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Background: Previous studies on synthesis and cytotoxicity effect of copper (Cu) and magnetite (Fe3O4) nanodots against kidney and 
lung cancer cells Lines.
Purpose: Investigation of the effects of Cu and Fe3O4 nanodots on the reduction in viability of lung cancer (A549) and human 
embryonic kidney (HEK239T) cells lines.
Methods: Cu and Fe3O4 nanodots/Gum Arabic (GA) hybrids were chemically synthesized, characterized, and assessed by MTT and 
flow cytometry for their cytotoxicity against A549 and HEK239T cells lines.
Results: Novel hybrids of Cu and Fe3O4 nanodots were effectively synthesized by chemical deposition method in combination with 
GA stabilizing agent. The stabilized Cu and Fe3O4 nanodots by GA have median particle size of 4.7 nm and 7 nm respectively. 
Furthermore, the biological activities of Cu nanodots/ GA hybrids showed a strong reduction in viability for both A549 and HEK239T 
cells at 50 and 100 ng/µL, owing to their small size and high surface-area-to-volume ratio compared to Fe3O4 nanoparticles. Pre- 
apoptosis effect of the Cu nanodots/ GA hybrid on the treated A549 cells were 40% for 0.1 ng/µL, 91.4% for 1 ng/µL, 88% for 50 ng/ 
µL, and 87.7% for 100 ng/µL. However, in the treated human embryonic kidney (HEK293T) cells, the pre-apoptosis was found under 
different concentrations conditions of 89.9% for 0.1 ng/µL, 94.2% for 1 ng/µL, 76.2% for 50 ng/µL and 70.5% for 100 ng/µL. After 
treatment of both A549 and HEK293T cells with 100 ng/µL of Cu nanodots/GA hybrid, many cell deaths and reformed nanoparticles 
crystals were observed.
Conclusion: Cu nanodots/GA hybrid strongly reduce the viability of both A549 and HEK239T cells at 50 and 100 ng/µL. However, 
Fe3O4 nanodots/GA hybrid did not show any significant effect.
Keywords: Cu nanodots, Fe3O4 nanodots, Arabic gum, lung cancer, human embryonic kidney cells

Introduction
The unique characteristics and versatile applications of metal and metal oxide nanoparticles have attracted considerable 
attention owing to their high surface-area-to-volume ratios.1,2 Indeed, the synthesis and stabilization of nanoparticles with 
different shapes and sizes using several chemical techniques have been established, including chemical reduction,3 sono
chemical reduction,4 microemulsion,5 photolysis,6 metal vaporization,7 radiolysis,8 the polyol method,9 and thermal 
reduction.10 Among these techniques, chemical reduction is considered a simple, low-cost, and reproducible practical method 
for fabricating high-purity metallic particles such as Cu nanoparticles. This is an easy method to control the size and shape of 
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the prepared Cu nanoparticles. However, the large-scale production of copper nanoparticles remains difficult owing to their 
easy oxidation in solution. Hence, stabilization of these nanoparticles against both agglomeration and oxidation is necessary. 
Many studies have reported the design of stabilized metal nanoparticles in solution, especially in aqueous solutions. For 
example, Pham et al11 used argon as a protective gas to fabricate Cu nanoparticles in solutions of different stabilizing or 
capping agents such as polyvinylpyrrolidone and Cetyltrimethylammonium bromide. Abdulla-Al-Mamun et al12 reported 
a method for synthesizing Cu nanoparticles in methyl cyanide using Ar gas. Kobayashi et al13 used protective nitrogen gas to 
prepare Cu nanoparticles in citric acid solution. However, inert gases are rare and expensive. Therefore, there is a strong need 
to prepare metal nanoparticles without using inert gases under atmospheric conditions during the synthesis process. Vaseem 
et al14 reduced CuCl2 using hydrazine to obtain Cu nanoparticles in a cetyltrimethylammonium bromide stabilizing solution. 
Lai et al15 had reduced CuSO4 with a sodium hypophosphite reducing agent to obtain Cu nanoparticles in 
a polyvinylpyrrolidone capping solution. However, this process is time consuming and requires heating. Therefore, it is 
necessary to develop more common techniques for the fabrication of metal nanoparticles.

Recently, Răcuciu et al16 synthesized iron oxide nanoparticles with a definite particle size distribution through a co- 
precipitation method in aqueous solutions, using l-aspartic acid as a stabilizing agent. Co-precipitation is a suitable 
method for producing magnetic nanoparticles (MNPs). The main advantage of this process is that a large quantity of 
nanoparticles and a high reproducibility can be achieved. However, controlling the particle-size distribution is 
a limitation of this method. Our previous study by Daoush et al17 used ethylenediaminetetraacetic acid as a stabilizing 
agent to permit more nanoparticles to avoid aggregation and decrease the median particle size. Biocompatible super
paramagnetic iron oxide nanoparticles coated with a mixture of ascorbic acid and/or tartaric acid to protect their surface 
oxidation were developed in a previous study.18 The saturation magnetization was nearly stable at approximately 62 emu/ 
g after 12 weeks. In another study, iron oxide nanoparticles of different sizes were synthesized using a hydrothermal 
process. By increasing the particle size, the ratio of magnetite to the maghemite phase increased, reaching a pure 
magnetite phase with a particle size of 123 ± 44 nm.19 Researchers have successfully prepared superparamagnetic iron 
oxide nanoparticles with diameters of almost 7 nm using a co-precipitation method with an oleate coating agent.20 The 
crystal size of the nanoparticles was increased by adjusting the hydrothermal conditions such as the reaction temperature 
and time; hence, nanoparticles with diameters of approximately 11 nm were obtained.20 In another study, iron oxide 
nanoparticles were synthesized in air atmosphere using a co-precipitation method.21 Lowering the iron ion concentration 
in solution reduced both particle size and crystallinity. The obtained nanoparticles show superparamagnetic behavior at 
room temperature and the saturation magnetization is increased up to 63.71 emu/g and the particle sizes vary from 7.45 
nm to 4.88 nm with the change of iron ion concentration.21

The use of natural polymers as stabilizing or capping agents is a promising method for preparing metal nanoparticles by 
preventing their aggregation in solution during synthesis. Zhang et al22 prepared copper nanoparticles using gelatin as 
a capping agent. Gum acacia has also been applied as a natural immobilizing matrix for instant stabilization of freshly 
prepared AgNPs.23 The most commercially important species of Gum acacia are the Acacia Senegal and Acacia Seyal which 
named after discovering the GA extruded by the trees of Acacia Senegal and Acacia Seyal, produce GA.24,25 The most 
commercially important species of Gum acacia are the Acacia Senegal and Acacia Seyal which named after discovering the 
GA extruded by the trees of Acacia Senegal and Acacia Seyal, produce GA.24,25 GA is a naturally-occurring, non-toxic, water- 
loving, extensively-branched polysaccharide obtained from the exudates of Acacia senegal and Acacia seyal trees. Due to its 
biocompatibility and its ability to stabilize and emulsify, GA has been applied in the field of nanomedicine. Suárez-Cerda 
et al26 developed a copper nanoparticle synthesis process through the chemical reduction of an aqueous solution of copper 
sulfate with ascorbic acid as the reducing agent, using different native cyclodextrins as stabilizing agents. El-Batal et al27 

prepared copper nanoparticles using citrus pectin, chitosan, and sodium alginate, with P. ostreatus as a reducing agent. Prince 
et al28 synthesized Cu nanoparticles using L-ascorbic acid as a reducing agent stabilized with GA.28

The use of GA as a dispersing and capping agent can prevent nanoparticle aggregation and provide nanoparticles 
dispersed in solutions for a prolonged period of stability. It has been reported in the literature29 that the use of an GA 
capping agent can stabilize nanoparticles such as carbon nanotubes and iron oxide/carbon nanotube nanocomposites in 
aqueous and polar solvents and electrolytes under the effect of ultrasonic waves with a frequency of 40 kHz. Owing to 
the biocompatibility of biopolymers, GA-capped metal and metal oxide nanoparticles can be used in medical and 
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pharmaceutical applications. Herein, our goal is to prepare Cu and Fe3O4 nanodots/GA hybrids using a chemical 
deposition method. The produced nanoparticles were characterized using a series of analytical methods, namely field 
emission scanning electron microscope (FE-SEM), energy dispersive X-ray (EDX), X ray diffraction (XRD), Fourier 
transform infrared spectroscopy (FT-IR), high resolution transmission electron microscope (HR-TEM) and high resolu
tion field emission transmission electron microscopy (HRFE-TEM). The magnetic properties were measured using the 
vibrating sample magnetometer (VSM) method. By dispersing the nanoparticles in an emulsifying agent composed of 
natural GA and a biocompatible polymer at low cost to handle and enhance the effectiveness of the investigated cells, the 
process will be ecofriendly and recommend GA as a good emulsifying agent for medical applications as well as a good 
drug carrier agent for cancer therapy. The applicability of the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium 
bromide (MTT) assay and (annexin V/propidium iodide) cytometry assay in a typical context for testing the effect of the 
synthesized Cu nanodots/GA and Fe3O4 nanodots/GA hybrids on the reduction in viability of embryonic kidney 
(HEK293T) and lung cancer cell lines (A549) has also been reported and evaluated.

Materials and Methods
The GA has provided from the Saudi special service laboratory, Riyadh; Saudi Arabia (License no. 172, Catalog. 
No. 6281103383762) by drying exudates of the trunks and branches of Acacia trees of the family Fabaceae or 
Leguminosae, from some harvested wild trees.24,25 The obtained extruded gum used for the combination with Cu and 
Fe3O4 nanodots and the formation of new hybrids by stabilization in an aqueous solution. All reagents used in this study 
are highly pure grade and used without further purification, namely potassium sodium tartrate, copper sulfate pentahy
drate, sodium hydroxide, ferric chloride hexahydrate, ferrous chloride tetrahydrate, and ammonia solution.

The Preparation of Cu and Fe3O4 Nanodots/GA Hybrids
Cu nanodots are synthesized by chemical deposition method. Copper sulfate pentahydrate and potassium sodium tartrate 
are dissolved in aqueous solution and magnetically stirred at 500 rpm and 25°C for 15 min. The pH of the solution is 
adjusted with sodium hydroxide to 12.5, using a pH meter connected to a glass electrode, followed by the addition of 
a formaldehyde reducing agent to enhance the chemical reduction of Cu ions to produce Cu nanodots. Subsequently, 
a 1% freshly prepared aqueous solution of GA at 100°C for 30 min is added to the aqueous solution under continuous 
stirring for 1 h to obtain a Cu nanodots hybrid combined with GA suspended in the solution. The obtained solution is 
centrifuged at 3000 rpm to collect the Cu nanodots/GA hybrid for further characterization.

Fe3O4 nanodots are synthesized by developing a method based on previous reports with some modifications.16,17 In 
the co-precipitation method, the chemical deposition method, ferric chloride hexahydrate solution (4 mmol), and ferrous 
chloride tetrahydrate solution (2 mmol) were mixed and magnetically stirred at 500 rpm and 60°C. The dropwise addition 
of the ammonia solution favored the co-precipitation of the Fe3O4 nanodots. Subsequently, a freshly prepared aqueous 
solution containing 1wt. % GA is added to the above mixture under continuous stirring during 1h to get Fe3O4 nanodots 
hybrid by combination with the GA in solution. The prepared solution underwent centrifugation at 3000 rpm for 5 min. to 
collect the Fe3O4 nanodots/GA hybrid for further characterization.

The Electron Microscopy, XRD, FT-IR Spectrum and Magnetic Properties
The morphological characteristics of the nanoparticles are analyzed using FE-SEM of model (JEOL, JSM-7600F) 
connected to an EDX unit. The powders of the investigated Cu and Fe3O4 nanodots are coated with platinum using 
a vacuum sputter-coater unit to improve their conductivity, and the secondary electron image resolutions are also 
examined using FE-SEM. The acceleration voltage is set to 20 kV. The different functional groups of the produced Cu 
nanodots/GA and the Fe3O4 nanodots/Arabic gum hybrids are identified by FT-IR spectrum analysis. The crystal 
structures of the produced Cu and Fe3O4 nanodots are determined using XRD (D8 Discover Bruker) with 2 theta 
range of 10° to 90°. TEM of model (JEOL, JEM-1011) operated at an acceleration voltage of 300 kV and HRFE-TEM of 
model (JEOL, JEM-2100F) used to investigate the morphology of the Cu and Fe3O4 nanodots, as well as their particle 
size and distribution. The Cu and Fe3O4 nanodots are separately dispersed in ethanol under ultrasonic agitation for 
10 min and then deposited on a Cu grid. Magnetic properties are measured at room temperature under an applied field of 
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2 Tesla by VSM of model 7400 Series VSM, Lake Shore Cryotronics, Inc., OH, USA). The measured magnetic 
properties, including saturation magnetization (Ms), retentivety (Mr), and coercive force (Hc), are computed from the 
hysteresis loop of the magnetization/field correlation for each sample.

Cell Lines and Culture Conditions
The lung Cancer Cell Lines-A549-(ATCC-CRM-CCL-185) and HEK293T (ATCC-CRL-3216) are purchased from 
American Type Culture Collection (ATCC). The cells are grown to 70% confluence. The culture medium consisted of 
Dulbecco’s modified Eagle’s medium with low glucose (DMEM, #31885, Gibco), 10% fetal bovine serum (FBS, 
#10091148, Gibco), 1% antibiotic (Gibco, #15140–122), and 1% glutamine (Gibco, #25030-024). All investigated 
cultured cells are incubating in humidified conditions at 37°C and 5% CO2.

Cell Viability and MTT Assay
The cells were inoculated into 96-well plates at a density of 5000 cells/well and incubated at 37°C °C overnight. The cells are then 
starved in 1% FBS for 24 h. After starvation for one day, the cells are separately incubated overnight under exposure to different 
concentrations of Cu nanodots/Arabic gum and Fe3O4 nanodots/GA hybrids. Cell viability is quantified using the CellTiter-Glo 
Luminescent Cell Viability Assay (Promega # G7570, Madison, Wisconsin, United States) as described previously report of the 
literature.30 Fluorescence intensity is measured on a SpectraMax M5 Reader using SoftMax Pro v.7.0.2.

Flow Cytometry and Pre-Apoptosis Assay
According to a previously described protocol reported in the literature,31 samples containing live dissociated cells are 
stained for dead cells and pre-apoptosis cells using the annexin V Alexa Fluor antibody and propidium iodide kit (Thermo 
Fisher Scientific #V13241). The samples analyzed using fluorescence-activated cell sorting (FACS) CANTO II (BD 
Biosciences). The cells are starved for 24 h and then treated separately with the produced Cu nanodots-Arabic gum and 
Fe3O4 nanodots/GA hybrids, as well as with the sample control for 24 h. The assay kit is then applied to the cells. The 
background is deduced and defined using the unstained cells.

Structural and Morphological Aspects
The cultured HEK293T and A549 cells which treated with the two different Cu nanodots/GA and Fe3O4 nanodots/GA 
hybrids with concentrations of 0.1 ng/µL and 100 ng/µL are microscopically investigated. A Nikon Eclipse Ts2 inverted 
microscope with a digital camera software (model Nikon DS-Ri2) is used to investigate and display images of the cells. All 
the cell samples are investigated, and the images are displayed after treatment with Cu nanodots/GA and Fe3O4 nanodots/ 
GA hybrids for 24 h. Structural and morphological aspects are evaluated using NIS-Elements Software version 5.10.

Statistical Analysis
All experiments are independently repeated thrice. Statistical significance is set than 0.05. Student’s t-test and analysis of 
variance (ANOVA) are used, as appropriate. GraphPad Prism version 5.03 is used for statistical analysis.

Results and Discussion
The morphologies of the prepared Cu and Fe3O4 nanodots/GA hybrids are shown in Figure 1. The results showed that the 
Cu nanodots had a 22—33 nm particle size with a quasi-spherical particle shape (Figure 1a). The histodiagram presented 
a normal distribution of the median particle size of 22 nm (Figure 1b), and more agglomeration is also detected. 
However, the Fe3O4 nanodots had a spherical particle size of 25—32 nm. The histogram shows a normal distribution, 
with a median particle size of 28 nm (Figure 1c and d). A homogeneous distribution of the synthesized nanodots 
stabilized by combination with GA is obtained and fewer agglomerations were observed. The reason for the difference in 
particle size between the Cu and Fe3O4 nanodots is the mode of interaction between the deposited Cu metal and the metal 
oxide (Fe3O4) nanodots with the GA polymer and the adopted chemical deposition preparation method.

EDX spectrum of the Cu nanodots/GA hybrids displayed high-intensity peaks of Cu at 1 keV and 8 keV (Figure 1e). 
These results agree well with those of previous studies on the synthesis of copper nanoparticles.32–34 Approximately 
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89.86% of the Cu is present in the prepared nanodots. The remaining 10.14% is oxygen and platinum, which is the 
background of the coated layer by sputtering during the preparation of the FE-SEM specimen for investigation. However, 
Fe3O4 nanodots/GA hybrids exhibit elemental iron at 0.5 keV and 6.5 keV with weight % is equal to 70.29%. (Figure 1f). 
The results agree with previous work reported in the literature.35,36 It is also observed, the EDX spectrum is free of 
impurities confirming the high purity of the prepared Cu and Fe3O4 nanodots/GA hybrids.

TEM images at low and high magnifications are presented in Figure 2a and b, revealing that the Cu nanodots were 
monodisperse. This could be attributed to the electrostatic and steric interactions of GA as a capping agent with the Cu 
nanodots. It is also observed from the results that the Cu nanodots have a quasi spherical particle shape of particle size 
ranged 1.55–7.77 nm and the histodiagram present a normal distribution of median particle size of 3.5 nm (Figure 2c). HR- 
TEM images of the Fe3O4 nanodots prepared through chemical co-deposition are shown in Figure 2d and e. It was revealed 
that; The Fe3O4 nanodots dispersed in the GA stabilizing agent had a spherical shape with a particle size of 6.2—13.6 nm 
and the histogram presented a normal distribution of the median particle size 11.5 nm (Figure 2f). Clusters are also observed 
for the Fe3O4 nanodots/GA and Fe3O4 nanodots/GA hybrids. The formation of the clusters may be attributed to the high 
surface-area-to-volume ratio of the Cu and Fe3O4 nanodots which can be associated and dispersed in the GA capping agent.

GA is used as a capping agent for the in-situ stabilization of Cu and Fe3O4 nanodots by the formation of Cu/GA and 
Fe3O4/ GA hybrids. This process can facilitate the formation of a stable colloidal solution that can be used to detect 

Figure 1 FE-SEM images, EDX compositional analysis and particle size distribution histodiagram of: (a, b and e) with copper nanodots/GA hybrid, (c, d and f) Fe3O4 

nanodots/GA hybrid fabricated by chemical deposition method (platinum is the background of the coated layer by sputtering).
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cytotoxic effects on the cell lines under investigation. Figure 3a and b show the FT-IR spectra representing the different 
functional groups found in the Cu/ GA and Fe3O4/ GA hybrids. It is reported in the literature that; the Arabic gum mainly 
composed of carbohydrates and protein macromolecules, which have the ability to in-situ capping both Cu and Fe3O4 

nanodots and inhibiting their aggregation in aqueous or polar solvents. The presence of Arabic gum functional groups 
enhanced its binding with the surface of Cu as well as the Fe3O4 nanodots,37 and the FT-IR spectra of the Cu nanodots/ GA 
and Fe3O4/Arabic gum hybrids exhibited a wide band at 3400 cm−1, indicating the existence of O-H…. O Intermolecular 
hydrogen bonding. The two bands observed at 2930 cm−1 and 2850 cm−1 are attributed to the vibrational modes of C-H in 
the aldehyde CHO group.38 The band detected at 2340 cm−1 may be attributed to C ≡ O and/or C ≡ N groups. The band 
observed at 1630–1645 cm−1 corresponds to the characteristic amide (I) band, which is attributed to the vibration of C=O in 
the-CONH2 group and the symmetric stretching of COO− in carboxylic acid. The band observed at 1450–1300 cm−1 is 
associated with the quaternary amine -NH3

+ groups and asymmetric stretching of the carboxylic COO− as well as the 
vibrations of the–OH, –CH, and –COOH groups in uronic acid39,40 The bands observed between 1150 and 700 cm−1 are 
attributed to the presence of the 1–4 linkage of galactose and 1–6 linkage of mannose, as well as the arabinogalactan 
carbohydrate residue of the GA capping agent.41

Figure 2 HR-TEM images and particle size distribution histodiagram of: (a–c) copper nanodots/GA hybrid, (d–f) Fe3O4 nanodots/GA hybrid fabricated by chemical 
deposition method.

Figure 3 FT-IR charts of (a) Cu nanodots/ GA and (b) Fe3O4/GA hybrids synthesized by chemical deposition methods.
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The XRD patterns of the synthesized copper and Fe3O4 nanodot/GA hybrids are shown in Figure 4. As shown in 
Figure 4a, the peaks observed at 2ɵ = 43°, 52°, and 78° correspond to (1 1 1), (2 0 0) and (2 2 0) representing a face- 
centered cubic structure of copper corresponding to the (JCPDS No. 85–1326) as reported in the literature.42–44 The 
Scherrer crystallite size of the produced copper nanoparticles is calculated by the X-ray line broadening method using the 
mathematical formula of Scherrer’s equation (D = 0.9 λ/B cos θ) is estimated at 1.8×102 Å.45

The XRD pattern of the prepared Fe3O4 nanodots (Figure 4b) shows the XRD pattern of the synthesized Fe3O4 

nanohybrid, with diffraction peaks at 2θ = 30.4°, 35.5°, 43.5°, 54°, 57.8°, 63°, and 74.8°, corresponding to the (220), 
(311), (400), (422), (511), (440), and (533) crystal planes of the Fe3O4 cubic crystal structure phase (JCPDS file no: 
00–003-0863). These results suggest again the high purity of the prepared nanodots.35,36 It is also revealed that gum 
arabic did not exhibit any additional peak. This is because of the low concentration of GA combined with Cu, as well as 
the Fe3O4 nanodots (1wt. %) which is beyond the detection limit of the XRD instrument.

GA can be considered as a nonmagnetic biopolymer material with no zero magnetic moment. However, they can exhibit 
some ferromagnetic properties owing to the combination of different magnetic nanoparticles, such as Fe3O4 nanoparticles. 
Figure 5 shows the magnetization/applied magnetic field (M/H) hysteresis loops of Fe3O4 nanodots. However, the Cu 
nanodots did not exhibit significant magnetic properties because of the non-magnetic character of the elemental Cu metal. 
This is because the copper atoms do not contain unpaired electrons. When a magnetic specimen is subjected to an external 

Figure 4 XRD patterns of: (a) copper nanodots and (b) Fe3O4 nanodots fabricated by chemical deposition method.

Figure 5 Magnetic hysteresis loop of the synthesized Fe3O4 nanodots by the chemical co-deposition method.
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magnetic field of strength (H), the magnetization (M) hysteresis curve can be obtained by representing the correlation between 
M and H until the value of the magnetization reaches the saturation level, which called the Ms. The magnetization curve 
displays a hysteresis loop because not all domains return to their original alignment when H retches the saturation 
magnetization value. Thus, when the magnetic field H returns to zero, the Mr can be removed by applying a coercive field 
called Hc in the opposite direction. When the size of the material becomes nanoscale, the number of domains decreases, and 
a single domain can reach a critical particle size. Single-domain magnetic materials have a very narrow or no hysteresis loop 
and are said to be superparamagnetic materials.17,46 The Ms, Mr, and Hc of the synthesized Fe3O4 nanodot/GA hybrid were 
measured under the effect of the 2-Tesla applied magnetic field at room temperature, as shown in Figure 5. The results showed 
that the Ms value of the synthesized Fe3O4 nanodot/ GA hybrid itself (57.8 emu/g). In addition, the Fe3O4 nanodots sample 
displayed Ms values lower than the bulk Fe3O4 value of 92 emu/g, as reported previously work of the literatures.47 In addition, 
it has been reported in previous works48,49 that several factors affect the Ms of Fe3O4 nanodots. The first factor is the entity of 
the spin-disorder layer, which increases with a decrease in the crystallite size of the Fe3O4 nanodots. The second factor can 
also be explained by the effect of the dipolar interactions between the Fe3O4 nanodots. The third factor is the particle shape of 
the Fe3O4 nanodots, which might influence the value of the saturation magnetization as a contribution from surface anisotropy. 
As the synthesized Fe3O4 nanoparticles were almost spherical in shape, zero contribution from surface anisotropy was 
expected. The further reduction in Ms can be attributed to the incomplete crystallization of Fe3O4 after the fast chemical co- 
deposition process. In addition, it was revealed from the results that a very narrow hysteresis loop for the samples was 
recorded and they exhibited small values of Mr and Hc. This indicates that the synthesized Fe3O4 nanodots readily display 
magnetization when subjected to an applied magnetic field with very small Mr and coercive force values. One possible 
mechanism for this unique form is the independent thermal fluctuation of small ferromagnetic domains inside the 
nanoparticles.47 Our results are matched with previous work reported in the literature.50 In this study, superparamagnetic 
iron oxide nanoparticles with a high saturation magnetization were synthesized in an air atmosphere. The magnetic results 
showed that the synthesis carried out according to the optimized conditions gave the highest Ms of 69.83 emu/g for the iron 
oxide nanoparticles synthesized under an air atmosphere. Magnetic measurements showed superparamagnetic behavior at 
room temperature for particle of the size 7.0±2.2 nm.51 In another study, iron oxide nanoparticles were co-precipitated in air 
using different concentrations of sodium hydroxide (NaOH). Morphological observations showed that the size of the iron 
oxide nanoparticles was approximately 7.5 nm. The magnetization curves showed zero value of Hc, indicating that the samples 
are superparamagnetic, and the highest Ms (70.4 emu/g) is obtained at a stirring rate of 1100 rpm.51 In addition, researchers 
have succeeded in synthesizing iron oxide nanoparticles from aqueous ferrous solutions in an air atmosphere by co- 
precipitation. The effect of the Fe2+/Fe3+ ratio on the properties of the nanoparticles is investigated. The Ms of the 
nanoparticles increased from 37.6 emu/g 59.4 emu/g with an increase in the Fe2+/Fe3+ ratio from 1/2 to 6/6, and the samples 
exhibited superparamagnetic properties with zero value of Hc. However, by increasing the ratio above 6/6, the samples started 
to show Hc values of 8 Oe, 22 Oe, and 33 Oe, and the Ms value increased to 74.3 emu/g.52

Cytotoxicity is detected at concentrations of 10–50 ng/µL of the produced Cu nanodots/GA and Fe3O4 nanodots/GA 
hybrids in A549 and HEK293T cell lines, respectively. The untreated control, Cu nanodots, and Fe3O4 nanodots hybrids 
combined with the GA control is not significantly different from each other. The results also revealed that the significance 
of Cu nanodots/arabic gum and Fe3O4 nanodots/ GA hybrid treatments had P value below 0.05. However, the prepared 
Fe3O4 nanodots/ GA hybrid did not show any significant effect on either A549 and HEK293T cell line because of its 
larger particle size than that of the Cu nanodots/ GA hybrid (Figure 2). Our results agree with previous work53 which 
reported that; ultra-small Fe3O4 nanoparticles with particle size of 2.3—4.2 have lethal dosage of 100 mg/kg. In contrast, 
no obvious cytotoxicity was observed for the Fe3O4 nanoparticles with a size of 9.3 nm.

The results obtained from the MTT assay on A549 and HEK293T cells by applying different concentrations of copper 
nanodots/GA hybrid and Fe3O4 nanodot/GA hybrid showed different MTT values depending on the cell type. However, 
increasing the MTT concentration above a certain level accelerates any further increase in the optical density levels, regardless 
of cell number and rate of cell death, and does not allow cells to reduce MTT as much as they do at lower MTT concentrations. 
The MTT concentration reached its maximum at this point. An observation of decreasing or plateau formation in the optical 
density levels above the formazan produced before MTT-induced cell death should be selected as the optimum concentration and 
shown to vary depending on the MTT concentration for each typical cell type under investigation, cell number, and incubation 
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time.54,55 Increased apoptosis is observed with the Cu nanodot-GA hybrid solution at concentrations as low as 0.1 ng/µL. 
Moreover, the measured preapoptosis of the treated A549 cells are 40% for 0.1 ng/µL, 91.4% for 1 ng/µL, 88% for 50 ng/ µL and 
87.7% for 100 ng/µL respectively (Figure 6a). However, the treated HEK293T cells show preapoptosis of 89.9% for 0.1 ng/µL, 
94.2% for 1 ng/µL, 76.2% for 50 ng/µL and 70.5% for 100 ng/µL respectively (Figure 6b).56,57

Apoptotic cells demonstrate morphological and biochemical characteristic features depending on the stimuli and cell 
type that can be observed during cellular death by flow and image cytometry. Translocation of phosphatidylserine from 
the inner side of the plasma membrane to the outer side of the cell surface is an early apoptotic event. Annexin V, which 
is a Ca2+-dependent phospholipid-binding anticoagulant protein used as an early stage apoptotic indicator, has a high 
affinity for the phosphatidylserine membrane, and fluorochrome-labeled Annexin V can be used to detect the exposed 
phosphatidylserine membrane on the outside cell surface using flow cytometry. Translocation of the Phosphatidylserine 
membrane indicates loss of membrane integrity, which is accompanied by later stages of cell death resulting from either 
apoptotic or necrotic processes. Therefore, staining with Annexin V in conjunction with propidium iodide was used to 
identify early and late apoptotic cells.58–64 Propidium iodide was used as a red fluorescent nuclear and chromosomal 
counterstaining dye. Viable cells that have healthy cell membranes with intact membranes exclude propidium iodide, 

Figure 6 Cell viability assay showing changes with treatment with the Cu and Fe3O4 nanodots/GA hybrids studied samples at various concentration: (a), A549 and (b) HEK 293T.
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whereas the disturbed membranes of dead and damaged cells are permeable to propidium iodide. Therefore, cells that are 
considered viable are both annexin V-negative (-) and propidium iodide-negative (-), while cells that are in early 
apoptosis are Annexin V (+) and propidium iodide (-), and cells that are in late apoptosis or already dead are both 
Annexin V (+) and propidium iodide (+).51–57 Flow cytometry is used to identify the number of apoptotic and non- 
apoptotic cells. Figures 7 and 8 show the typical forward scattering (FSC-A) of Annexin V against the side scattering 
(SSC-A) of propidium iodide dot plots of A549 and Hek293T under the effect of copper/GA hybrid nanodots. Quadrants 

Figure 7 Flow cytometry showing the effect of treatment Cu nanodots/ GA hybrids with different concentrations on the pre-apoptotic marker (Annexin V/ Propidium 
iodide) (A549 cell line).

https://doi.org/10.2147/IJN.S498894                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2025:20 2602

Almalki et al                                                                                                                                                                         

Powered by TCPDF (www.tcpdf.org)



are set to identify the maximum fluorescence intensity for background staining with Annexin V. Test samples with higher 
levels of Annexin V binding were considered positive and apoptotic. It is revealed from the obtained results that; the 
binding with the Annexin V which correspond with the treatment cells A549 and Hek293T by copper/ GA hybrids 
nanodots. However, the Fe3O4/ GA hybrids showed no significant effects. It was clear from the results that when 
apoptosis occurs by the effect of the extrinsic pathway with the effect of Cu nanodots/GA hybrids on the A549 and 
Hek293T cancer cells, translocation of the phosphatidylserine membrane from the inner side of the plasma membrane to 
the outer side of the cell surface occurs, which can be combined with Annexin V and blinded to Propidium iodide.58–64

Figure 8 Flow cytometry showing the effect of treatment Cu nanodots/GA hybrids with different concentrations on the pre-apoptotic marker (Annexin V/ Propidium 
iodide) (HEK 293T cell line).
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The results revealed that after incubating the treated A549 cells with 0.1 ng/µL of the Cu nanodots/ GA hybrid, they 
appeared healthy with minor cellular debris. However, after incubating the treated HEK293T cells with 0.1 ng/ µL of the Cu 
nanodots/ GA hybrid, they looked less healthy than usual with a large amount of cellular debris. However, after treatment, 
both cell lines treated with 100 ng/µL of Cu nanodots/ GA hybrid, both A549 and HEK293T, had many cell deaths and 
reformed Cu nanoparticle crystals (see Figure 9). The reason behind that; the Cu nanodots can release Cu ions (Cu2+ and 
Cu+) during the incubation time and may interact with DNA molecules and insert between the nucleic acid strands and 
disrupting the different biochemical and metabolic processes. The mixed valent Cu ions (Cu2+ and Cu+) can produce 
reactive oxygen species and independently induce the generation of hydroxyl radicals, inducing oxidative stress, damaging 
DNA, and causing cell cycle arrest. Also, it is expected that, the combined GA with the Cu nanodots activates and promotes 
redox reactions between the released Cu2+ and Cu+, resulting in the depletion of deoxyribonucleotides, DNA synthesis 
inhibition, and G1 phase cell cycle arrest, ultimately triggering apoptosis. Also by activating various signaling pathways, 
such as the mitogen-activated protein kinase and c-Jun N-terminal kinase pathways. Simultaneously, in mitochondria, Cu 
ions can induce the Fenton reaction with endogenous H2O2, generating highly reactive •OH radicals that form oxidative 
stress as well as can cause mitochondrial membrane depolarization, cell cycle arrest, and the induction of apoptosis.65–68

Collectively, our findings provide and suggest powerful evidence of new perspective for the therapeutic approaches of 
the cytotoxicity of metallic nanoparticles against cancer cells. To the best of our knowledge, the current study is the first 
work that report the combination of Cu and Fe3O4 nanodots with GA to produce new hybrid materials and performed its 
biological activity on the A549 lung cancer and human embryonic kidney (HEK239T) cells lines. Although, Cu 
nanodots/GA are found to have significant cytotoxic activity on the A549 lung cancer and human embryonic Kidney 

Figure 9 Images analysis of the morphological changes: (a) A549: 0.1 ng/µL Cu. Conc., (b) A549: 100 ng/µL of Cu nanodots/ GA hybrids concentration, (c) HEK293T: 0.1 
ng/µL Cu nanodots conc., and (d) HEK293T: 100 ng/µL of Cu nanodots/ GA hybrids concentration.
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(HEK239T) cells lines however, Fe3O4 nanodots/ GA hybrids did not show any significant cytotoxic activity. From this 
investigation, it is concluded that the synthesized Cu nanodots/GA hybrid can be used as anticancer agents. It can also be 
used to address a number of challenges in the field of nanomedicine and can find immense application as anticancer agent 
in the consumer and industrial products.

Conclusion
Cu and Fe3O4 nanodots combined with GA biopolymers are synthesized using chemical reduction and co-precipitation 
methods, respectively. The GA hybrid with Cu nanodots displayed a face-centered cubic structure and did not exhibit 
significant magnetic properties owing to their non-magnetic behaviour. However, the Fe3O4 nanodots/ GA hybrid has 
spinel structure and exhibited unique magnetic properties. The use of GA as a capping agent to stabilize the produced Cu 
in situ, as well as Fe3O4 nanodots, is considered a low-cost and simple method to disperse these nanodots in aqueous 
solutions for further diagnosis and treatment applications in cancer cells. The MTT and the flow cytometry assays of the 
produced Cu nanodots/ GA hybrid showed a strong reduction in the viability of both A549 and HEK239T cells at 50 and 
100 ng/µL. However, the prepared Fe3O4 nanodots/ GA hybrid does not show any significant effect owing to its larger 
particle size than that of the Cu nanodots/ GA hybrid. The mode of cell death of the treated A549 and HEK293T cell 
lines by the Cu nanodots/ GA hybrid is monitored by the Preapoptosis assay. Also, after treatment of the investigated cell 
lines with the Cu nanodots/ GA hybrid, both A549 and HEK293T have a lot of dead cells and reformed nanoparticles 
crystals dispersed within the cell contents.
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