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Abstract: In this study, the hydroxyapatite (HAp) in the form of nanoparticles was synthesized
through the wet co-precipitation method and loaded with plant extract from Calendula officinalis
L. rich in biologically active myo-inositol, and the 5-fluorouracil anticancer drug. The obtained
nanomaterials have rod-like structures approx. 30 nm in diameter and 100 nm in length. FT-IR
analysis results proved the immobilization of biologically active compounds. The loading of plant
extract into the carrier improved the stability of colloidal suspension, which was confirmed with
turbidimetry. The composite modified with calendula extract and drug (HAp@Cal@5-flu) effectively
scavenges the DPPH radicals, with a radical scavenging activity (RSA) of about 20.0 ± 1.3%. The
effect is supported by the DFT calculations of the HOMO-LUMO, presenting the chemical reactivity
of the molecules loaded into the HAp. The in vitro cytotoxicity results on SKOV-3 ovarian cancer
cells show the pronounced cytotoxic effect of the HAp@Cal@5-flu. The calendula extract loading into
the carrier provided better interactions with the tumorous biomimetic membranes studied with a
Langmuir trough, making it a promising material in nano-biomedicine, including drug delivery and
targeted cancer treatment.

Keywords: hydroxyapatite; myo-inositol; 5-fluorouracil; anticancer treatment; SKOV-3; calendula
extract; Langmuir trough

1. Introduction

Medicinal plants are an important source of pharmacological molecules. They have
been used for centuries as part of a history of traditional medicine [1]. The role of herbs in
healthcare has held a strong position over time. Currently, phytotherapy and the acquisition
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of natural metabolites from plants are attracting increasing interest. Hence, studies in this
field are needed and justified. One plant that contains bioactive molecules with a potential
anticancer effect is Calendula officinalis L. (commonly known as pot marigold) [2]. Even
though the species is valued for its decorative properties, it is mainly cultivated as a medicinal
plant for the pharmaceutical and cosmetic industries [3]. C. officinalis L. contains various
secondary metabolites—i.e., flavonoids, carotenoids, steroids, and terpenoids—that are a
potential source of antioxidants as well as antibacterial, antiviral, and anti-inflammatory
phytoconstituents [4]. Extracts of marigolds are used in treating skin disorders, such as
wounds, dermatological lesions, tumors, swellings, ulcers, and exfoliative cheilitis, but also
for gastrointestinal inflammations and dysmenorrhea [2,5]. Moreover, pot marigold has
been used as an oilseed crop due to the presence of unsaturated fatty acids and α- and
γ-tocopherols, which are used in paint and food industries [6]. C. officinalis L. is particularly
rich in nitrogenous hetero-cycles with indole cores, which are considered to be responsible for
some of its health-stimulating activities.

Inositols are compounds that can be found in nature. They are derived from sugars,
possessing a molecular structure very similar to simple sugars, and thus, they are placed at
the boundary between primary and secondary [7]. Myo-inositol is the most represented
of the nine stereoisomers of C6 sugar alcohol (cyclitol), which belongs to the vitamin B
complex group [8]. Myo-inositol is emerging as a central feature in plant biochemistry
and physiology [9]. It is involved in cell morpho-genesis, cytogenesis, and lipid synthe-
sis. The role of myo-inositol as a co-factor of enzymes and messenger molecules in signal
transduction has also been proven [8]. Increasing evidence supports its physiological and
therapeutic effects on human health. It plays a significant role in human reproduction
and oogenesis [10]. Moreover, myo-inositol is one of the most abundant metabolites in
the human brain and is located mainly in glial cells. The concentration of that compound
is altered in several brain disorders, such as Alzheimer’s disease and brain tumors [11].
Inositol has been used as a supplement in treating several pathologies, including polycystic
ovary syndrome, metabolic syndrome, and gestational diabetes. Refs. [12,13] reported the
presence of D-pinitol, D-chiro-inositol, bornesitol, scylloinositol, and myo-inositol in calen-
dula anthodium. The protective and anticancer effects of inositols, particularly myo-inositol,
have been studied for decades. The anticancer activity of inositols has been described
as a “broad spectrum” due to their ability to modulate the entire cell cycle (progression,
apoptosis, and differentiation). In addition, inositols seem to be crucial for increasing the
likelihood of curing cancer [7,14,15]. Such compounds can be loaded into the nanocarriers
for local therapy or diagnostics [16]. Besides many nanocarriers, one of the promising
candidates is nanostructural hydroxyapatite (HAp), which is widely studied for several bio-
logical uses, including antibacterial, drug delivery, dental, and orthopedic applications [17].
Depending on its application, much attention has been paid to incorporating different met-
als into HAp to change its properties, e.g., HAp doped with Fe and Co displayed increased
antibacterial activity against Shigella dysenteriae, while Mn doping improved activity against
Staphylococcus aureus [18]. Other sources also show the antimicrobial activity of HAp [19,20].
Due to its high surface-area-to-volume ratio and chemical composition, it favors chemical
and physical modifications. Nanohydroxyapatite is an ideal platform for anticancer drug
delivery [21,22], including, e.g., methotrexate [23] paclitaxel [24], toceranib [25], doxoru-
bicin [26–28], and 5-fluorouracil [29]. HAp has also recently been used in randomized
clinical trials in bone regeneration for its biocompatibility [30]. For these reasons, we used
it as a drug carrier. According to the chemotherapy, it still needs improvement. Saif et al.
present the role of the 5-fluorouracil adjustment in anticancer treatment, mentioning the
scale of overdosing and underdosing of patients with direct chemotherapy [31]. Other
sources also present the importance of individual dose adjustment for patients to maintain
the optimal time of treatment for effective treatment [32–35]. Therefore, drug delivery by
the nanosized composite can reduce the toxic effect on healthy tissues.

In this work, we present a nanostructural composite based on hydroxyapatite,
5-fluorouracil, and calendula extract for cancer treatment. The plant extract obtained
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from Calendula officinalis L. was proposed as a source of the biologically active components,
mainly myo-inositol (56.9%), and confirmed via gas chromatography, offering antioxida-
tive properties and improving drug uptake by cancer cells in vitro. We demonstrated
the facile modification of HAp with calendula extract and the potential of the proposed
nanostructural platform as a therapeutic agent for effective cancer treatment, presenting
its cytotoxicity against SKOV-3 cells. The potential of the use against cancer cells was
confirmed with an in vitro test and Langmuir trough technique using analogs of biological
membranes—in particular, healthy DOPC and tumorous DOPS lipid-based layers.

2. Materials and Methods
2.1. Chemicals

The hydroxyapatite was obtained from the salts Ca(NO3)2 (calcium nitrate) and
(NH4)2HPO4 (diammonium hydrogen phosphate), where the precipitating agent was
25% NH3 ammonia aqueous solution of analytical grade purchased from POCH, Gliwice,
Poland. Solutions were prepared using deionized water conductivity 100 µS cm−1 at 25 ◦C
from HYDROLAB, Gliwice, Poland. The Calendula officinalis L. petals were purchased from
Oldfarm, Łódź, Poland. Methanol used for extraction of >96% grade was supplied by
Chempur, Poland, and NaCl of analytical grade was purchased from Warchem, Poland.
Chloroform was supplied by POCH, Gliwice, Poland. The anticancer drug, 5-fluorouracil
of ≥99% grade, was supplied by Sigma-Aldrich, Germany. Lipids: DOPC (1,2-dioleoyl-sn-
glycero-3-phosphocholine, purity >99%), DOPS 1,2-dioleoyl-sn-glycero-3-phospho-L-serine
(sodium salt) were purchased from Avanti Polar Lipids, Birmingham, AL, USA.

2.2. Determining the Morphology, Hydrodynamic Diameter, and Zeta Potential

The morphology and nanocomposites of Hap were investigated using scanning elec-
tron microscopy (SEM)—Merlin, ZEISS, Stuttgart, Germany—and transmission electron
microscopy (TEM)—Zeiss Libra 120 Plus, Stuttgart, Germany, operating at 120 kV.

The hydrodynamic diameter and the zeta potential of the nanostructures were deter-
mined with a Malvern Zetasizer instrument (Malvern, UK) fitted with a He-Ne laser with
λ = 632.8 nm. The scattering angle was 173◦. The zeta potential studies were performed at
0.01 M NaCl solution.

2.3. Investigating Chemical Composition and Crystallinity

The chemical composition was studied via Fourier-transform infrared spectroscopy
(FT-IR) using the ATR technique Alpha apparatus supplied by Bruker (Ettlingen, Germany).
The spectra were recorded in the range of 4000–400 cm−1, where 32 scans at a resolution of
4 cm−1 were performed.

The thermal stability of the nanocomposites was assessed by the thermogravimetric
method (TGA) using a TG 209 F3 Tarsus apparatus supplied by Netzsch (Selb, Germany).
The heating rate was about 10 ◦C min−1 in an open ceramic crucible under a nitrogen
atmosphere in the temperature range of 30 to 725 ◦C.

Crystallinity studies were performed using the X-ray diffraction (XRD) DSH method
on a Malvern Panalytical X’Pert PRO MPD powder diffractometer, (Malvern, UK). The
XRD patterns were recorded in the (2θ) range from 10◦ to 70◦, with a scan rate of 1◦ per
min and a total record time of 67 min. Analysis was performed using Co Kα at 40 kV and
40 mA. Phase identification was performed via the use of X’Pert Plus HighScore software
v3.0. with access to the COD (Crystallography Open Database) database, and the size of
the crystallites was calculated using a Scherrer formula.

2.4. Stability Studies

The stability of the colloidal suspension was carried out using the multiple light
scattering method by the Turbiscan Lab apparatus (Formulation SA, Toulouse, France).
Measurements were performed in a cylindrical glass vial (54 mm in height). Then, the
samples were placed in a Turbiscan Lab apparatus from Formulation SA, France, and were
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measured using light (880 nm wavelength). Measurements were carried out every 5 min
for 50 min and the Turbiscan Stability Index (TSI) was determined.

2.5. Determining the Composition of Calendula officinalis L. Plant Extract

Profiling analysis was performed using a Thermo Scientific™ TRACE™ 1310 GC
system equipped with a Thermo Scientific™ 1310 autosampler connected to a ISQ 7000
mass spectrometer (Waltham, MA, USA). A Thermo Scientific™ Trace™ GC column
15 m × 0.25 mm × 0.25 µm was equipped with purified helium as the carrier gas at a
constant flow rate of 1.2 mL min−1. The oven temperature was held at 50 ◦C for 5 min,
increased to 220 ◦C at a rate of 3 ◦C min−1, held at 220 ◦C for 5 min, increased to 240 ◦C
at a rate of 10 ◦C min−1, and finally kept at 240 ◦C for 5 min. The injector and ion source
temperature were set at 200 ◦C and 250 ◦C respectively. The split mode was applied with
a ratio of 1:40. The mass spectrometer was operating in full scan mode at 45 eV over the
range of 50–800 a.m.u. The identification of the selected peaks was made by searching in
the NIST2017 data library. Selected peaks were analyzed based on the relative ratio by
taking the peak area of this peak divided by the sum of peak areas of all detected peaks
in the tea leaf sample. The GC measurement was performed as follows: approximately
10 mg of crude extracts was accurately weighed into a 2 mL lock-cap centrifuge tube. Then,
1 mL of HPLC-grade methanol (CH3OH) was added and shaken. 200 µL of ex-tracts were
taken and evaporated under purified nitrogen gas. The sample was then methoxylated by
resuspending the pellet in 50 µL of methoxyamine hydrochloride solution (20 mg mL−1

in pyridine) and incubating with constant agitation for 2 h at 37 ◦C to protect carbonyl
moieties. Acidic protons were then trimethylsilylated by adding 70 µL of N-methyl-N-
(trimethylsilyl)-trifluoroacetamide (MSTFA) and incubating at 37 ◦C with constant agitation
for 30 min.

2.6. Determining the Radical Scavenging Activity

The antioxidative studies of the nanocarrier were determined according to the method
of [36]. The scavenging capacity of free radical DPPH was tested with pure hydroxyapatite
colloidal suspension, 5-fluorouracil solution, calendula extract (0.1 mg g−1), where the
2 mL of the sample was extracted with 8 mL water. Samples were placed in 50 mL tubes,
sealed, shaken, and stored in the dark at room temperature for 48 h. The extracted solvent
was centrifuged for 10 min at 3500 rpm (Hettich UNIVERSAL 320R, Germany). Obtained
extracts (2 mL) were mixed with 2 mL of methanol solution containing DPPH radicals
(0.1 mM L−1). The reaction mixture was vortexed thoroughly and left in the dark for 15 min.
The absorbance of the mixture was measured with UV-vis spectrometry at line λ = 517 nm
(Agilent 8453 UV-visible Spectroscopy System, Santa Clara, California, USA). The radical
scavenging activity (RSA) was calculated as a percentage of DPPH discoloration using
the equation:

RSA =
ADPPH − AS

ADPPH
100%, (1)

where AS stands for the absorbance of the solution when the sample extract is mixed with
DPPH methanolic solution. ADPPH is the absorbance of the DPPH solution.

2.7. Stastistical Analysis

A one-way variance analysis ANOVA was used to evaluate significant statistical
differences between the studied parameters and storage periods. The comparison of means
was performed using Tukey’s method. Statistical data were performed in Microsoft Excel
2016. Significance was defined as p < 0.05.

2.8. In Vitro Studies

The in vitro studies were performed using the following materials: McCoy’s medium,
Eagle’s minimal essential medium (EMEM), trypsin-EDTA, fetal bovine serum, L-glutamine,
phosphate-buffered saline (PBS), and penicillin/streptomycin solutions. These compounds
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were supplied from Biological Industries (Biological Industries, Beth Haemek, Israel).
The dimethyl sulfoxide (DMSO) was purchased from Sigma-Aldrich, St. Louis, MO,
USA. The Cell Titer 96® Aqueous One Solution Reagent (a tetrazolium compound (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, in-
ner salt) (MTS)) was ordered from Promega, Madison, WI, USA.

Cell viability was studied with a human-derived SKOV-3 cancer cell line obtained
from the American Type Culture Collection from ATCC, Rockville, MD, USA. The cell line
was cultured in McCoy’s medium that was supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin at 37 ◦C in a humidified atmosphere containing 5% CO2,
where 2.5 × 103 SKOV-3 cells/well were placed in 96-well plates and incubated. Then, the
medium was removed and prepared nanocomposites as well as HAp, calendula extract,
and the drug were added and incubated for 24 h and 48 h, respectively. After a suitable
time, the medium with compounds was removed, the wells with cells were washed with
PBS, and fresh medium and MTS reagent were added. After two hours of incubation, the
absorbance was measured at 490 nm and the cell viability was evaluated.

2.9. Studying Interactions between Nanoparticles and Biomimetic Membranes

The Langmuir trough technique was performed to investigate the interactions between
the nanocarrier and biomimetic membranes. Prior to the measurements, the trough and
barriers were washed from potential impurities with chloroform and methanol, while
Wilhelmy’s platinum plate was flamed. The Langmuir trough was filled with the subphase
solution (distilled water or solution of drug/nanocarriers), and then 40 µL of a chloroform
solution of the selected lipid—in particular DOPC, DOPS with concentrations of 2 mg
mL−1—was dropped onto the water surface. Then, chloroform was evaporated, and lipids
were compressed with a barrier rate of 5 cm2 min−1 until they reached the surface pressure
of about 30 mN m−1.

By recording the surface pressure–time dependence, a lipid layer was formed on the
pure water (in the way described above), and then an appropriate solution of hydroxyap-
atite or drug was injected under the surface of the subphase.

2.10. DTF Studies

The spectral and electronic properties of 5-fluorouracil and myo-inositol were analyzed
via the application of the density functional theory (DFT). The calculations were made using
Gaussian ver. 09 software packages [37]. The geometry optimization, molecular electrostatic
potential (MEP), and frontier molecular orbitals (FMOs) analyses were carried out using the
B3LYP method with a 6-23G**(d, p) basis set with the default convergence criteria [38–40].
GaussView 5.0 was employed to plot the highest occupied molecular (HOMO) and lowest
unoccupied molecular orbital (LUMO) as well as molecular electrostatic potential [37].

2.11. Procedures

Synthesis of hydroxyapatite
Nanostructural hydroxyapatite (HAp) was synthesized using the wet co-precipitation

method in a glass beaker, wherein 590 mg of Ca(NO3)2 (calcium nitrate) was dissolved in
25 mL of deionized water. The beaker was placed on the magnetic stirrer, and the solution
was stirred at 600 rpm. Then, 330 mg of (NH4)2HPO4 (diammonium hydrogen phosphate)
was dissolved in 25 mL of distilled water and placed in the burette above the beaker. The
second burette was filled with a 25% ammonia solution. Then, the (NH4)2HPO4 was added
dropwise to the Ca(NO3)2 with continuous stirring, while the ammonia solution was added
to adjust the pH to 10.5 during synthesis. The obtained suspension was stirred for 2 h.
Next, the suspension was washed several times with distilled water until a neutral pH
was achieved. The product had about 440 mg of HAp, which was suspended in 40 mL of
distilled water and placed in a 50 mL Falcon tube.
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Preparation of Calendula officinalis L. extract
Calendula officinalis L. extract was obtained with the B-811 Büchi Soxhlet extractor

(Switzerland), where the 50 g of dry petals was placed in a glass vial, and the Soxhlet
standard procedure was used. As an extracting solvent absolute methyl alcohol was
used. The extraction of calendula flowers lasted for 3h. Collected calendula extract was
evaporated in a Rotavapor R-100 (Büchi, Switzerland) rotary evaporator and dried for 24 h
at 50 ◦C in a vacuum to remove the remaining solvent.

Modification of hydroxyapatite with Calendula officinalis L.
The 40 mg of Calendula officinalis L. extract was added to the HAp aqueous suspension,

and 10 mL of methanol was added. Initially, the suspension was sonicated for 15 min. Then,
it was shaken mechanically for 4 h on the orbital spinner. Then, it was sonicated for 15 min
again and left for mechanical shaking overnight. Next, the suspension was cooled down
(to about 10 ◦C) for 1 h, centrifuged for 5 min at 9000 rpm, and washed with water. The
HAp coated with active ingredients from the Calendula officinalis L. extract (HAp@Cal) was
subsequently characterized and loaded with 5-fluorouracil.

Modification of HAp@Cal with 5-fluorouracil
The next step was the immobilization of the 5-fluorouracil and calendula extract onto

nano-hydroxyapatite, 15 mg of the drug was placed in the colloidal suspension of HAp@Cal
and stirred overnight with 300 rpm at room temperature. Subsequently, the suspension was
cooled down for 2 h to ~5 ◦C, and then the suspension was centrifuged at about 1000 rpm
for 5 min to remove the solution. Next, the suspension was washed with distilled water.
After the subsequent centrifuging, it was suspended in 50 mL of water, and finally, it was
shaken on a vortex for 3 min, obtaining HAp@Cal@5-flu.

3. Results
3.1. Chemical Composition Studies of Calendula officinalis L. Extract

The chemical composition of the extract was determined via gas chromatography.
Figure 1 presents the chromatogram obtained for the calendula extract (the upper image
shows a scale of up to 23 min, and the lower image shows a timescale of up to 46 min).
As can be seen, the extract contains 35 compounds that have different retention times.
All molecules that were detected are presented in Table 1, relating to the retention time.
The highest content (as a percentage) among many other biologically active ingredients
is myo-inositol; there is about 56.9% of this compound in the extract. Myo-inositol plays
an important role in various cellular processes [41]. Its biological activity is essential for a
wide range of cell functions, like the development and function of peripheral nerves [42],
osteogenesis [43], and reproduction [30]. It naturally occurs in the natural biological
membranes of the cells and is an essential nutrient required by human cells for growth and
survival [44,45].

Table 1. Chemical composition of the Calendula officinalis L., with the content in percent.

Retention
Time, min Name of Molecule Content,

%

5.06 lactic acid 0.6625

6.80 Acetin 0.9923

9.18 salicylic acid 0.3617

11.15 Ledene 1.5297

11.24 2,4-ditert butylphenol 0.3777

11.61 2(4H) benzofuranone 5,6,7,7a tetrahydro-4,4,7a-trimethyl-R 0.3285

11.67 dodecanoic acid 0.4141
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Table 1. Cont.

Retention
Time, min Name of Molecule Content,

%

12.94 2,4-ditert butylphenol 0.5055

13.39 tau-murrolol 0.5326

13.78 ((1R,4S,4aS,8aS)-4-isopropyl-1,6-dimethyl-1,2,3,4,4a,7,8,8a-octahydronaphthalen-1-yl)oxy 0.8539

13.91 tau-cadinol 0.7169

14.04 myristic acid 0.6400

14.51 ((1R,4S,4aS,8aS)-4-isopropyl-1,6-dimethyl-1,2,3,4,4a,7,8,8a-octahydronaphthalen-1-yl)oxy 1.7623

15.37 3-(2-Hydroxyethyl)-2,2,4-trimethyl-3-cyclohexene-1-carbaldehyde 3.4663

16.17 7-(3-Hydroxy-propyl)-bicyclo[2.2.1]heptan-2-one 1.3798

16.25 myristic acid TMS 1.8612

16.60 D-fructose 0.5646

17.61 hexadecanoic acid TMS 1.8856

18.30 n-hexadecanoic acid 3.4895

18.79 myo-inositol 23.6283

19.82 palmitic acid 7.6933

20.13 scyllo-inositol 1.1784

20.66 9,12-octadecadienoic acid methyl ester 1.0332

20.78 9,12,15-octadecatrienoic acid methyl ester ZZZ 1.1167

21.21 myo-inositol 33.2834

21.36 9,12-octadecadienoic acid ZZ 1.5959

21.49 9,12,15-octadecatrienoic acid 1.2011

21.85 octadecanoic acid 0.3762

28.38 hexadecanoic acid 1.6693

29.26 6βBicyclo[4.3.0]nonane, 5β-iodomethyl-1β-isopropenyl-4α,5α-dimethyl-, 1.1223

31.61 methyl galactoside 0.8303

34.38 2-methyl-4-octenal 0.6879

35.06 cedranoxide 8,14 2.2590
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17.61 hexadecanoic acid TMS 1.8856 
18.30 n-hexadecanoic acid 3.4895 
18.79 myo-inositol 23.6283 
19.82 palmitic acid 7.6933 
20.13 scyllo-inositol 1.1784 
20.66 9,12-octadecadienoic acid methyl ester 1.0332 
20.78 9,12,15-octadecatrienoic acid methyl ester ZZZ 1.1167 
21.21 myo-inositol 33.2834 
21.36 9,12-octadecadienoic acid ZZ 1.5959 
21.49 9,12,15-octadecatrienoic acid 1.2011 

Figure 1. GC-MS chromatograms of derivatized methanolic extracts of Calendula officinalis L.
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As the extract is rich in this compound, it was chosen to be loaded into the HAp to
check the anticancer and antioxidant properties of the nanocomposite. Such an effect is
proven in the literature, indicating high biological activity including anticancer [34,46] and
antioxidant [47] effects and regulatory activity on the immune system [48]. Another active
ingredient, with 7.69% content, is palmitic acid. Its presence in the extract can improve the
interactions of the nanocomposite with the biological membranes during in vitro studies.

3.2. Morphology, Composition, and Crystallinity Studies

The morphology of HAp was investigated with scanning electron microscopy (SEM).
As can be seen in Figure 2a, the sample contains granular structures that are uniformly
distributed in the whole bulk, similar to the HAp-based structures demonstrated in the
literature [49,50]. To determine the elemental composition of the obtained HAp, X-ray
energy dispersive spectroscopy (EDS) was used, see Figure 2b. The recorded spectrum
demonstrates the peaks characteristic to Ca, P, O, and traces of Na. The atomic content for
Ca is 21.50 ± 2.03%, and that for P is about 13.87 ± 2.71%; the Ca:P ratio is about ~1.6, close
to the values presented in the literature for stoichiometric HAp [51,52]. The spectrum also
presents the C and Na in the sample, which come from the conducting tape that was used
to glue the HAp to the aluminum-based sample holder. The EDS mapping presented in
Figure 2c revealed the uniform distribution of Ca and P in the sample.
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Figure 2. (a) SEM image, (b) EDS spectrum for the HAp, and (c) elemental maps presenting the Ca
and P distribution in HAp.

Complementary to the SEM analysis, the morphologies of HAp and its composites
were also investigated with transmission electron microscopy (TEM), see Figure 3a. The
suspension taken for the analysis was about 10 µL diluted in 1 mL of distilled water. Before
TEM analyses, the suspension was shaken with a vortex for 1 min and placed on a copper
mesh (300 grids) covered with a formvar layer. The recorded image for the bare HAp
reveals rod-shaped structures similar to the structures described in the literature [53,54].
HAp structures overlap for fast drying from the ethanol suspension; however, the structures
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with lengths up to 100 ± 15 nm and diameters of about 25 ± 15 nm can be distinguished.
The dark spots come from the overlapping of the particular structures during the drying
of the samples. Figures 3b and 3c present the hydroxyapatite loaded with the calendula
extract (HAp@Cal) and both extract and 5-fluorouracil (HAp@Cal@5-flu), respectively. The
organic shell is not clearly seen for HAp@Cal, while the shape and size of the structures
are similar to all samples. In the case of HAp@Cal@5-flu, the additional shades from the
organic layer can be distinguished on the TEM image.
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and HAp@Cal@5-flu.

Subsequently, the crystallinity of the as-synthesized HAp was studied with X-ray
diffraction (XRD). Figure 3d shows the presence of reflections peaks at certain 2θ angles,
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where they can be ascribed as follows: 22.59◦ (200), 25.90◦ (002), 28.56◦ (207), 32.00◦ (211),
33.85◦ (300), 39.47◦ (310), 42.03◦ (311), 46.44◦ (203), 49.49◦ (222), 52.27◦ (104), 56.32◦ (322),
60.01◦ (420), and 64.02◦ (304). Recorded peaks can be ascribed to the hydroxyapatite, which
is in good agreement with the literature [55–58]. The reflection peaks were also identified
based on the Crystallography Open Database (COD)—in particular, the 96-901-1092 card.
The crystallite size D was estimated using the Scherrer formula, Equation (2) [59]:

D =
λK

β cos θ
, (2)

where β is the full width at half the maximum length of the reflection, θ stands for the
Bragg angle, λ is the X-ray wavelength, and K is a dimensionless shape factor (0.94).

The size of crystallites estimated based on the formula is about 28.6 ± 2.7 nm which
refers to the diameter of the obtained structures. Such a value is in good agreement with
the TEM studies.

Next, the hydrodynamic sizes of the HAp and its nanocomposites after the organics
modification were investigated with dynamic light scattering (DLS) technique. Figure 3e
shows a hydrodynamic size of the bare HAp of about 64.0 ± 3.0 nm. The value is larger than
that for the dry HAp, for the hydration of nanostructures. The hydrodynamic diameter for
the HAp@Cal is about 84.0 ± 5.0 nm, and that of HAp@Cal@5-flu is about 89.0 ± 4.0 nm.
The surface potential was estimated at about −10.2 mV for HAp, −22.7 mV for HAp@Cal,
and −26.6 mV for HAp@Cal@5-flu. The change in surface potential is caused by the
presence of the organic shell on the surface of HAp. Subsequent loading with the 5-flu also
changes the surface potential for the presence of negatively charged functional groups.

After the loading of the HAp with calendula extract and the drug, the thermal stability
of the nanocomposite was studied. Based on thermogravimetry analysis (TGA) the content
of loaded agents was estimated. Figure 3f shows the TGA of HAp and nanocomposite ma-
terials, and the inset shows the derivative that precisely presents the change of the recorded
mass loss in percent per min (DTG). The mass loss of the unmodified hydroxyapatite
sample was 3.5%, occurring at temperatures between 50 and ~100–130 ◦C. This was related
to the evaporation of water and dehydration of the nanomaterial. At higher temperatures,
HAp exhibited relative thermal stability within the range of the study, i.e., up to 700 ◦C.
The results obtained are in agreement with the literature data on the thermal stability of
hydroxyapatite [60–62]. The thermal decomposition of HAp@Cal and HAp@Cal@5-flu was
in three stages. The first, related to dehydration, was similar to hydroxyapatite between 50
and ~100–130 ◦C. The next two steps occurred between up to 350 ◦C and between 350 and
550 ◦C, respectively, and were related to the decomposition of organic compounds in the
calendula extract and the thermal degradation of the drug [63–65]. Based on the differences
in mass loss at 550 ◦C between HAp, HAp@Cal, and HAp@Cal@5-flu, the percentage of
calendula extract and drug in the composites was estimated. The analysis showed that the
composites contained 6.4% extract and 2.2% 5-fluorouracil.

The FT-IR analysis presented in Figure 3g shows the spectra of HAp, HAp@Cal, and
HAP@Cal@5-flu. On the hydroxyapatite spectrum, distinct bands were observed at 470,
559, 599, and 1025 cm−1 which were attributed to vibrations of the PO3−

4 group [66–69].
Whereas, asymmetric stretching (1454 cm−1) and out-of-plane bending mode (874 cm−1)
vibrations, were assigned to the CO2−

3 group. The band at 3565 cm−1 is typical to ion-
stretching OH− group vibrations in HAp. The wide band at around 3250 cm−1 and the
band at 1640 cm−1 are due to the presence of H2O in the hydroxyapatite structure [68,70].
The spectra of HAp@Cal and HAp@Cal@5-flu are similar to unmodified HAp; however,
the inset reveals an increase in the bands, mainly for the HAp@Cal@5-flu. The bands in
the range of 1500 to 1680 cm−1 can be ascribed to the C=C, C=N, and C=O vibrations for
5-fluorouracil, while the double band at 1160 and 1255 cm−1 relates to the C-O and C-N
vibrations also from the drug [71]. Additionally, some changes can be observed; the bands
at 2926 cm−1 and 2856 cm−1 are due to the presence of O-H carboxylic acids and alkyl C-H
groups in calendula extract [72,73]. Another source shows that bands were observed at
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1688, 1255, and 821 cm−1, which were respectively attributed to C=C and ring-stretching
vibrations; C-F and ring-stretching vibrations; and ring deformations related to in-plane
vibrations [74–76]. The FT-IR analysis confirms the adsorption of calendula extract and
5-fluorouracil on hydroxyapatite.

3.3. Turbiscan Analysis

Research into the use of drug delivery systems for anticancer therapy requires the
stability of dispersions of the above-mentioned carriers in water. The Turbiscan Lab
apparatus (Formulation SA, France) was used to analyze the water dispersions of the
obtained materials. The stability of the aqueous suspensions was assessed using the
percentage of transmitted light as a function of sample height. The results seen in Figure 4
showed that destabilization of HAp, HAp@Cal, and HAp@Cal@5-flu dispersion occurs
due to sedimentation. This is evidenced by an increase in the clarity of the suspension in
the upper layer with increasing time tests [77–79]. To analyze the destabilization kinetics of
the obtained dispersions, the Turbiscan Stability Index (TSI) (Turbiscan-specific parameter)
was used, which allows us to compare several systems to each other. In general, the higher
the TSI value, the less stable the system [80,81]. Other sources suggest that the dispersion
shows a diffuse state when the TSI is less than 5, while when this value is between 5 and
20, the dispersion shows a swollen state. The dispersion is sedimentary when the TSI is
greater than 20 [82]. The TSI analysis reveals that unmodified HAp was stable for 5 min,
while after 15 min, the dispersion was sedimentary. Adsorption of calendula extract on
the surface significantly improved the stability of the dispersion, as evidenced by the low
TSI values of both HAp@Cal and HAP@Cal@5-flu. The obtained results indicate that the
presented systems are suitable for further research, e.g., using in vitro techniques.
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3.4. Antioxidant Properties

Calendula extract was found to scavenge the free radical DPPH˙, while both HAp and
the drug have very low effects against DPPH˙, see Table 2. As the Calendula extract is an
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effective source of antioxidant agents, its loading into the HAp matrix improved activity, es-
pecially for the HAp@Cal@5-flu. Since calendula extract contains phenolic compounds like
caffeic acid and chlorogenic acid, which have strong antioxidant properties, it is expected
that the extract will present high radical scavenging activity [83–85]. Some studies show
that calendula extracts have been reported to possess cytotoxic and antitumor activities [83].
On the other hand, there are theories that antioxidant administration during chemotherapy
reduces or prevents certain types of ROS-induced toxicities of chemotherapeutics [86].
Adding antioxidant agents—calendula extract in the current research—to obtain stable
colloidal suspension not only improves physical properties of dispersion but also benefits
in potentially acting against ROS during the therapy.

Table 2. Antioxidant effect of nanostructural platform for drug delivery and its compounds.

Material RSA, % (SD)

Hydroxyapatite 1.1 d (0.8)

Calendula extract 20.7 a (0.5)

5-fluorouracil 4.0 c (1.2)

HAp@Cal 9.9 b (0.7)

HAp@Cal@5-flu 20.0 a (1.3)
a,b,c,d Average values in columns denoted with the same letters do not differ statistically significantly at p < 0.05,
SD—standard deviation.

3.5. DTF Analysis

Additionally, to investigate the antioxidative potential of HAp modified with myo-
inositol and 5-fluorouracil, the density functional theory (DFT) was implemented in the
studies to determine the geometry optimization. Therefore, the molecular electrostatic
potential (MEP) was used as a general measure for the substituent effects in chemical
reactions and interactions between molecules, and the frontier molecular orbitals (FMOs)
were used to understand the reactivity of both compounds.

The MEP surface of 5-flu is shown in Figure 5a, where the red color denotes the
electrophilic attack reactivity, the blue color is responsible for nucleophilic attack reactivity,
and the green color represents the neutral region. The dipole moment is 5.39, while the
total energy is −510.522 au. The highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) are shown in Figures 5b and 5c, respectively. The
energy gap is obtained from the difference between the orbital energy value, LUMO, and
HOMO. The value of the energy gap (i.e., HOMO–LUMO gap) affects the reactivity of the
molecule and its kinetic stability. The greater the value of the HOMO–LUMO gap, the lower
the reactivity of the molecule and the greater its kinetic stability. In the case of 5-fluorouracil,
the energy gap is equal to 0.382 eV. Figure 5d presents the MEP surface of myo-inositol,
Figure 5e shows the HOMO, and Figure 5f reveals the LUMO. The HOMO–LUMO gap
is equal to 0.578 eV, showing higher kinetic stability and lower reactivity of myo-inositol
than 5-fluorouracil.

The electrostatic potential contour maps for positive and negative potentials for
myo-inositol and 5-fluorouracil, respectively, are shown in Figure 5g,h. Based on the
map, the partial distribution of change along the molecule’s surface is presented, making
it useful tool for the determination of the molecular polarity as well as the dipole arrow
placement. As can be seen in the HOMO–LUMO and electrostatic potential contour map,
both compounds have different reactivities, and myo-inositol can easily undergo the oxi-
dation pathway [87]. The drug has two potential sites of protonation and deprotonation
entering the cell using the same mechanism of transport as uracil [88,89]. This shows that
the combination of both compounds in the therapy can provide additive effects, making it
even more effective in biological applications.
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and (f) LUMO for myo-inositol in solvent water. The electrostatic potential contour of (g) myo-inositol
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3.6. In Vitro Cytotoxicity Results

To evaluate the cytotoxicity of nanocomposite loaded with calendula extract and the
anticancer drug, in vitro cell experiments with the use of an MTS reagent were performed.
Figure 6 shows the results of the cytotoxicity studies after 24, 48, and 72 h where the drug
concentrations were about 25, 50, 100, and 200 µM. The concentrations of HAp, HAp@Cal,
and calendula extract separately were the same like the concentration of these ingredients
in the composite HAp@Cal@5-flu. The cytotoxic effect of HAp@Cal@5-flu nanocomposite
is even observed for the lowest drug concentration and the shortest exposure time. This
effect becomes stronger with the increase in drug concentration and incubation time,
reaching 60% cell viability for 100 µM after 24 h. Interestingly, the bare calendula extract
exhibits no cytotoxicity. However, according to the bare HAp, Figure 6 shows the decrease
in cell viability to ~80%, which can be explained by the lack of stabilization of HAp
and subsequent agglomeration onto cells [90]. Additionally, it can also be caused by
the specific shape and size of the obtained nanostructures. The literature also refers to



Coatings 2023, 13, 1944 14 of 21

similar effects [91–93]. A significant reduction in cell viability (~70%) was achieved for
HAp@Cal@5-flu at 200 µM drug concentration and 72 h of incubation time. This effect can
occur due to the presence of myo-inositol and palmitic acid in the calendula extract. These
molecules are noncytotoxic alone. While they interact with biological membranes, the drug
can be more easily released and accumulated into the cells. The proposed nanocomposite
demonstrated high effectiveness on SKOV-3 cancer cells. Furthermore, a greater effect after
treatment with both calendula extract and 5-fluorouracil bound to HAp was achieved in
comparison to these compounds used separately. Since 5-fluorouracil has adverse side
effects, the use of HAp@Cal@5-flu will allow the concentration of the drug to be reduced
while keeping the drug highly effective. This can be caused by the biological activity of myo-
inositol. The level of this compound in the body is decreased during carcinogenesis [87,94].
Several studies show supplementation of myo-inositol effect during anticancer therapy on
the inhibition of cancer growth [95,96].
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3.7. Interaction of Conjugate with Model Membrane System
3.7.1. Langmuir Studies

The Langmuir method is the technique that is most commonly used to obtain and
study artificial lipid monolayers, which—in their compositions and properties—correspond
to biological membranes found in living organisms. Langmuir monolayers are simplified
membrane models as they mimic half of the natural cell membranes [97]. For that reason, it
was decided that research would be conducted to obtain information on how the conjugate
and its components affect the structure of the lipid membranes formed using this method.
The biological membranes of normal and cancerous cells differ in terms of composition
and structure. In the following studies, two types of lipids, DOPC (1,2-dioleoyl-sn-glycero-
3-phosphocholine) and DOPS (1,2-dioleoyl-sn-glycero-3-phospho-L-serine), were used to
mimic the structure of the membrane of a normal cell and a cancer cell, respectively [98].
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The films were formed on a subphase consisting of water or appropriate solutions of
hydroxyapatite and/or drug.

Based on the measurements, it can be seen that the addition of pure hydroxyapatite to
the subphase does not change the structure of the membrane or the shape of the isotherm,
see Figure 7a. This does not depend on the type of used lipid or the concentration of HAp
(even more than 30 mg L−1). The observed effect is very promising and consistent with the
in vitro studies because the carrier should be inert to lipid structures and living cells [99].
Hydroxyapatite modified with calendula extract has a strong affinity for both lipids. Even
at low surface pressures, the surface area per lipid molecule increases significantly. In the
case of DOPC film a slight transition on the isotherm at 22 mN m−1 is visible, see Figure 7b,
which indicates a change in the state of organization of molecules in the membrane under
the influence of the presence of natural substances contained in calendula. That effect
is mitigated by the addition of a drug adsorbed on the HAp surface. 5-fluorouracil is
physically adsorbed in the outer shell of the carrier, which limits its direct contact with
lipids and may reduce the interaction of calendula substances with the membrane. The
interaction of nanostructures with the DOPS film is much stronger than in the case of the
phosphatidylcholine membrane. The adsorption effect of the conjugate on the DOPS film
is several times higher than on the DOPC layer. The modification of the nanocarrier with
fluorouracil does not reduce its affinity for the DOPS membrane. On the contrary, this
phenomenon is enhanced. Lipid DOPS is used in research as a model of the cancer cell
membrane. Hence, the strong penetration effect of such a membrane by the conjugate
is a very interesting and promising phenomenon. The carrier modified with calendula
extract and the drug 5-fluorouracil has a chance to act selectively in relation to cancer cells
while omitting normal cells. The presented studies confirm that cytotoxicity to selected
cancer cells is much stronger for conjugate than its individual components. It makes the
opportunity to develop new carriers as combinations of drugs and substances of natural
origin with wide potential applications in medicine.

3.7.2. Surface Pressure–Time Dependence

The following studies were intended to investigate the effects of HAp, HAp@Cal, and
HAp@Cal@5-flu on an organized biomimetic membrane. For this purpose, lipid layers
were compressed at a surface pressure of 30 mN m−1. Then, an appropriate solution was
injected into the subphase under the formed film. In therapy, the conjugates or drugs are
injected into the bloodstream and then must overcome the biological membranes. Thus, the
active compound is in contact with the already organized membrane. The proposed system
was to imitate the model of interaction of hydroxyapatite and drugs with cell membranes in
the body. The selection of the pressure value of about 30 mN m−1 allows experiments for a
membrane with a similar degree of organization that occurs in natural cell membranes to be
conducted [100,101]. The injection of a pure hydroxyapatite solution under the organized
layer does not cause any changes in the surface pressure value, so the carrier does not
interact with the biomimetic membrane. This result confirms the presented results of the
Langmuir isotherm and cytotoxicity tests—hydroxyapatite is inert to the lipid structures
and cells of selected lines.

The addition of a pure drug with a concentration of 10−5 M does not significantly
affect the organization of lipids in any of the tested membranes [98,102]. In the presence of
the DOPS layer for the drug, only slight pressure changes of about 1.5 mN m−1 are visible,
which suggests easier adsorption of fluorouracil on the tumor cell model. Application of
hydroxyapatite modified with calendula extract shows that the nanocarrier penetrates the
biomimetic membrane within about 50 min, increasing the ∏ value to 37 mN m−1. The
type of lipid does not play a role in the adsorption kinetics of the nanosystem. Calendula
extract cannot selectively interact with one of the cell membrane models (DOPC or DOPS).
The situation changes when the carrier has been modified with a plant extract and a drug at
the same time. In the case of the DOPS membrane, the pressure value and adsorption time
increase significantly. The higher effects of both compounds (calendula and 5-fluorouracil)
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affect the kinetics of the conjugate penetration into the membrane. In less than 20 min, the
DOPS layer is completely saturated with the conjugate, while the pressure increases by
about 60% relative to HAp@Cal. In the right panel of Figure 7 (for the DOPC lipid), the
lack of synergism associated with the coexistence of both substances can be observed. After
modification of the conjugate with drugs, the value of surface pressure decreases compared
to the HAp@Cal nanocarrier.
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The results obtained from the Langmuir technique confirm the higher adsorption
efficiency of the conjugate in the case of the tumor cell membrane model, at the same time
indicating the possible synergism of calendula extract and 5-fluorouracil. The possibility
of greater affinity of the conjugate for tumor cells may have a promising effect in future
therapies using the proposed material.

4. Conclusions

This work presents nanostructural hydroxyapatite as a platform for the immobi-
lization of biologically active ingredients from the plant extract and anticancer drug for
nano-biomedicinal use. A rod-shaped HAp ~30 nm in diameter and ~100 nm in length
was prepared using the wet co-precipitation method. The EDS and XRD studies confirmed
the formation of the HAp with a Ca:P ratio of ~1.6, which is similar to the natural hy-
droxyapatites. Nanostructures were loaded with the calendula extract from the petals of
C. officinalis L.—rich with biologically active myo-inositol—and then the cytostatic drug
5-fluorouracil. Calendula extract was loaded into the HAp carrier to interact with biological
membranes and work as a stabilizing agent to obtain stable colloidal suspension. FT-IR,
DLS, and turbidimetry studies show the changes in the surface properties of the conjugate
after loading of the extract. The nanocomposite HAp@Cal@5-flu reveals a cytotoxic effect



Coatings 2023, 13, 1944 17 of 21

on SKOV-3 cancer cells, where the effect is much stronger than for bare 5-fluorouracil.
Based on the Langmuir trough results, it can be seen that the composite exhibits strong
adsorption to the analogue of tumorous cell membrane. Moreover, calendula extract is a
source of antioxidant agents, leading to the effective scavenging of DPPH radicals. The
conducted research confirms the potential of HAp@Cal@5-flu to be applied in anticancer
therapy, making it a promising nanocarrier to be used in the biomedical field.
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