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Abstract: Nanomedicine-based drug-delivery systems have significant interest in cancer treatment,
such as improving the stabilities and biocompatibilities, precise targeting, and reducing toxicities for
non-cancerous cells. Herein, this study presents the synthesis and characterisation of carbonate apatite
nanoparticles (nCA) and encapsulated afatinib (AFA) as promising drug delivery candidates for lung
cancer treatment. nCA/AFA was synthesised and physicochemically characterised, then the encap-
sulation capacity, drug loading, and cumulative drug release profile were evaluated. Powder X-ray
diffraction (PXRD) confirmed that the synthesised nCA is apatite. Fourier-transform infrared spec-
troscopy (FTIR) results confirmed the drug loading into the nanoparticles. High-resolution transmission
electron microscopy (HR-TEM) determined the morphology of nCA and nCA/AFA and the diameters
of 47.36 +3.16 and 42.97 + 2.78 nm, respectively, without an unaltered nCA phase. Encapsulation
efficiency (%) and drug loading (%) were 55.08% =+ 1.68% and 8.19% = 0.52%. Brunauer—-Emmett-Teller
(BET) and dynamic light-scattering (DLS) results revealed that the synthesised nCA is mesoporous, with
a surface area of 55.53 m? /g, and is negatively charged. Atomic force microscopy (AFM) showed increas-
ing roughness of nCA/AFA compared to nCA. The drug release from the nano-formulation nCA/AFA
demonstrated slow and sustained release compared to the pure drug. Accordingly, nCA /AFA represents
a promising drug delivery system for NSCLC treatment.

Keywords: nanomedicine; carbonate apatite nanoparticle (nCA); afatinib; drug delivery; lung cancer

1. Introduction

Lung cancer is the second most diagnosed cancer worldwide. In 2020, according to
the Global Cancer Observatory (GCO), lung cancer incidence was 2.2 million (11.4%), and
mortality was 1.8 million (18%) [1]. Histologically, lung cancer is divided into two main
types, with the majority (=85%) having non-small cell lung cancer (NSCLC), and 15% with
small cell lung cancer (SCLC). Pathologically, NSCLC is classified into three major classes:
adenocarcinoma, large cell carcinoma, and squamous cell carcinoma [2]. These subtypes of
NSCLC are strongly correlated with smoking [3]. NSCLC is characterised by different types
of mutations, including epidermal growth factor receptor (EGFR), Kirsten rat sarcoma viral
oncogene homolog gene (KRAS), and rare anaplastic lymphoma kinase gene (ALK) [4].
EGFR has been detected in 30-40% of NSCLC, defined as a transmembrane glycoprotein
with cytoplasmic kinase activity involved in cancer cell proliferation, angiogenesis, and
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metastasis [5]. Conventionally, the most common strategies for lung cancer treatment
involve surgery, radiotherapy, and chemotherapy. Chemotherapy is the major lung cancer
treatment method, specifically for advanced stages in which the drugs are delivered orally
or intravenously. However, the limitation of the chemotherapeutic drugs is related to
their systemic side effects, lack of selectivity, non-localised delivery of drugs to the target
site, and development of drug resistance towards cancerous cells [6,7]. Nanomedicine is a
nanotechnology application for medical purposes, and it has the potential to improve cancer
treatment outcomes [7]. Of specific interest is the utility of nanoparticles in drug-delivery
applications [8].

Carbonate apatite is an inorganic pH-sensitive nanocarrier with a chemical formula of
(Ca)10(PO4)6-x(CO3)x(OH);. It has a heterogeneous surface charge distribution, biodegrad-
ability, and the ability to prevent crystal growth for the production of nanoscale particles [9].
nCAs have rich Ca?*, HCO?~, and PO,*>~ domains that provide various possibilities for
both negatively and positively charged drugs to bind via ionic interactions [10]. nCA/AFA
nanocomposites can enter lung cancer cells via endocytosis, discharging the loading drug
after nanoparticle degradation in endosomal acidic environments. In addition, various
chemotherapeutics [10] and genetics [11] have been successfully loaded into nCA.

Interestingly, afatinib (AFA) is a second-generation tyrosine kinase inhibitor (TKI) with
high selectivity in inhibiting the ErbB family through covalent and irreversible binding
to epidermal growth factor receptors (EGFR), making afatinib a potent treatment [12],
which could stand by itself as a safe and effective first- and second-line monotherapy for
survival improvement of NSCLC patients [13]. Afatinib inhibition mechanisms indicate a
reduction in the autophosphorylation of EGFR by blocking their downstream signalling
pathways. Afatinib covalently links to its ATP-binding site via the acrylamide site of the
afatinib and residues of cysteine (Cys 797, Cys 803, and Cys805) of epidermal growth factor,
human epidermal growth factor 2, and human epidermal growth factor 4, respectively,
subsequently inhibiting the autophosphorylation of the tyrosine kinase and EGFR down-
regulating signalling pathway [14]. Some of the most common EGFR mutations are exon 19
deletions (Del19) and L858R point mutations (L858R) [15]. Tumours with EGFR activation
mutations might entirely depend on the activity of EGFR to promote the signalling pathway.
In these cases, blockage of EGFR with afatinib inhibits the proliferation and induces apop-
tosis [16]. However, afatinib is a hydrophobic drug that has low bioavailability, leading to
severe side effects and high distribution throughout the body [17]. In addition, a strong
irreversible attraction between afatinib and EGFR may be revealed in non-cancerous cells
(normal cells), increasing the adverse side effects of afatinib, such as gastrointestinal (GI)
symptoms, pulmonary symptoms, and others [18]. Rash, breathing trouble, grade 3—4
diarrhoea, or acne are some examples of some serious afatinib side effects which may
occur [19]. Additionally, afatinib is an orally administered drug, and after several doses,
the GI symptoms can worsen [20]. Hence, this study develops an appropriate system for
delivering afatinib to non-small cell lung cancer treatment that reduces its side effects and
promotes anti-cancer effects.

This study reported synthesising nanocomposites (nCA /AFA), as shown in Figure 1,
as a cheap, biodegradable, biocompatible, and not toxic nanocarrier-encapsulated afatinib
drug for targeted treatment of NSCLC. The aim of the current work is to explore afatinib
drug encapsulation into nCA, which has not been reported previously.

There have been many previous attempts to encapsulate afatinib into other nanocarri-
ers, such as Elbatanony et al., who encapsulated afatinib into PLGA nanoparticles to treat
NSCLC. The result demonstrated higher cytotoxicity enhancement towards the NSCLC cell
line in vitro and increased cellular uptake. However, nCA /AFA showed an improvement
in cumulative release of 40.1% for nCA /AFA compared to 56.8% in 48 h for PLGA/AFA in
PBS medium at pH 7.4 [21]. Additionally, Hong et al. used lipid polymeric nanoparticles
to encapsulate afatinib and microRNA in the treatment of colorectal cancer. The final
formulation has significantly inhibited the migration and resistance of colorectal cancer
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cell lines of induced apoptosis by blocking the metastasis pathway (HER-tyrosine kinase
pathway) [22].
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Figure 1. Schematic illustration of nCA/AFA nanocomposite synthesis and mechanism of action
for targeted cancer cells. nCA/AFA nanocomposites are relatively stable at physiological pH, but
they are dissociated in the acidic pH of cancer cells and the release of the afatinib drug. Afatinib
is covalently bound to the ATP-binding site of the tyrosine kinase of EGFR, irreversibly inhibiting
its autophosphorylation and leading to downregulation of the signalling pathways. As a result, it

induces apoptosis and reduces cancer cell survival and proliferation.

The physicochemical characterisations of the nanoparticles and nanocomposites are
determined to evaluate their biological effect and long-term stability [23]. The successful
formation and the excellent results provide a powerful drug-delivery system for lung
cancer treatment.

2. Materials and Methods
2.1. Materials

Calcium nitrate tetrahydrate (Ca(INO3);-4H,0) (min. 99%, analytical reagent, Sigma-
Aldrich), sodium dihydrogen phosphate monohydrate (NaH;PO4.H,O) (min. 99%, analyt-
ical reagent, Merck, Darmstadt, Germany), sodium hydrogen carbonate (NaHCOs3, 99%,
Merck), afatinib (purity 99.9% Biosyntech, ‘s-Hertogenbosch, The Netherlands), phosphate
buffer saline (Sigma-Aldrich), ethanol (purity 99.8%, Sigma-Aldrich, St. Louis, MO, USA),
simulated lung fluid (LCTech, Obertaufkirchen, Germany), and bovine albumin serum
(purity > 96%, Merck) were used.

2.2. Preparation of nCA Nanocarriers and nCA/AFA Nanocomposites

The synthesis of n"CA was comprised hydrothermally via adding 0.42 g of sodium
bicarbonate (NaHCO3) into 50 mL (0.3 M) of sodium hydrogen phosphate (NaH;PO4.H,O).
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The phosphate to carbonate molar ratio is 3:1. The mixed solution of NaH,PO4.H,O
and NaHCO3; was added dropwise into a solution of 50 mL (0.5 M) of calcium nitrate
tetrahydrate (Ca(NOj3)4.4H,0) under intense stirring. The pH of the new mixture was
maintained by a pH meter at 12 by using 1 M sodium hydroxide (NaOH) solution. The
mixed solution was stirred at 60 °C for 2 h, then transferred to a Teflon stainless-steel
autoclave and tightly sealed for 12 h in the electric oven at 180 °C for the hydrothermal
reaction. When the reaction was completed, the precipitate was collected via centrifugation
at 10,000 rpm for 20 min, washed with deionised water (3 x 10 mL), and dried at 100 °C
for 10 h [24]. The resultant powder was characterised prior to afatinib drug loading.

nCA /AFA nanocomposites with various afatinib masses (150, 500, 750, and 1000 pg)
were prepared, and 5 mg of nCA was suspended into 5 mL of ethanol. Then, the solution
of afatinib was added dropwise. The mixture was stirred at 200 rpm overnight in the dark
at room temperature. nCA /AFA nanocomposites were obtained after centrifugation for
10 min at 1000 rpm, washed with ethanol (3 x 10 mL), and dried.

2.3. Characterisation of nCA and nCA/AFA

Physicochemical characterisation of nCA and nCA/AFA was conducted by atomic
force microscope (AFM), zeta potential and hydrodynamic diameter detection, Fourier-
transform infrared spectroscopy (FTIR), field emission scanning electron microscopy
(FESEM), high-resolution transmission electron microscopy (HR-TEM), Brunauer-Emmett-
Teller (BET) analysis, and powder X-ray diffraction (PXRD).

For PXRD, the samples were scanned with a diffraction angle from 3° to 50° by
using the Cu X-ray tube at radiation A = 1.540598 A of the Shimadzu XRD-6000 powder
diffractometer. The PXRD patterns were obtained using the Shimadzu XRD-6000 powder
diffractometer with Cu K (=1.540562 A) as the X-ray source. The samples were scanned
at the step size of (2 Th.) 0.033 and scan step time (s) of 19.685, with diffraction angles
ranging from 3° to 50°, a voltage of 40 kV, and a current of 40 mA. X'Pert HighScore
Plus software was used for the analysis. FTIR spectra were performed using a Nicolet
6700 (ATR) attenuated total reflection spectrophotometer between 500 and 3500 cm 1.

The HR-TEM measurements were determined using JEOL 2010F HR-TEM. Sample
preparations were performed by dispersing certain amounts into ethanol and placing them
onto a carbon-coated copper TEM grid. Then, a heat lamp was used to dry and measure. For
FESEM, samples were prepared on a 12 mm-diameter aluminium holder, then vacuum-coated
with a platinum layer and examined. Image ] software was used to analyse all images.

Atomic force microscope (Bruker Dimension EDGE AFM) was used for surface imag-
ing in tapping mode at a scanning rate of 0.9 Hz. The samples were prepared by suspending
them in ethanol and sonicating for 10 min, and then they were transferred onto a glass
slide followed by air-drying at room temperature. NanoScope analysis 1.7 was used for the
analysis of images.

For hydrodynamic diameter, polydispersity index, and zeta potential, 0.2 mg of each
sample was sonicated for about 15 min after being dispersed in 20 mL of deionised water. Then,
the sample was transferred into disposable cuvettes for measurements using a light-scattering
(Zetasizer Nano ZS Malvern dynamic DLS) instrument. Finally, the surface area measurement
was determined by the N, adsorption and desorption experiment that was carried out by
degassing all samples for 8 h at 120 °C by using Micromeritics Tristar II instruments.

2.4. Yield, Encapsulation Efficiency, and Drug Loading
The obtained yield of nCA /AFA was calculated using Equation (1) [25]:

Mass of nCA /AFA (mg)

Yeild = [(Mass of nCA (mg) + (Mass of AFA (mg)]

x 100 1)

A UV-Vis spectrophotometer was used to collect and measure the supernatant concentra-
tion of nCA/AFA nanocomposites at maximum absorbance measurements (A,,s = 337 nm) to
calculate the amount of un-entrapped AFA. As the initial amounts of AFA and nCA were
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known, the encapsulation efficiency (EE%) and drug loading (DL%) were calculated as an
average of three measurements for each experiment using Equations (2) and (3) [26]:

Mass of encapsulated AFA (mg)

The initial mass of AFA (mg) x 100 )

Encasulation Efficiency (EE)% =

Drug Loading (DL)% — Mass of encapsulatefi AFA (mg) 100 3)
Mass of nanocarriers (mg)

2.5. Release Study

For in vitro drug release, 5 mg of nCA/AFA and 400 pg of free AFA were placed
separately into 1 mL of ethanol into Fisher brand dialysis tubing (12,000-14,000 MWCO)
and suspended in 25 mL of PBS (pH 7.4 and 5.5) at 37 °C, with mild agitation at 100 rpm.
Then, 1 mL of the samples was collected and substituted with fresh buffer at the scheduled
time interval. The released media were determined using a UV-Vis spectrometer for
absorbance measurements (A,ps = 337 nm).

2.6. Dissolution Analysis of nCA in Biological Media

The dissolution of nCAs was measured in simulated plasma solution (SPS) and sim-
ulated lung fluid (SLF) in physiological (pH 7.4) and tumour acidic (pH 5.5) conditions.
The SPS was made by dissolving 10 g of bovine albumin serum in 200 mL of phosphate-
buffered saline. Then, 50 mg of nCA was dispensed in 30 mL of the above-mentioned
media at pH 7.4 and 5.5, as mentioned by Chemmalar et al. [27]. The nCAs were stirred in a
thermostatic shaker at 100 rpm and 37 °C. At a certain time interval, 10 mL of supernatants
was collected and centrifuged at 6000 rpm for 15 min, and the same volume of media was
added to the tubes. Analyses for total calcium content in each media were performed
using inductively coupled plasma—optical emission spectrometry (Perkin Elmer, Optima
2000DV, ICP-OES).

2.7. Statistical Analysis

The collected data are presented as the mean and standard deviation (SD). The XRD
peaks’ full width at half-maximum (FWHM) was analysed using the fitting Gauss and Lorentz
function. All statistics were calculated by using OriginPro 9.0 software (OriginLab, Northamp-
ton, MA, USA). ANOVA was used to determine the statistical difference of parameters using
Tukey’s and Bonferroni’s model for a p-value less than 0.5 to be considered significant.

3. Results and Discussion
3.1. Characterisation of nCA and nCA/AFA
3.1.1. XRD Analysis

The XRD technique helps to identify the nanoparticles’ crystallinity, texture, and phase
analysis [28]. The XRD patterns of nCA and nCA /AFA are presented in Figure 2, and the
theoretical diffraction pattern is simulated from a single crystal of hydroxyapatite (HA).

For the hydrothermally synthesised nCA, all peaks are assigned to the HA phase
without any extra reflections, which shows that the addition of the carbonate group has
no significant change compared to the HA structure. However, diffraction peaks with line
broadening and high intensities in planes of 002, 211, 112, and 300 confirm the nano-size
and change crystallinity of the nCA due to the addition of the CO32~ group. The hkl
diffraction plane suggests hexagonal crystalline morphology of nCA, and it is matched
with JCPDS Card No. 09-0432. Further, the peaks of nCA/AFA can be noticed without any
impurity peaks, which confirms the product’s purity and accuracy.
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Formula

Crystalline Phase Apatite
Crystal System
Lattice Type
Space group name
Space group Number 176
Unit-cell volume

Lattice parameters

a
b

C
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: . ! L i 1 L
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Pos.[°2Th.]

(b)
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Do
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120.000

Figure 2. PXRD spectra of nCA and nCA/AFA. (a) PXRD patterns of nCA (red), nCA/AFA (blue),
and simulated HA (green). (b) Hexagonal crystalline morphology of the synthesised nCA, with
calcium (blue), phosphorous (purple), carbon (green), oxygen (red), and hydrogen (yellow), using
the Vesta program and its lattice parameter.

The crystal structure and the lattice parameters were obtained from the synthesised
nCA (Figure 2b). The average crystalline sizes of the nCAs were calculated by using

Scherrer’s equation:
kh
Dhkl = ———— )
By /208 Oy

where D is the size of the crystallite, k with the value of 0.94 is the shape factor, and A is
equivalent to the wavelength of CuK« (0.15418 nm). By, corresponds to the FWHM of
the plane, and 6hkl is the Bragg angle (°). The highest intensity diffraction peak at 211
was chosen to determine the crystallite size. According to Scherrer’s equation, the average
crystallite sizes of nCA and nCA /AFA were 46.95 and 42.46 nm, respectively.
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3.1.2. FTIR Analysis

For drug-delivery research, FTIR studies the purity, surface chemical analysis, and
degree of composites’ conversion [29,30]. In this study, FTIR was used to identify the
characteristic nCA function groups, namely, CO32~, PO43~, and OH~. The spectra of
nCA, nCA/AFA, and pur AFA are shown in Figure 3, and the full spectra ranged from
500 to 3500 cm~!. The bending mode of the PO,3~ group can be noticed at ~565 and
808 cm~!. The v symmetric stretching of the PO4>~ group can be observed at the shoulder
at ~965 cm~! [27,28]. The main band of the vs3 asymmetric stretching mode of the PO43~
group can be characterised between 1000 and 1100 cm~!. The presence of the CO32~
group is confirmed by the v vibrational signature around ~1415 and 1473 cm ™! and the v,
vibration mode of the CO32~ group at 873 cm~!. The broad absorption band at ~3752 cm ™!
is related to the stretching vibration of the OH™ group. These findings are similar to FTIR
data reported for carbonate apatite nanoparticles, as mentioned in previous works [31,32].
The band shoulders at ~875 and 1419 cm ™! for carbonate were modified after drug loading.
The OH~ band became broader, and a new low-intensity peak at 2810 cm~! appeared due
to the effect of afatinib on nCA.

nCA

nCA/AFA

% Transmittance

——AFA

3500 3000 2500 2000 1500 1000 500

Wavelength(cm™)

Figure 3. FTIR spectra for nCA (red), n"CA/AFA (blue), and AFA (green). The transmittance changes
due to afatinib loading into nCA are mentioned in the green box.

The AFA spectrum characteristic peaks appeared at 2833 and 2970 cm ™!, representing
C-H stretching of the methyl group (CHjz). Additionally, the C=0O stretching of the amide
group can be demonstrated at 1647 cm™!, and C-N stretching of aromatic amine can
be seen at 1355 cm~!. For the nCA /AFA, there were some decreases and variations in
transmittance, as highlighted by the green in Figure 3, which can be explained by the
presence of more bonds in the case of the transmittance variation between nCA and
nCA/AFA. For nCA/AFA, there were no peaks detected in the same region compared to
nCA alone, which may confirm the AFA loading into the nCA, rather than outside.

3.1.3. HR-TEM Analysis

The HR-TEM analysis was used to determine the size and shape of nCA and nCA /AFA,
as shown in Figure 4. The observed morphology of the nCAs shows a rod-like crystalline,
uniform porous surface structure with an average diameter of 47.36 + 3.16 nm. Adding
afatinib to nCA decreases the particle size to the average diameter of 42.97 £ 2.78 nm,
which may confirm AFA loading into nCA as it will reduce the aggregation of the nCA
(Figure 4a,b). This can be attributed to the drug, which may act as a surfactant and prevent
aggregation of nCA [33-35]. Furthermore, the measurement size obtained for nCA and
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nCA/AFA agreed with the Gaussian distribution size obtained for nCA and nCA/AFA,
~47 and 42.61 nm, respectively (Figure 4c,d).

(a) nCA (c) nCA

11 Length

Count

20 25 30 35 40 45 50 55 60 65 7
Length (nm)

_(d) nCA/AFA

1| ¥ Length

20 30 40 50 6!
Length (nm)

Figure 4. HR-TEM images. (a,b) HR-TEM micrographs of nCA and nCA/AFA with a scale bar of
100 nm. Each image inset has a scale bar of 20 nm, and the red arrow confirms the encapsulation
of the drug into the nCA. (c,d) Histogram of nCa and nCA/AFA size as measured by HR-TEM

(Gaussian distribution size).

3.1.4. FESEM and Morphology Analysis

The surface morphological characterisation of nCA and nCA/AFA from FESEM
graphs is shown in Figure 5. The nCA demonstrated agglomerated, nearly rod-like shaped
nanoparticles, and this fine agglomeration is due to the van der Waals force attraction
between nCAs.

100nm EMUPM

Figure 5. FESEM representative images of (a) nCa and (b) nCA/AFA, with a scale bar of 100 nm.

The average length, according to FESEM, for the nCA was 49.98 &+ 5.71 nm, and
22.65 £ 1.94 nm in width. Unchanged morphology for nCA/AFA could be noticed but
with reduced length and width as a function of afatinib drug encapsulation, where the
length was 42.47 £ 4.72 nm, and the width was 21.58 &+ 1.77 nm.
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3.1.5. AFM and Topography Analysis

The surface architecture and the topography of nCA and nCA/AFA were analysed
via AFM. Figure 6 shows three-dimensional images scanned using tapping mode over
a 1 x 1 um? surface area. The nCA image in Figure 6a demonstrates nearly spherical
nanoparticles with a diameter of 31.63 nm. At the same time, nCA /AFA showed more fine
spherical granular surfaces distributed highly uniformly within a diameter of 27.48 nm,
as shown in Figure 6b. The surface architecture in vertical dimensions was determined
quantitatively by the roughness. Several roughness parameters were considered, as shown
in Table 1, such as the average surface roughness (Ra), the maximum surface roughness
(Rmax), and the root mean square roughness (Rq). Other parameters, such as surface area
differences (Rsa), Kurtosis, and Skewness, were used for horizontal dimension descrip-
tion [36]. The average roughness (Ra) value of nCA was nearly the same as the value of
nCA/AFA, indicating that the afatinib drug was encapsulated inside the nCA rather than
on the surface. The Rmax is the maximum difference between the highest peak and lowest
valleys, and it was larger, with 7.8 nm in nCA compared to 7.2 nm in nCA /AFA.

Figure 6. Three-dimensional reconstructions of (a) nCA and (b) nCA/AFA based on 1 x 1 um atomic
force microscopy (AFM) scans.

Table 1. AFM roughness analysis of nCA and nCA /AFA.

Surface Area

Sample Ra (nm) Rq (nm) RMax (nm) Skewness Kurtosis .
Difference
nCA 0.582 0.809 7.8 1.90 3.89 1.7%
nCA/AFA 0.563 1.02 7.2 0.97 3.05 1.24%

Skewness is the measure of profile symmetry around the mean lines, while Kurtosis
measures the sharpness of the roughness profile around the mean. For nCA, the Skewness
was 1.90, while it was smaller in nCA/AFA, only 0.97, which indicates a symmetrical Skew-
ness. The typical height distribution should be 3 to be considered normal for Kurtosis [37].
The value for nCA was 3.89, but nCA/AFA had a distribution with a relatively normal
value of 3.05. Indeed, the morphology and roughness are essential as the rougher surface
character of nanoparticles is generally associated with a higher potential for inhibiting
certain cancer cell types [38]. As previously shown in the study of Xue et al., by increasing
polydopamine nanoparticle surface roughness, the cellular internalisation was elevated
due to the advantage of a higher uptake of the rough surface nanoparticles loaded with
drug for the treatment of melanoma [39].

3.1.6. Hydrodynamic Size, Zeta Potential, and Polydispersity Index (PDI)

Particle size and zeta potential are the main parameters for nanoparticle performance,
used to passively target therapeutic agents into cancer cells [40]. The tumour vasculature
has a more heterogeneous distribution, higher vascular density, larger size, and is more per-
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meable and leaky [41]. Many studies suggested that nanoparticles with a size smaller than
150 nm tend to extravasate from circulation and accumulate within tumours [42]. The exper-
imental determination for the hydrodynamic diameter of the nCA was 120.1 £ 5.92 nm, and
nCA/AFA was 105.6 £ 7.69 nm. The sizes classified both the nanocarrier and nanocompos-
ite as promising candidates for passive targeting. Although, the hydrodynamic diameters
for both nCA and nCA / AFA were higher than the HR-TEM sizes because the nanoparti-
cles” hydration layer is included within the calculated size [43,44], or possibly due to the
aggregation of nanoparticles in deionised water [45].

The zeta potential was —27.03 = 2.02 for nCA and —17.53 + 1.12 mV for nCA/AFA
(Figure 7). Changes in charge are considered an indirect confirmation of the conjugation of
the nanocarrier with the drug. The negative charge surface for nano-formulation helps to
prevent non-specific protein adsorption to the nanoparticle’s surface. The polydispersity
indexes were 0.43 £ 0.03 and 0.29 £ 0.01 for nCA and nCA /AFA, respectively, indicating
the good dispersal and homogeneity of the nanoparticles and nanocomposites [46].

150 o
- —20
140 o

130 4 F-30

120 o L 40
110 o
- -50
100 o

90 - —60

Hydrodynamic Size (nm)

Zeta Potential (mV)

80 +
F-70

704

- -80
60 o

50 -

- -90
nCA nCA/AFA

Figure 7. Average hydrodynamic diameter measurement (blue) and zeta potential (red).

3.1.7. Surface Area and Porosity

N adsorption/desorption is a well-established analysis used to characterise porous solids
and fine dry powders [47]. BET analysis measures the sample-specific surface area, including
the pore size distribution, to estimate the dissolution rate and bioavailability [48]. Depending
on the IUPAC classification system, the resulting isotherms from N, adsorption/desorption
obtained for nCA and nCA/AFA were type IV isotherms (Figure 8). The hysteresis loop
was HI, indicating that the nanoparticles and nanocomposites are mesoporous [49]. The
synthesised nCA- and nCA / AFA-specific surface areas, BIJ pore width, and pore volume are
presented in Table 2. The decrease in surface area and pore volume for nCA /AFA confirms the
drug’s loading into nanoparticles rather than on nanoparticle surfaces.
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Figure 8. N, isotherm for nCA (red) and nCA/AFA (blue). Open and solid squares represent
adsorption and desorption, respectively.
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Table 2. BET surface area, BJI pore size, and pore volume for n"CA and nCA /AFA.

BET Specific Surface BJH Mean Pore

Sample Name Pore Volume (cm®/g)

Area (m?/g) Width (nm)
nCA 55.53 7.88 0.11
nCA/AFA 52.61 7.36 0.09

3.2. Yield, Encapsulation Efficiency, and Drug Loading

Table 3 presents information about the afatinib encapsulation efficiency (%), drug load-
ing (%), and the yield (%) of different nanocomposites (nCA /AFA'-nCA / AFA*) according
to the varying weight of afatinib used with 5 mg of nCA. The highest obtained DL% and
EE% were 8.19% =+ 0.52% and 55.08% =+ 1.68% with 750 pg of afatinib. Furthermore, the
EE% and DL% were noticed to be inversely reduced with increasing the afatinib weight
up to 1000 pg, which can be explained as the maximum capacity of the nanocarrier at
750 wg. Such limitation suggests that the nanocomposite nCA/AFA? can hold approxi-
mately 8.19 & 0.52, and this was chosen as the maximum value for further characterisation
and drug-release studies.

Table 3. Encapsulation efficiency (%), drug loading (%), and yield of nanocomposites according to
different afatinib weights used.

Sample AFA Weight (ug) EE (%) DL (%) Yield %
nCA/AFA! 150 15.27 £ 0.58 0.45 £ 047 45.38
nCA/AFA? 500 38.51 = 0.83 3.84 + 0.38 47.87
nCA/AFA3 750 55.08 = 1.68 8.19 £ 0.52 50.81
nCA/AFA* 1000 41.44 +1.09 8.08 £ 0.05 49.86

3.3. pH-Responsive Drug-Release Profile
3.3.1. In Vitro Drug Release

For in vitro release, nCA /AFA and pure AFA samples were calculated at physiological
(pH 7.4) and acidic (pH 5.5) conditions in PBS at 37 °C for 72 h. The release profile
(Figure 9) demonstrates that after 1 h, 58.5% =+ 2.5% and 32.04% = 3.2% of pure AFA were
released at pH 7.4 and 5.5, respectively. In contrast, AFA was released from nanocomposite
nCA/AFA at pH 7.4, only 15.45% =+ 3.9%, and 28.4% =+ 3.1% at pH 5.5. Interestingly, AFA
was released from nCA /AFA three-fold slower than the pure AFA [50]. Sequentially, at
72 h, 99.5% =£ 8.3% and 83.3% =+ 5.7% of pure AFA were released at pH 7.4 and 5.5 [22].
In comparison, after 72 h, 63.7% =+ 5.1% and 81.3% =+ 2.6% of AFA were released from
nCA/AFA at pH 7.4 and 5.5, correspondingly.

—A—Pure AFA 7.4
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Figure 9. Release profile of pure AFA at pH 7.4 (blue), pure AFA at pH 5.5 (pink), nCA/AFA at pH
5.5 (red), and nCA/AFA at pH 7.4 (black).



Pharmaceutics 2022, 14, 1230

12 0f 18

Pure AFA demonstrated a burst release profile at pH 7.4 and 5.5 at 1 h, whilenCA /AFA
displayed a sustained release profile, which was only 63.7% 4 5.1% up to 72 h. The drug-
release data suggest that AFA is released from nCA in higher amounts and faster in an
acidic environment tumour pH than physiological pH, which may be related to nCA pH-
dependent solubility [34]. The carbonate apatite is dissociated at acidic pH, and the drug
will accumulate at the tumour site. The sustained release of the drugs in a physiological pH
environment is due to the nanoparticles” physical structure and pores, which promote the
release behaviour. This is similar to Hossain et al.’s release profile study, where the apatite
nanoparticles were loaded with doxorubicin chemotherapy and had a sustained release
profile [45]. The difference in the release is assumed to be due to the carbonate apatite’s
hydrophilic nature with the afatinib, in comparison with the pure afatinib, which makes
the molecules of liquid’s permeation into the nCA and the AFA to the external medium
more complicated than pure AFA [51].

3.3.2. Kinetics Drug Release

The five pharmacokinetics models were applied to estimate the drug-release mecha-
nism of nCA. As demonstrated in Figure 10a—e, five pharmacokinetics models were used to
fit the experimental release, including Korsmeyer-Peppas, first-order kinetics, zero-order
kinetics, Higuchi, and Hixson-Crowell. Varied fitting parameters, such as Kxp, K1, Ko, Ky,
and Ky, with the correlation coefficient for the kinetic model are shown in Table 4.

Table 4. The kinetic parameters of AFA released from the nCA /AFA nanocomposite using different
pharmacokinetics models.

First-Order Zero-Order . . .

Model Korsmeyer-Peppas Kinetics Kinetics Higuchi Hixson—-Crowell
Name and pH 2 2 2 2 2
of Medium KKP R n Kl R K() R KH R KHC R
nCA/AFApH74 47461  0.9537 0.78 0.0705  0.7001 0.7001  0.8744 3.2501 09341 0.0304 0.8634
nCA/AFApHb5.5 6.6638  0.9763 0.64 0.0742  0.7259 0.7258 0.8756  4.5278 09177  0.0291  0.7816

In the zero-order kinetics model, the amount of AFA drug released at a certain time
will equal g,, and g is the initial amount of AFA used, while t and K represent the time
and rection coefficients, respectively:

qt — q0 = Kot ©)
In the first-order kinetics model, K; is the rate constant, as shown in Equation (6):
In (g — q¢) = Ing, — Kqt (6)

The Higuchi model studied the correlation between the log of AFA drug released
versus the ascending square root of time, as shown in Equation (7):

gt = KuV't ()

where Ky is the rate constant of the Higuchi model.
Additionally, the Hixon-Crowell model demonstrates the relation between the cube
root of AFA remaining in the nCA as a function of time, as shown in Equation (8):

v/ (Mo — g¢) = Kpct ®)

where Kpyc is the Hixon—Crowell rate constant and M), is the initial drug concentration of
AFA in nCA.
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Finally, the Korsmeyer—Peppas model studied the relationship of the log of AFA
released against the log of time:

log g; = nlogt +1log K

©)

where g; represents the fraction released by time, t (min), n represents the drug’s release
exponent mechanism, and K (h-n) is the constant.
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Figure 10. Kinetics drug release from nCA. (a) Korsmeyer—Peppas, (b) first-order kinetics, (c) zero-

order kinetics, (d) Higuchi, and (e) Hixson—-Crowell models.

These mathematical and kinetics models demonstrated that afatinib release was profi-
cient in nCA nanocarriers, and it was best fit to the Korsmeyer—Peppas model [47,48,52].
The Korsmeyer-Peppas model revealed the relationship between the AFA log released
versus the time log and was adopted based on the release of the first 60% of the drug. This
model has been previously used to describe the release kinetics of the gentamicin sulfate
drug inside carbonate apatite nanocrystals [53]. The correlation coefficient values (R;) for
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the Korsmeyer-Peppas model were 0.9763 and 0.9537 for pH 5.5 and 7.4, respectively. The
most significant mechanism involves a combination between diffusion and self-erosion of
the matrix. The release exponent () can identify possible AFA release mechanisms. The
determined n values were found to be 0.78 and 0.64 for pH 5.5 and 7.4, respectively. The n
values were between 0.45 < n < 0.89, which indicates non-Fickian (anomalous) diffusion,
as shown in Table 5 [54].

Table 5. The exponent of release (1) values and drug-release mechanisms.

Release Exponent (1) Mechanism Time
1<0.45 Fickian diffusion 05
0.45<n<0.89 Non-Fickian diffusion 1
n>0.89 Case II transport t
n>1 Super case II transport 1

The highest n value was noticed at pH 5.5 (n = 0.78), demonstrating that the nCA
surface was weakened over time by water influx, which facilitated ease of drug release and
diffused from the nanocarrier into the dissolution media.

As per Mircioiu et al.’s study [55], the modelling and release kinetics predictions
require a higher understanding of the physiological, physicochemical, and many mathe-
matical aspects of the kinetics release. The in vitro release and dissolution studies were
executed to determine the drug-release model for the synthesised nCA /AFA nanocom-
posite. It has been found that using a dialysis membrane to understand the release of the
pure drug results in an underestimation because the drug is thought to dissolve in the
dialysis compartment. This is why determining the release kinetics for pure AFA can be
misleading compared to sustained release of AFA from nCA nanocarriers. The appearance
of AFA released from nCA remained slow due to the slow permeation of AFA from the
dialysis to the external solvent medium [56]. Generally, the dialysis flow rate of a drug is
estimated via the solubility of the drug, the molecular size of the drug, and the pore size of
the dialysis membrane. The flow rate will be faster if the drugs are hydrophilic, smaller,
and the dialysis membrane has a large pore size [57]. In this study, the dialysis membrane
used was 14,000 MWCO, which has an adequate pore size for the entry of solubilised
afatinib (485.9) with a molar weight smaller than the pores of the dialysis membrane.

3.4. Dissolution Analysis of nCA in Biological Media

It is crucial to determine nCA’s interaction with different biological fluids to assess
potential risks in the environmental medium. The nCA nanocarrier dissolution study
was carried out in vitro using simulated plasma solution (SPS) and simulated lung fluid
(SLF). The nCA was immersed at two different pH levels, 7.4 and 5.5, within different time
intervals to study the concentration of calcium released. Figure 11a,b demonstrate higher
dissolution profiles and higher calcium concentrations in acidic simulated plasma solution,
similarly to simulated lung fluid.

The pH levels of all samples were determined to evaluate the alkalisation or neutral-
isation ability of the nCA, as shown in Figure 10c. The alkalisation abilities of the nCAs
in both media were higher at pH 5.5 than at physiological pH 7.4. Ishikawa et al. [58]
have proposed that carbonated hydroxyapatite nanoparticles increased the pH to about
7.4. The buffering capacity of nCA in both solutions at different pH levels confirms the
nCA’s ability to alkalise the tumour microenvironment, which will help to decrease metas-
tasis and tumour growth [58,59]. Since the function of calcium is the intracellular signal
transducer, the extra calcium release from nCA may affect cellular signalling via increasing
endoplasmic reticulum (ER) stress and induction of reactive oxygen species (ROS). How-
ever, calcium is the lowest toxic metal among others such as Ni?*, Cu?*, and Zn?*, even
though it is an essential metal inside the human body and plays a critical role in regulating
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metabolism [59]. The FESEM micrographs of nCA in simulated lung fluid confirm the
distortion of nanoparticles with reducing pH, as shown in Figure 12a,b.
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Figure 11. Dissolution analysis of nCA. (a) Calcium ion released from nCA in simulated plasma at
pH 7.4 and 5.5. (b) Calcium ion released from nCA in simulated lung fluid at pH 7.4 and 5.5. (c) The
alkalisation profile of nCA in both simulated plasma solution and simulated lung fluid at pH 7.4 and 5.5.

(a)pH7.4 (b) pH 5.5

Figure 12. FESEM micrographs of nCA immersed in simulated lung fluid for 48 h. (a) nCA in
simulated lung fluid at pH 7.4, (b) nCA in simulated lung fluid at pH 5.5.

4. Conclusions

In conclusion, carbonate apatite nanoparticles were synthesised hydrothermally
with appropriate morphology, size, porosity, and crystalline phase, and subsequently
loaded with the targeted drug (afatinib) for treating non-small cell lung cancer. The re-
sulting nanocomposite, termed nCA /AFA, was revealed to be successfully loaded with
8.19% =+ 0.52% of the drug. Moreover, the drug release demonstrated sustained release
within the highest solubilities in the acidic medium and alkalisation properties in sim-
ulated plasma and lung fluid. Furthermore, the drug release was kinetically fitted to
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the Korsmeyer-Peppas model, with an R? of 0.97 and 0.95 for pH 5.5 and 7.4, respec-
tively. Based on the overall results, the nCA is an excellent nanocarrier, and the nCa/AFA
composite should have a place in cancer treatment and research.
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