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KEYWORDS Abstract In recent days, the green synthesized nanomagnetic biocomposites have been evolved
Magnetic composite; with tremendous potential as the future biological agents. This has encouraged us to design and syn-
Fe;04/Thyme-Cu; thesis of a novel Cu NPs supported Thyme flower extract modified magnetic nanomaterial (Fe;0y4/
Antioxidant; Thyme-Cu). It was meticulously characterized using advanced analytical techniques like FT-IR,
Human lung cancer FESEM, TEM, EDX, VSM, XRD and ICP-OES. After the characterization, the synthesized

Fe;04/Thyme-Cu nanocomposite was engaged in biological assays like study of anti-oxidant
properties by DPPH mediated free radical scavenging test using BHT as a reference molecule.
Thereafter, on having a significant IC50 value in radical scavenging assay, we extended the
bio-application of the desired nanocomposite in anticancer study of A549, Calu6 and H358 human
lung cell lines in-vitro through MTT assay. They had very low cell viability and high anti-human
lung cancer activities dose-dependently against A549, Calu6 and H358 cell lines without any cyto-
toxicity on the normal cell line (MRC-5). The IC50 of Fe;O4/Thyme-Cu nanocomposite was 124,
265, and 181 pg/mL against A549, Calu6 and H358 cell lines, respectively. Maybe significant
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anti-human lung cancer potentials of Fe;04/Thyme-Cu nanocomposite against common lung can-
cer cell lines are related to their antioxidant activities. So, these results suggest that synthesized
Fe;04/Thyme-Cu nanocomposite as a chemotherapeutic nanomaterial have a suitable anticancer

activity against lung cell lines.

© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In the era of advanced functional materials noble metal nanoparticles
(NPs) have garnered substantial importance derived from their dis-
tinctive physicochemical properties. Due to minuscule dimension they
acquire large surface to volume ratio, which is greatly responsible for
their high catalytic activity (Vinci and Rapa, 2019; Habibullah et al.,
2021; Pareek et al., 2017; Dauthal and Mukhopadhyay, 2016; Bao
and Lan, 2019; Pradeep, 2009; Conde et al., 2012). Among the differ-
ent noble metal NPs (Au, Ag, Cu, Hg, Pd, Pt) Cu NP are signifi-
cantly interesting which has been found very stable both physically
and chemically and also much economic among the all (Gawande
et al., 2016; Singh and Kaur, 2016). They can be prepared in various
morphologies like nanospheres, nanorods, nanocubes, nanostars,
nanoflowers, nanowires, nanorice etc. Due to unique shape selective
physical properties, Cu NPs have profuse applications in diverse sci-
entific domains like physics, chemistry, biology, material science,
medicines and their interdisciplinary subjects (Al-Hakkani and
Appl, 2020; Waris et al., 2021; Bhagat et al., 2021; Chakraborty
et al., 2022; Din et al., 2017). Nevertheless, these NPs when being
used barely in different applications, especially in catalysis, tend to
agglomerate and the activity gets reduced abruptly. Again, there also
difficulty lies in the isolation of catalyst from reaction medium due to
its tiny size. These difficulties however can be turned aside by immo-
bilization of the NPs over a suitable support that prevents them to
coalesce together (Veisi et al., 2021; Hemmati et al., 2020). Now, with
reference to stability of NPs by successful dispersion over the support
and facile isolation, magnetic nanoparticles (MNP) as a support
matrix, have garnered special priority. In addition, they are bestowed
with plenteous hydroxyl groups on the exterior that could be
exploited to appropriate surface modifications. The material is inex-
pensive, readily available, easy to synthesize, having exceptional ther-
mal and mechanical stability, being non-hazardous and
biocompatible (Naghipour and Fakhri, 2016; Duan et al., 2018;
Veisi et al., 2018; Pinto et al., 2012; Mahasti et al., 2019; Maia
et al., 2019; Veisi et al., 2021; Shahriari et al., 2021).

Presently, advanced bio-engineered nanomaterials derived from
natural resources have come with great prominence in catalysis as well
as bio-applications due to their unique sustainable features like bio-
compatibility, biodegradability, reusability, uniform shape distribution
and site selective physicochemical properties (Hutchison, 2008; Varma,
2014). In this regard, different plant extracts (fruit, flower, bark, seed,
leaves etc) have been extensively used in the modification of nanoma-
terials. The resource is essentially green, easily available and econom-
ical. The organic phytochemicals contained therein are mostly electron
rich oxygen or nitrogenous functions and have remarkable potential to
anchor noble metal ions, reduce them to corresponding NPs in a toxic-
free environment following green pathway and finally stabilizes them
by capping (Mohammadinejad et al., 2016; Machado et al., 2013;
Lopez-Tellez et al., 2013; Kumar et al., 2013; Kharissova et al.,
2013; Sharma et al., 2015; Nadagouda et al., 2014; Sarmah et al.,
2019; Vishnukumar et al., 2017; Sun et al., 2014). All these features
impelled us to assemble and design a biogenic magnetic nanocomposite
material Fes0y4/Thyme-Cu, where Cu NPs were synthesized in situ and
encapsulated over Thyme phytomolecule functionalized magnetic
Fe;0,4 NPs. The biomolecular modification over Fe;Oy4 affords it a

shield like appearance, more precisely, a core-shell type structure.
Finally, this novel hybrid material was utilized in the biological evalu-
ation of anti-lung cancer properties, and also the assessment of its
antioxidant potential. Thyme plant (Thymus vulgaris) is a low-
growing hardy perennial, a fragrant herb with small, fragrant leaves
and thin, woody stems. The major phytochemicals active in thyme
flower extract are different phenolic compounds like borneol, car-
vacrol, cymol, linalool, thymol, tannin, apigenin, luteolin, saponins,
and triterpenic acid (Daugan and Abdullah, 2017; Nieto, 2020).

In human body system among the different diseases cancer or
malignancy is the most formidable one associated with uncontrolled
growth of anomalistic cells and disruption of genetic elements, affect-
ing any part of the body (Wang et al., 2022; Huang et al., 2021).
Among the different cancers, the disorderness of lung has been the
most common. Lung cancer is responsible for the second highest mor-
tality rate worldwide owing to it severe invasion rate and metastatis.
Keeping in mind of the acute side effects of conventional treatment
procedures, there has been ample research on the alternate formulation
of typical cancer drugs and in result nanomedicines, particularly the
bio-inspired nanomaterials have come up with great prominence and
potential (Ou et al., 2022; https://www.cancer.gov/aboutcancer/
understanding/what-is-cancer). Very recently, modified Cu NPs has
been explored as an excellent chemotherapeutic drug in cancer detec-
tion and inhibition of its proliferation (Huang et al., 2021; Xue
et al., 2021; Shi et al., 2021; Sun et al., 2022; Tamimi et al., 2020;
Yao et al., 2020). Hence, in our investigations we used the Fe;O,/
Thyme-Cu nanocomposite against some standard human cancer cell
lines, namely, A549, Calu6 and H358 and interestingly achieved some
very good outputs inhibiting their growth. However, the material was
proved benign without any significant cytotoxicity on the normal cell
line (MRC-5). Again, Cu NPs and thyme extract have been observed
to exhibit considerable antioxidant potential individually. Definitely,
to our anticipation, the Fe3Oy4/Thyme-Cu material showed superior
antioxidant activities.

2. Experimental

2.1. Materials and method

The essential chemicals and biosamples were procured from
Fluka and Sigma-Aldrich. In the structural characterizations,
FT-IR was recorded over KBr disc in a Bruker VERTEX 80v
spectrophotometer. Morphological and compositional analysis
was done over FE-SEM MIRA3 microscope equipped with
EDX (TSCAN). The samples were coated with gold atom vapor
prior to analysis. A Philips CM 10 microscope was used in the
TEM analysis, performed at 200 kV operating voltage. The sam-
ple was prepared by dispersing it on a carbon coated Cu grid fol-
lowed by drying. In the analysis of crystallinity, X-ray
diffraction study was performed using Co Ko radiation (A =
1.78897 A, voltage 40 keV, current 40 mA) in the scanning range
of 20 = 10to0 80°. A STAT FAX 2100, BioTek, Winooski, USA
instrument was used in Microplate Reading Scheme 1.
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2.2. Preparation of Thyme flower extract

Clean Thyme flowers were collected and dried. 1.0 g of dried
flowers were immersed into 30 mL DI water and gently
warmed at 80 °C for 20 min when the solution color changed
to light violet or pink. It was filtered through Whatman-1 filter
paper and the filtrate was treated as extract.

2.3. Synthesis of the Fe;0, magnetite nanoparticles

A mixture of FeSO4$7H,0 (4.2 g) and FeCl386H,0 (6.1 g)
were dissolved in DI water (100 mL) by stirring at 90 °C for
30 min followed by the dropwise addition of 10 mL anhydrous
ammonia. Immediately brown colored Fe;O; NPs were
formed. The mixture was continuously stirred for another
30 min under the same conditions and then the products were
retrieved magnetically, washed thoroughly with DI water to
neutrality and dried at 80 °C.

2.4. Green synthesis of the Fe;0,/Thyme-Cu nanoparticles

0.5 g Fes04 NPs were dispersed in DI water (100 mL) by son-
ication for 20 min and then an aqueous solution of Cu(NO3),-
-3H,0 (50 mL, 2 mM) was added to the solution dropwise and
stirred for 10 min. The prepared flower extract (10 mL) was
subsequently added and stirred for 2 h at 100 °C. The
Fe304/Thyme-Cu nanocomposite was finally separated using
magnet, washed with DI water to remove the adhered byprod-
ucts and dried at 60 °C.

2.5. Antioxidant analysis

An equal volume of DPPH free radical solution (0.04 mg/mL,
150 pL) was mixed to 5 different concentrations (31.25, 62.5,
125, 250, 500 and 1000 pg/mL) of the nanocomposite and sub-
sequently incubated for 30 min. Absorbances of the corre-
sponding mixtures were measured at 517 nm and the
following equation was used to calculate the radical scavenging
activity in terms of % inhibition.

_ Absmmple - Absblan/c

nhibition (%) ( AbSconiror — ADSpiank

) x 100 (1)

Cu(NO3), 3H,0 - ﬂ’\

Fe304/Thyme-Cu

Green synthesis of magnetic Fe;O4/Thyme-Cu nanocomposite mediated by Thyme flower extract.

Abs sample: absorbance of the reaction mixture, Abs blank:
absorbance of the blank for each sample dilution in DPPH sol-
vent, Abs control: absorbance of DPPH solution in sample
solvent.

2.6. Cytotoxicity studies by MTT assay

The cell lines were initially cultured in 96-well plates at 37 °C in
5% CO, atmosphere for 24 h. The growth media (10% FBS)
was then decanted off from the plate and were washed twice
with PBS. The compounds were then introduced in different
concentrations (0.5, 5, 50, 500, and 1000 pg/mL) in RPMI
medium and the system was incubated again for 3 days. The
MTT dye in PBS solution (10 pL, 5 mg/mL) was next added
to each well and incubated again for 4 h. In the same way
media was removed and replaced with 100 pL DMSO in each
well. In order to assist the formazan crystal solubilization all
the plates were gently swirled. Finally, absorbance of the
resulting mixture was measured at 545 nm and % cell toxicity
alongwith IC 50 were determined as the following formula.

mean OD of sample

Toxicity% = (1 — ) x 100

mean OD of control

Viability% = 100 — Toxicity%

3. Results and discussion

3.1. Characterization of Fe;0 ,/ Thyme-Cu nanocomposite

A post-synthetic modification approach was followed in the
synthesis of biogenic Cu grafted and thymin functionalized fer-
rite nanocomposite. Structural features of the core—shell type
material were determined over a broad range of analytical
techniques like FT-IR, SEM, EDX, elemental mapping,
TEM and VSM. Fig. 1 represents unified FT-IR spectra of
bare Fe304, thyme flower extract and Fe;Oy4/Thyme-Cu in
order to compare the structural statistics and stepwise building
of the final material. Fig. 1a shows the characteristic absorp-
tion peaks of Fe3O4 where two important signals are observed
at 442 and 582 cm ™' due to Fe(Op,)—O and Fe(Tq)—0O—Fe(Oy,)
stretching vibrations (Fig. 1a) where Oy, and T4 are the octahe-
dral and tetrahedral position of the ferrite spinel. Two signifi-
cant vibrational bands attributed to ferrite surface O-H
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Fig. 2 SEM image of Fe;04/Thyme-Cu nanocomposite.

stretching and that of intercalated H,O molecules are found at nolic moieties, being evident from a broad hump at 3422 cm ™.
3420 and 1638 cm ™', respectively. As the Thyme flower extract Some more specific vibrations are observed at 1076, 1421,
contains numerous organofunctions, the corresponding FT-IR 1650, 1730, and 2926 cm™' attributed to C—0O, C—O—C,
spectrum is quite complex. However, the extract is rich in phe- C=C, C=0 and C—H stretching vibrations implying the



Green supported Cu nanoparticles on modified Fe304 nanoparticles 5

Fig. 3 TEM images of (a) Fe;04/Thyme and (b) Fe;O4/Thynie-
Cu nanocomposite.

presence of flavonoid, tannin and terpenoid moieties (Fig. 1b).
On the other hand, the FT-IR spectrum of Fe;0Qy4/Thyme-Cu
nanocomposite in Fig. 1c, seems to be an ensemble of the pre-
cursors, validating the successful immobilization of plant bio-
molecules over ferrite NPs. However, the Cu connection could
be identified by the slight shifting of vibrational peaks in
Fig. lc from Fig. la and b.

The general microstructural features, morphology, size and
shape of the as-synthesized Fe;O4/Thyme-Cu nanocomposite
were ascertained by electron microscopic analysis (SEM and
TEM). Fig. 2 represents the SEM image displaying the homo-
geneous globular morphology of the NPs. Mean particle diam-
eter of the nanocomposite was 30-40 nm. However, plant
biomolecular modification or Cu immobilization over the core

cps/eV
1

0 2 4 6 8 keV

Fig. 4 EDX spectrum of Fe304/Thyme-Cu nanocomposite.

Fe Lal 2 O Kal C Kal_2 Cu Lol 2

Fig. 5 SEM image of Fe;04/Thyme-Cu nanocomposite with its
elemental mapping.

ferrite could not be separately detected from its appearances.
The sample seems fairly agglomerated due to manual sample
preparations prior to SEM analysis.

The structural inherence was further established by TEM
analysis. Fig. 3 depicts the texture of Fe;O,4/Thyme intermedi-
ate and the final Fe;O4/ Thyme-Cu nanocomposite. It substan-
tively justifies the outcomes of SEM results with globular
shaped particles. Fig. 3a shows the core grey particles repre-
senting Fe3O4 NPs which is associated with a continuous
homogenous layer of thyme biomolecules over it. Then again
Fig. 3b shows the fabrication of tiny spherical Cu NPs over
Fe;04/Thyme surface. The NPs are being stabilized over thyme
phytochemicals by capping. The grey and black particles char-
acterize the Fe;04 and Cu NPs respectively. By size the latter
seems comparably larger where the corresponding dimensions
being in the range of 15-20 nm and 20-30 nm respectively. It
personifies a blend of the two NPs but no sign of agglomera-
tion was detected from the image.

We got an idea of chemical constitution of the Fe;Oy4/
Thyme-Cu nanocomposite from EDX analysis. As seen from
the profile in Fig. 4, the material is composed of Fe and Cu
as metallic and C, N and O as the non-metallic components.
The strong signal at 2.15 keV due to Au appears as a result
of gold coating over the sample prior to SEM-EDX analysis.
The occurrence of non-metals authenticates the plant
biomolecular attachments. EDX outcomes were further war-
ranted by SEM elemental mapping study (Fig. 5) which
demonstrates the elemental distribution or topography over



the matrix. Evidently, Fe, Cu, C and O species are dispersed
uniformly throughout the surface. The uniform distribution
of active elements definitely has an augmented impact on its

activity.

6 X. Tang et al.
60
40
£l 20
=S
£
<
=
2 0
-g -20p00 -15000 -10000 -5000 5000 10000 15000 20000
g
o0
<
=
-40
Applied Field (Oe)
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Fig. 7 TGA curve of Fe;04/Thyme-Cu nanocomposite.

Being an iron cored material, the study of magnetic proper-
ties of FesO4/Thyme-Cu by VSM is an imperative measure. By
applying a magnetic field of —20 kOe to + 20 kOe, it produces
a typical magnetic hysteresis curve, justifying the material to be



Green supported Cu nanoparticles on modified Fe304 nanoparticles 7

250 500

1000

Concentration (pg/mL)

100

280

%]

= 70

R . 60

=&

Sz 50

=5

240

& 20

[-™

X 0
31.25 62.5 125
Fig. 8

superparamagnetic in nature (Fig. 6). The saturation magneti-
zation (Ms) value was found 23.6 emu/g. The lower magnetic
value than unmodified Fe;04 can be justified due to the load-
ing of non-magnetic Cu NPs as well as the plant biomolecules.
However, the material is still enough magnetic to be attracted
by an external magnet.

The stability of the Fe3Oy4/Thyme-Cu nanocomposite and also
percent of organic groups on the magnetic NPs surface were ana-
lyzed using TGA analysis. The TGA curve (Fig. 7) shows a pri-
mary weight loss of 7.5% up to 170 °C which is because of
physically adsorbed solvent and surface hydroxyl groups on the
support. Thermal degradation of the nanocomposite happened
following 200 °C which shows the high thermo-stability of
nanocomposite. The second and third weight loss of 26.2% over
the range of 200-600 °C was due to degrading the organic remains.

3.2. Study of antioxidant potential of Fe3;0 4/ Thyme-Cu
nanocomposite

NPs are reported to have distinctive antioxidant properties
(Katata-Seru et al., 2018). When plant extracts are being

Antioxidant activity of Fe3O4/Thyme-Cu nanocomposite.

functionalized over metal NPs as capping agents, the as-
synthesized nanocomposites exhibit much superior antioxidant
effects. Antioxidants are generally referred to as substances
that can delay, slow down, and even stop oxidation processes
(Mou et al., 2015; Will et al., 2006; Harada et al., 2007,
Schroeder et al., 2012; Gobbo et al., 2015). These compounds
can optimally prevent changes in the color and taste of food
because of oxidation reactions. They actually prevent the
spread of oxidation chain reactions by releasing hydrogen
atoms or electrons to free radicals. In recent years, the use of
synthetic antioxidants like BHT, BHA, TBHQ as well as other
chemical additives has been limited due to their potential tox-
icity and carcinogenicity. Therefore, scientific communities are
engaged in serious research to introduce newly formulated bio-
inspired and safe antioxidants derived from plant, animal,
microbial and food sources (Sankar et al., 2014). In this study,
we have demonstrated the radical scavenging capacity of
FesO04/Thyme-Cu nanocomposite using DPPH radical using
aqueous methanol (1:1) and BHT as negative and positive con-
trols respectively. During scavenging the DPPH free radical,
Fe;04/Thyme-Cu transfers an electron or hydrogen to it and

100
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} 60
g 50
5 40
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20
gl
0
5 50 500

1000 2000
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Fig. 9

In vitro toxicity analysis of Fe304/Thyme-Cu nanocomposite on A549 cell line.
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reduces the radical to a stable molecular species, resulting a
change of color from initial deep purple to pale yellow. This
change was measured thorough UV-Vis spectroscopy at
517 nm and the corresponding antioxidant properties were cal-
culated following Eq. (1) and expressed as percentage inhibi-
tion. UV absorbances (A) of the nanocomposite-DPPH
complex at different concentrations were measured (31.25,
62.5, 125, 250, 500 and 1000 pg/mL) and the outcome as been
shown in Fig. 8. Evidently, the activity got enhanced
with higher concentrations and became highest (92%) at
1000 pg/mL.

3.3. Cytotoxicity studies over Fe;0 4/ Thyme-Cu nanocomposite.

Advanced nanomaterials have a significant ability to destroy
cancer or malignant cells by irradiation, providing a micro-

120

In vitro toxicity analysis of Fes04/Thyme-Cunanocomposite on Calu6 cell line.

scopic therapeutic effect within electrons (Pascal et al., 1999;
Bomati-Miguel et al., 2008; Khanna et al., 2018; Xie et al.,
2018). They are designed to achieve optimal therapeutic effi-
cacy against the cancer cells. After having a significant IC50
value in the radical scavenging study in the antioxidant assay,
we further explored the Fe;Q4/Thyme-Cu nanocomposite in
the anti lung cancer study over three standard cell lines, such
as, A549, Calu6 and H358 in vitro conditions. In the cytotox-
icity measurement the cells were treated in different concentra-
tions of the nanocomposite (5-2000 pg/mL) and were
investigated by MTT assay for 48 h. Interestingly, the % cell
viability values over the cancer cell lines reduced with increas-
ing doses of Fe;O4/Thyme-Cu (Figs. 9-11). The corresponding
IC50 values over the three cell lines were 124.28, 265.23 and
181.34 pg/mL respectively. The cytotoxicity study was also
carried on normal MRC-5 cell line which however showed
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Fig. 11

In vitro toxicity analysis of Fe30,4/Thyme-Cu nanocomposite on H358 cell line.
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insignificant % cell viability as can be seen in Fig. 12
(IC50 = 3132.57). Therefore, Fe3O4/ Thyme-Cu definitely
could play as an efficient chemotherapeutic material against
the lung cancer cell lines.

4. Conclusion

In summary, we demonstrate herein the design of a sustainable bio-
inspired system for the synthesis of Thymus vulgaris flower extract
modified Cu NPs, fabricated over magnetic Fe;04 NPs. The electron
rich oxygenated and nitrogenous phytochemicals facilitate the toxic
chemicals free green reduction of incoming Cu ™2 ions into correspond-
ing NPs and further stabilizes them by capping them and checks from
possible coalescence. The material was characterized by diverse analyt-
ical methods. The electron microscopic images confirmed the round
shaped Cu and Fe;0,4 particles with their mean dimension of 15-20
and 20-30 nm respectively. The material was explored biologically in
the inhibition of lung cancer cells over A549, Calu6 and H358 cell lines
with some outstanding results. However, there was no significant effect
on the normal MRC-5 cell lines. Prior to cancer studies, antioxidant
potential of the material was determined by DPPH radical scavenging,
which exhibited almost 94% activity at a dose of 1000 pg/mL. Cyto-
toxicity studies were performed with standard MTT assay. % Cell via-
bility over the cell lines reduced dose-dependently over the
nanocomposite and the corresponding IC50 values were observed to
be 124.28, 265.23 and 181.34 pg/mL respectively, whereas that over
the normal cell line being a staggering 3132.57 pg/mL. The stupendous
outcomes exhibited by Fe304/Thyme-Cu nanocomposite corroborate
it as a potential formulation of chemotherapeutic drug in lung cancer
management.
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