependency and poor stability and less bioavailability often restricts it to exert
the desired therapeutic action. To overcome these drawbacks an attempt has been made
to develop a novel nanosized layered double hydroxide ceramic based extended-release
drug delivery formulation encapsulating anticancer drug etoposide for the treatment of

lung carcinoma.

2.1. The specific objective of the present study includes

1. The first objective was to synthesize a novel ceramic based CaAl-layered
double hydroxides nanocarrier at varying pH condition and optimization of the
same by different sophisticated analytical technique with extensive
characterization (XRD, FTIR, FESEM, TEM, particle size, ion chromatography
for carbonate estimation, in vitro cytotoxicity).

2. Second objective was to evaluate the anticancer potential of the synthesized
nanocarriers at varying pH condition in colon cancer (HCT116), breast cancer
(MCF7) and normal human osteoblast precursor (MC3T3) cell line. The
motivation was to assess the optimized nanocarrier as a synergistic agent with
the encapsulated drug molecule in cancer therapy.

3. The third objective was to encapsulate the drug etoposide in the optimized
CaAl-LDH nanocarrier, extensive characterization followed by evaluating the
synergistic anticancer potential of the nanoconjugate in lung cancer by cellular
internalization of the nanoconjugate in the non-small cell lung carcinoma

(A549) cell line.



The working hypothesis is that the etoposide encapsulated CaAl-LDH ceramic
nanoparticles/nanohybrid formulation could have the potential anticancer property
with reduced side effects and protects the healthy or normal tissues from the

harmful toxicity of the bare drug.



3. Experimental Procedures

3.1 Synthesis of pristine bare CaAl-LDH at three pH conditions

CaAl-LDHs were effectively synthesized at varying pH condition 8.5, 10.5 and
12.5. Herein, 32 mmol of [Ca (NOz3)2.4H20] and 16 mmol of [Al (NO3)3.9H20] in
250 ml of decarbonated water (18.2 M) and stirring continuously under a nitrogen
gas stream (XL grade, 99.99 percent pure). To obtain a white gelatinous suspension,
by dropwise addition of the pH of the resulting mixed metal solution was M NaOH,
the pH was adjusted to 8.5, 10.5 and 12.5 respectively. Sample A was the end
product (LDH powder) obtained at pH 8.5, sample B obtained at pH 10.5 and
sample C obtained at pH 12.5 respectively. CaAl-LDHs were manufactured using
the same process as before, but at pH values ranging from 8 to 13, with (pH 8.5,

10.5, and 12.5) serving as representative instances.

Extensive physicochemical characterizations (Powder X-ray diffraction (PXRD) of
all the samples (A, B and C), Fourier transform infrared (FTIR), particle size and
morphology, Assessment of trace level carbonate ion (ppm) in all the samples
including purged water, In vitro dissolution study of Ca?* ion in simulated body
fluid (SBF), In vitro anticancer activity of the samples A, B and C) were undertaken

for all the samples

3.2 Synthesis of the etoposide (ETO) loaded CaAl-LDH nanoparticle (sample

B) by anion exchange technique

Etoposide (ETO) loaded CaAl-LDH nanoparticle Sample B was made using a basic
anion exchange method (Qin et al., 2010). In a nutshell, around 50 mlof 0.1 METO
solution was made by mixing ETO with Millipore water (pH was adjusted to 8 by

dissolving NaOH pellet). Furthermore, under constant nitrogen purging, the ETO
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solution was added to a 100 ml aqueous suspension of 1 g (equal to the equivalent
quantity of nitrate ions) of sample A (CaAl LDH at pH 8.5) and thereafter drop by
drop, 0.01 M NaOH was added until the pH was elevated to 10. The entire synthesis
procedure was carried out while the reaction vessel was agitated for 48 hours. At
82 °C and 10 Pa pressure, the resultant suspension was centrifuged, washed, and

freeze dried. Sample B is the name given to this sample (Qin et al., 2010).

Physicochemical characterizations (Powder X-ray diffraction (PXRD), Fourier
transform infrared (FTIR), particle size and morphology, loading % of ETO, in vitro
release of ETO from sample B, half maximal inhibitory concentration (ICso) of ETO
on A549 (lung adenocarcinoma) cell line, 1Cso of sample B on lung carcinoma cell
line (A549), sample B's time-dependent synergistic activity in comparison to bare
ETO and sample A, Cell proliferation/migration assay invitro using sample B,

cellular internalization, CaMKIIa expressiom, SOD assay) were undertaken.



4. Significant Results and Discussion

4.1. PXRD analysis of CaAl-LDH

The phase pure CaAl-LDH is confirmed by the basal spacing (d002) of 8.66 A, which
corresponds to the (002) peak of CaAl-LDH (JCPDF 01-089-6723). The X'Pert PRO
software was used to validate the phases. Sample B, produced a combined phase
including both pure CaAl-LDH (63%) and CaCOs (aragonite and calcite polymorphs)
(37%) (JCPDF 00-022-0147). While in sample C, the proportion of CaCOs was
increased to 43%, with both aragonite and calcite polymorphs (CaAl-LDH (JCPDF

00001-0628 and 01072-1214 respectively).

® LDH
V Aragonite
® Calcite

Intensity (a.u)

10 20 30 40 50 60
Diffraction angle (260) degree

Figure 1. The XRD pattern of all the samples (A, B and C) exhibits phase pure and

mixed phase containing LDH
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4.2 .Morphological assessments of sample C (pH 12.5)

Figure 2. FESEM pictures of (A) sample C containing a mixture of CaAl-LDH (B)
CaCO:s (C calcite polymorph) and CaCO3z (D aragonite polymorph). (I) EDS (A) of the

respective area, with CaAl-LDH as the dominant phase.

2B, a hexagonal platelet is a typical characteristic of LDH usually (CaAl-LDH), A
rhombohedron crystal at 2C illustrates the development of calcite polymorph, the most
well-known and stable calcium carbonate polymorph. Intriguingly, the presence of the
aragonite polymorph could be established in the same precipitated phase, as illustrated

in 2D, a typical orthorhombic system with a prismatic crystal habit.
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4.3 TEM analysis of sample A (pH 8.5) and sample C (pH 12.5)

5 1/nm

(104)
(008~

. <l
@0 12)

5 I/nm

Figure 3. TEM images of sample A (A), where the arrow indicates hexagonal platelets
(B). Sample C shows the distinctive atomic planes (C) sample C, where the arrow

indicates the existence of calcite polymorph (D) sample C's SAED pattern.

TEM pictures confirm the presence of calcite crystals in sample C, as shown by FESEM
and XRD data. The atomic planes that correspond to the layered clay structure of CaAl-
LDH and CaCOg, as well as the XRD data, has been confirmed by the SAED image

(Figure 3 B,D).

4.4.1n vitro Cell viability study of all the samples (A, B and C)

All three samples (A, B, and C) were examined for cell viability at three different time
points (24, 48, and 72 h) using colon and breast cancer cell lines (HCT116 and MCF7)
and healthy bone cells (MC3T3) (osteoblast precursor). Part A shows a strong

suppression of cell growth (HCT116) to 49.79 % in 24 h for sample A, which increases
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to 57.64 % at 48 hours, and then to 70.77 percent at 72 hours [Figure 4, part A, panel

(A)]. For sample A only, panel (B) exhibits a similar tendency (to a lesser extent of

39.38 % within 24 hours, followed by 43.62 % at 48 h, which increases to 46.80% at

72h respectively), However, utilising the cancer cells HCT116 and MCF7, no

significant impacts were observed for samples B and C at the above-mentioned time

intervals. MC3T3 cells have a high vability (95-98%) in the presence of all three

with no inhibitory effect on healthy cells. The significance of the

samples A, B, and C,

Sample B
3 Sample C

X%x Control
Sample A

wzz Control
Sample A

A
S Sample C

B335 Sample B

1001 kg

Aingein 1190 %

(B)

0 0 0

©)

48 h
HCT 116 cells

<
(3]

c o o o o o
o o [=e] © < N
< Ajnqein 1180 %

data was determined at a confidence interval (Cl) of 95 percent and a value of P<0.05.

Amgen 1180 %

MC3T3 cells

Figure 4. Part (A) uses samples A, B, and C to demonstrate the vitality of cancer cells

(HCT 116 and MCF7). Part (B) shows the results as in the healthy cell line, MC3T3

osteoblast precursor.
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In Sample B and sample C (CaAl-LDH at pH 10.5 and 12.5), both the polymorphs
(calcite/aragonite) of CaCOs3 were precipitated, as well as phase pure CaAl-LDH. The
calcium concentration of e.g., sample A ([phase pure, 100 percent CaAl-LDH) > sample
B (CaAl-LDH+CaCOs3) > sample C (CaAILDH+CaCO3), determines the dissolution
profile of Ca?* at a certain time point (e.g., 24 hours). At pH more than 10, calcium ion
creates hydroxide precipitates, and their solubility increases as pH decreases. Because
the solubility product of calcium hydroxide Ksp is higher than that of the two crystalline
polymorphs of calcium carbonate (aragonite) and (calcite), the dissolution of the Ca?*
ion from the hydroxide homologue is significantly greater than that of the carbonate
salt. As a result, more Ca?* is collected in the cells of sample A, increasing the cellular
Ca?* concentration and limiting cancer cell proliferation. In contrast to samples B and
C, which have larger particle sizes, sample A (phase pure CaAl-LDH) has a smaller
particle size, which allows it to pass into the cancer cell more easily, probably by an
endocytosis mechanism. A significant statistical difference (P<0.05) was found in the
in vitro cytotoxicity assay of sample A. Less calcium ion dissolution, which leads to
less calcium ion accumulation in cancer cells (HCT116 and MCF7), which gradually
reduces anticancer efficacy, as discussed above, based on intracellular calcium ion

concentration and its influence on cancer cell apoptosis.
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4.5.PXRD analysis sample A (phase pure CaAl-LDH) and sample B (ETO

incorporated CaAl-LDH)

(002)

(002)

Intensity (a.u)
(004)

(004)

Intensity (a.u)

0O 10 20 30 40 50
Diffraction angle (20) degrer

10 20 30 40 50 60 70
Diffraction angle (26) degree
Figure 6. Powder X-ray diffraction patterns of (a) sample A (phase pure CaAl-LDH)

(b) sample B (ETO incorporated CaAl-LDH).

Figure 6. shows the powder X-ray diffraction (XRD) patterns of samples A and B. As
shown in Figure 6, the basal spacing (d002) of 8.5764 corresponds to the (002)
diffraction peak of sample A (JCPDF 01-089-6723), which rose to 17.18 in sample B
as the corresponding peak (002) migrated from 26 = 10.31 to 26 = 5.14. This is owing
to the enlargement of the interlayer space caused by the drug ETO being inserted into
sample A along the z-axis, which represents the layer stacking direction in the

nanoconjugate.

4.6.In vitro drug release kinetics from sample B and physical mixture

To suit the in vitro ETO release from sample B, different release kinetics models were

used. The dialysis membrane diffusion technique was used to investigate the in vitro
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ETO release from sample B and a physical mixing of the two (ETO and sample A) (Ray
et al., 2015). Result suggested that due to the lack of drug and nanocarrier interaction
in the physical mixture almost complete (99.5%) release in the former case, within 12
h whereas in case of nanohybrid, the cumulative release of ETO from sample B exhibits
an initial burst release of nearly 40% from the within the first 2 h owing to the loosely
bound drug on the surface of the nanoparticle. The leftover drug, intercalated within
the nanoparticle's interlayer space, follows ETO's prolonged release for up to 72 hours,

which could be due to ETO's slow diffusion from the interlayer space of sample B (Ray

et al., 2015).
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Figure. 7 (a) Calibration curve of etoposide gained from UV-VIS spectroscopy; (b) In

vitro release of ETO from (a) Physical mixture of sample A and ETO (1:1, w/w) (b)
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sample B in phosphate buffer saline at pH 7.4; (c)-(f) Release kinetics models (a) First-
order model; (b) Hixon Crowel model; (c) Higuchi model (d) Korsmeyer-Peppas

model.

Importantly, based on the obtained correlation coefficient (R2) value 0.9450, the
Korsmeyer-peppas model is proposed for the release of ETO from sample B.
Furthermore, the kinetic exponent ‘n' for sample B was 0.107, showing that the drug
was released from the matrix in a regulated manner following a quasi-Fickian diffusion

phenomena (Sahoo et al., 2012).

4.7. In vitro cell viability and cell migration assay of ETO, sample A and B

% Cell Viability

24 h 48 h 72h

Concentration (ug/mL)

Part A

Part B
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Figure 8. (A) In vitro cell viability study of the ETO, sample A and sample B on A549
cell line in varying time including 24, 48 and 72 h respectively; (B) In vitro cell
migration assay shows (a) Confluent cells in 6 well plate (b) scratch by micropipette on
the confluent plate (c) A549 cells without treatment (d) Cells treated with sample A (e)
Cells treated with ETO (f) A549 cell treated with physical mixture (1:1, w/w) (g) Cells

treated with Sample B

To test the synergistic anti-cancer potential of sample B, an in vitro cell viability
investigation (Figure 8 A) was performed on the A549 cell line. Sample B's cell
viability was reduced to 21.56 % after 72 hours when compared to bare ETO and
sample A which showed a viability of 37.45 % and 61.85 %, respectively (P<0.05).
This is due to the cells' selectivity and the induction of mitochondrial apoptosis in
cancer cells by disrupting the cellular membrane, that depends on ROS generation,
which plays a crucial role in disrupting mitochondrial function and leading to apoptosis
(Maiyo and Singh, 2017). Furthermore, the intracellular Ca?* concentration is important
in controlling the apoptotic pathway. This apoptotic mechanism backs up the previous
findings (Saha et al., 2018). The proliferation/migration assay of the A549 cell line is
shown in Figure 8 B after treatment with sample A, bare ETO, physical mixure of CaAl-
LDH and ETO in (1:1 w/w ratio), and sample B. We found that sample A treated cells
proliferate at 48.70 % compared to 59.34 % in control cells, indicating anti-cancer
action similar to that previously reported by our study group (Bhattacharjee et al.,
2019). Further, proliferation was much lower in sample B (18.62%) compared to bare
ETO (37.89%), and physical mixure of CaAl-LDH and ETO in (1:1 w/w ratio) was
34.66 % (P<0.05), indicating sample B's synergistic anticancer potential (ETO
intercalated in sample A). Due to the failure to give the drug with a prolonged release

effect from the nanoconjugate, the physical mixture did not show substantial
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Count

cytotoxicity when compared to Sample B. The synergistic anti-cancer potential of

sample B (ETO intercalated CaAILDH) could be linked to the apoptotic pathway

mechanism described above. The cellular absorption of sample B in the A549 cell line,

which was expressed by Fluorescein isothiocyanate, was measured by flow cytometry

(FITC).

4.8.Cellular uptake study of Sample B into A549 cell line
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Figure 9 exhibits uptake of FITC tagged sample B into A549 cell line, showing

internalization of the nanoconjugate into the cell (sample B);

Figure 9 shows conventional FACS profiles, which shows a strong uptake profile of

sample B in a time-dependent manner. The cellular absorption was determined to be

11.67 % after 24 hours and rose to 19.30 % after 72 hours of incubation. This finding

backs with evidence from an in vitro cytotoxicity study, which implies that sample

B has a synergistic anti-cancer effect.
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4.9. Cellular internalization of sample B in A549 cell line

(a) (b) [

A

o ST A -
200pm 200|.|m 200pm] - P |
Figure 10. Confocal image of (a) DAPI image (b) FITC image (c) superimposed image.

Confocal laser scanning microscopy (CLSM) pictures, displayed in Figure 10,
corresponding to 24 hours of incubation time, confirmed the above observation of
cellular uptake of the FITC tagged sample B employing A549 cells. The presence of
FITC-tagged sample B in the intracellular matrix indicated that sample B had

successfully internalised the matrix, which was confirmed by nuclei stained by DAPI.
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5. Conclusion

The study demonstrates a pH-dependent synthesis of CaAl-LDH by a straightforward
coprecipitation approach technique (at pH 8.5, pH 10.5, and pH 12.5). Surprisingly,
phase pure CaAl-LDH was generated at a lower pH 8.5 but an increase in pH results in
the development of CaCOs (both aragonite and calcite polymorphs) (pH 10.5 and 12.5),
as well as CaAl-LDH. Further the in vitro cytotoxicity study using human colon cancer
cell line (HCT116) revealed growth suppression using sample A after 24 hours, which
increased to 70.77 percent after 72 hours, showing substantial anticancer efficacy.
Healthy bone cells (MC3T3) were used to confirm the findings, and all three samples
showed good vitality (95-98%). In this part the present study opens a new avenue for

using phase pure (100%) CaAl-LDH as an active anticancer agent.

Moreover, anti-cancer drug etoposide was intercalated into the phase pure LDH. When
comparing the CaAl-LDH-ETO nanoconjugate (sample B) to bare CaAl-LDH (sample
A) and the etoposide drug, the synergistic anti-cancer capability of the CaAl-LDH-ETO
nanoconjugate (sample B) was discovered. Further the in vitro cell viability on A549
(human lung adenocarcinoma) cells showed considerable growth inhibition (21.56
percent in 72 hours) when sample B (ETO loaded nanoconjugate) was used, which was

subsequently corroborated by cell proliferation/migration assay.

In conclusion, this study uncovers a novel element of synergism for etoposide a well-
known anticancer drug and a suitable delivery carrier (phase pure CaAl-LDH) which
provides a new route for its application in a more effective way in the management of

lung carcinoma.
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