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In vitro cytotoxicity evaluation 
of green synthesized alumina 
nanoscales on different 
mammalian cell lines
Alhaji Modu Bukar 1,2,5*, Faez Firdaus Abdullah Jesse 3, Che Azurahanim Che Abdullah 4,5,6, 
Mustapha M. Noordin 1, Modu Z. Kyari 2, Ashreen Norman 4 & Mohd Azmi Mohd‑Lila 1*

Nanoscale research is gaining interest in the biomedical, engineering, and environmental fields. 
Current expensive traditional chemical methods for synthesizing nanoparticles (NPs) inevitably 
lead to the synthesis of NPs with potentially less or no toxic effects on living cells. To overcome 
these challenges, in this study, we use a simple, inexpensive, and less toxic one‑pot green chemistry 
approach instead of a chemical method to synthesize alumina nanoparticles (AlNPs) from Carica 
papaya extract. Nano‑alumina has been widely studied due to its remarkable biological and 
physiochemical properties at nanoscale. However, to date, its biomedical application is limited due 
to the lack of sufficient data on cytotoxicity in living cells. The physicochemical properties of nano‑
alumina were determined by FT‑IR, DLS, SEM and HRTEM. The cytotoxic effects of the synthesized 
nano‑alumina were studied in cell lines LT and VERO at concentrations of 10–480 µg/mL in vitro. The 
cell viability of nano‑alumina was evaluated using the MTT assay and the AO /EB double staining 
technique. Our results based on DLS and HRTEM analyzes confirmed spherical AlNPs with a zeta 
potential and average particle size of − 25 to 5 mV and 52 nm, respectively. The nano‑alumina 
tested showed low toxicity to both cell lines after 28‑ and 48‑h exposure. Furthermore, cell viability 
statistically decreased with increasing incubation time and concentration of AlNPs up to 480 μg/mL 
(p < 0.001). However, a minimal increase in cytotoxicity was observed at threshold levels in the range 
of 120–480 µg/mL. The half‑maximal inhibitory concentration  (IC50) of AlNPs in the VERO and LT cell 
lines were 153.3, 252.0 µg/mL and 186.6, 395.3 µg/mL, respectively, after 24‑ and 48‑h exposure to 
AlNPs. Thus, we conclude that the cytotoxic effect of AlNPs depends on the concentration, exposure 
time and cell type. The result suggests that the concentration used in this study may be useful for 
biomedical applications.

Nanoscale research has been widely studied due to their remarkable biological and physiochemical properties. 
Nanoparticles are organic or inorganic particles ranging in size from 1 to 100 nm. Organic nanoparticles such 
as immunostimulatory complexes (ISCOMs), lipid-based, polymer-based, virus-like, and nanoemulsions are 
relatively biocompatible, biodegradable, and less  toxic1,2. On the other hand, inorganic nanoparticles synthesized 
from metal oxides such as aluminum oxide, zinc  oxide3,4, and silver oxide are relatively inexpensive, easy to 
synthesize, thermally stable, have excellent antigen loading  capacity4–6, and most importantly, they can be easily 
used in the pharmaceutical industry due to their smaller particle size and ability to penetrate lymph nodes and 
other vital organs to ensure successful drug  delivery6,7.

The use of alumina nanoparticles as potential vehicles for drug and vaccine delivery is generating both 
excitement and concern among researchers about the safety of such materials under both in vitro and in vivo 
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 conditions1,8. Interestingly, many types of NP such as alumina nanoparticles (AlNP), gold nanoparticles (AuNP), 
zinc oxide (ZnO), and silica nanoparticles (SNP) have already been studied in various cell lines for drug deliv-
ery. However, there are serious concerns about the potential cytotoxicity of such nanoparticles to living cells. 
It is well documented that nanoparticles with smaller size (5–10 nm) have greater cytotoxicity than larger ones 
(10–100 nm)8,9. In addition, rod-shaped nanoparticles showed higher cytotoxicity compared to round nanopar-
ticles due to recognition by the host immune  system10–12.

It is well known that knowledge in the field of nanomaterials has led to the development of nanoparticles by 
various techniques, including chemical reduction, sol–gel, laser ablation, sonochemistry, coprecipitation, inert 
gas condensation, ion sputter scattering, microemulsion, spark  discharge3,4, and template synthesis  methods13–15. 
However, these techniques have been reported to have serious toxic effects both in vitro and in preclinical 
animal  systems10. Therefore, the hazardous cytotoxic  chemicals9,16 and time-consuming multi-step cultivation 
of  microorganisms17,18 need to be replaced by inexpensive and safe green chemistry methods for nanoparticle 
 synthesis18,19

Inorganic nanomaterials such as AlNPs synthesized using plants have attracted much attention due to their 
remarkable physicochemical and phytochemical properties with remarkable biochemical  benefits12,14,20–22. The 
potential phytochemical parameters such as alkaloids, tannins, saponins, tannins,  polyphenols17 and steroids can 
be easily involved in the stabilization and reduction of aluminum nitrates to alumina  nanoparticles20,23. Alumina 
nanoparticles are remarkable inorganic nanoparticles that have diverse biological applications such as vaccine 
 adjuvants24,25, drug delivery, and wastewater  treatment3 due to their biological and mechanical  properties17,26–28.

Alumina  (Al2O3) nanoparticles are a type of nanomaterials with enormous medical applications. Alu-
minum (Al) is the third most abundant metallic element after silicon and  oxygen29. It is a light, dense, silvery 
metal extracted from bauxite in the earth’s  crust9. It is used in many medical, industrial and environmental 
 applications23,30. Nanoparticles of elemental alumina exhibit remarkably good biological and physiochemical 
 properties23, such as biocompatibility, low toxicity, improved optical properties, easy surface functionalization, 
and antimicrobial  properties11,31. Aluminum salts and hydroxides are known for their excellent interactions with 
peptides and proteins in host cells. There may be a strong evolutionary pressure to find amino acid residues for 
incorporation into  peptides32 and proteins that reduce potential precipitation and self-aggregation in  solution22. 
This property has led to beneficial applications of aluminum nanoparticles in medicine and environmental 
applications such as water  purification3.

In addition to peptides and protein interactions in biological systems, aluminum exquisitely aggregates 
numerous other classes of biomolecules, such as blood coagulation glycoproteins, cytostructural neurofila-
ments, amyloid and non-amyloid peptides, phospho-protein in milk, and especially amyloid plaque nuclei, which 
play an essential role in immunopathological and pro-inflammatory  consequences11,23. Interestingly, among all 
biologically known divalent and trivalent metallic transition elements, aluminum has been reported to exhibit 
remarkable biocompatibility with DNA from plants and  animals8.

However, there are serious concerns about the potential toxicity and incompatibility of such alumina nano-
particles in living  systems33. Therefore, rapidly and environmentally friendly synthesized alumina nanoparti-
cles serve as an alternative to conventional chemical synthesis and have attracted much attention due to their 
remarkable biocompatibility with  tissues34. Unfortunately, knowledge about the safety and potential toxicity of 
green synthesized nanoparticles in various mammalian cell lines and experimental animals is still insufficient. 
Moreover, there is no sound knowledge about the potential uptake and adverse effects of alumina  nanoparticles35. 
Therefore, the present study aims to evaluate the in vitro cytotoxicity of AlNPs synthesized using green chemistry 
 approaches36. To evaluate the biological safety and potential toxicity, we used Vero and LT cells and studied the 
nanoparticles at different concentrations. The results of this work are supported by optical microscopy, electron 
microscopy and fluorescence microscopy.

Materials and methods
The reagents used are of analytical grade and the chemicals were used without additional treatment. Aluminum 
nitrate (99.98%), methanol (99.8%), anhydrous DMSO (dimethyl sulfoxide), and MTT powder. The cell lines 
(VERO and LT) were provided by our group with some modifications. The cell lines were originally manufactured 
by ATCC (catalog number ATCC® CCL-81™) and stored in the virology laboratory.

Collection, identification, and storage of the Carica papaya leaves
The samples of fresh leaves of Carica papaya were collected under the medicinal plant permit at Universiti Putra 
Malaysia (UPM) in accordance with applicable institutional, national and international procedures and legisla-
tion. The plant was identified at the Biophysics Research Laboratory (BRL) of the Faculty of Science, UPM by 
Associate Prof. Azurahanim C., confirming the kingdom, family and species. To support reproducibility, plant 
voucher specimens were deposited in the BRL Herbarium, UPM. Fresh, healthy and well-grown leaves of the 
leaves were collected from Agrobio Farm, UPM, Putrajaya, Malaysia and transported to BRL. The leaves were 
washed thoroughly with 2 L of deionized water and air dried at room temperature. The leaves were mixed and 
stored in a 50 mL plastic tube and kept at room temperature for further use.

Green synthesis and purification of AlNPs
As shown in Scheme 1, the synthesis and purification of AlNPs using C. papaya leaves as reducing and capping 
agents was carried out in two steps. AlNPs were synthesized according to a method described  by17 with few 
changes and  optimizations17. The synthesis of the NPs was carried out using different concentrations of aluminum 
nitrate mixed with several volumes of papaya leaf extracts as reducing and capping agents. Briefly, 45 mL, 40 mL, 
and 35 mL of a 5 mM aluminum nitrate (Al(NO3)3) solution were added dropwise to 5 mL, 10 mL, and 15 mL 
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of the leaf extract solutions, respectively, and heated and stirred gently at 1290 rpm for 25 min until a yellowish, 
deep brown precipitate was formed, indicating the formation of alumina nanoparticles. The reaction mixture 
was cooled, and the precipitate was spun at 6000 rpm for 25 min. The pellets were rinsed with double autoclaved 
water and centrifuged at the same speed. The pellets were cleaned with methanol and double distilled water. 
Finally, the dried product was calcined at 600 °C for 2 h in a sintering furnace. The AlNPs formed were then 
ground into fine powder using a pestle and mortar, which was stored in a sterile bottle in a desiccator before 
further characterization and cytotoxicity studies.

Size, shape and chemical composition of AlNPs
Preliminary confirmation of the synthesized nano-alumina was determined by ultraviolet–visible (UV–Vis) 
spectral analysis (not showed). The measurement was performed in the wavelength range from 300 to 700 nm 
using an evolution 220 spectrophotometer. The average particle size distribution and surface charges of the NPs 
were measured using a DLS instrument. FTIR, and HR-TEM. The spherical HR-TEM structures of the particles 
were obtained after calcination at 500 °C for 3 h. The dried alumina powder was dissolved in distilled water at a 
concentration of 2 mg/mL and then sonicated for 15 min to reduce the risk of agglomeration. At the end of the 
15-min sonication, a drop of the NPs suspension was placed on a carbon coated copper grid for HRTEM particle 
size analysis. Then the films were air dried on the grids at temperature. The HR-TEM images were acquired using 
a JEOL electron  microscope9.

Cell lines, cell culture and cell seeding
The Vero and Lamb testis cell lines and cell culture conditions were kindly provided by Prof. Dato’ Dr. Mohd Lila 
Mohd Azmi, Department of Pathology and Microbiology, Universiti Putra Malaysia, and were obtained from 
a cryopreserved strain originally produced by ATCC (catalogue number ATCC®, CCL-81™) and stored in the 
Virology Laboratory. The cell lines were prepared following previous studies by Radziun et al.13, but with some 
modifications. Briefly, the frozen Vero cell line was carefully removed from a tank of liquid nitrogen and thawed 
by immersing the tube containing the cells in a water bath at 37 °C for 2 min to revive the cells. Cells were grown 
in  T25 tissue culture flasks containing DMEM medium with 2% (v/v) phosphate-buffered saline, and cells were 

Scheme 1.  Schematic diagram of the experimental flowchart: methods for synthetic preparation, 
characterization, and in vitro evaluation of cytotoxicity of alumina nanoparticles in cell lines (LT and VERO). 
The experimental framework was carried out in two stages. First, the green synthesis and characterization of the 
nanoparticles were performed. Then, the potential toxicity was evaluated by cell viability and apoptosis, which 
were confirmed by MTT assay and AO /EB staining technique.
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allowed to confluence ~ 80 to 90%. The monolayer cell lines were detached from the flasks and the cell number 
was adjusted to 2.0 ×  105 cells/mL with DMEM supplemented with 10% FBS.

Samples preparation, assays for cell viability and proliferation
Prior to cell treatment, nanoparticles were dispersed in FBS-free Dulbecco’s Modified Eagle Medium at a stock 
concentration of 2 mg/mL. Further dispersion of the particles was facilitated by 15 min of sonication (Hielscher 
Ultrasonics, Germany). The stock solution was further diluted with DMEM to produce different working concen-
trations. The conventional MTT reduction assay was performed to investigate the cell viability and cytotoxicity 
of the synthesized AlNPs. The Vero and lamb testis cell lines were grown in 96-well apartment-bottomed plates 
at a cell density of approximately 2.0 ×  105 cells/mL and incubated at 37 °C for 24 h before treatment with the 
nanoparticles. The cell viability study was performed according to the method of Radziun et al. (2011) with some 
 modifications2,13. In brief, both cell lines were exposed to different concentrations of the NPs (0, 10, 60, 120, 240, 
and 480 μg/mL AlNPs) and incubated for 24 and 48 h. For the cytotoxicity assay, an independent experiment 
used five replicate wells for the different assay concentrations per plate and a control group containing only the 
DMEM culture medium without nanoparticles.

The plates were monitored for cell shrinkage and swelling at regular intervals. At the end of each period, cell 
viability was tested using 5 mg/mL dissolved MTT reagent per well. Plates were gently shaken and cells were 
allowed to react with MTT for 4 h. At the end of the four-hour incubation period, 85 μL DMEM was carefully 
removed from the wells, replaced with 100 μL solvent (dimethyl sulfoxide), and gently mixed. The plates were 
then gently shaken and incubated in a dark box for 30 s to dissolve the formed formazan. Optical density was 
then measured at  A590 nm with  A645 nm as a reference value using a microplate reader (Sun Rise, TECAN, Inc., 
Baldwin Park, CA, USA). Three independent runs were performed for the cytotoxicity  assay33. The percentage 
of viable cells and cytotoxicity were calculated using the following formulas: Percentage (%) of viable cells =  (A492 
in treated sample/A492 in control sample) × 100. On the other hand, percentage cytotoxicity was calculated using 
the following formula: % cytotoxicity = 100 − % cell  viability1,22. The  IC50 was determined using the nonlinear 
regression curve.

Determination of cell viability using double AO/EB fluorescence staining
Double AO /EB (acridine orange/ethidium bromide) fluorescence staining has been used to assess the necrotic 
nuclei or apoptotic effects of nanoparticles. This technique allows green-stained live cells to be distinguished 
from red-stained non-viable cells under the fluorescence microscope. Vero and LT cell lines were trypsinized 
after reaching the logarithmic growth phase with 0.25% trypsin and healthy cells were counted as described by 
Liu et al. (2015). To perform this assay, a cell density of 2.0 ×  105 cells/mL of healthy cells was carefully grown 
in flat-bottomed 96-well plates (100 µL/well). Then the cells were treated with 0, 10, 60, 120, 240, and 480 μg/
mL nano-alumina and incubated for 4 h. The cell lines were also treated with dual fluorescent dyes AO /EB. 
Cell lines were trypsinized and rediluted on ice with PBS, and the dual AO /EB dyes were mixed gently at a 1:1 
ratio (100 μg/mL of each AO /EB dye). 10 μL of the mixture of each cell suspension was carefully dropped onto 
a fat-free slide and covered with a coverslip. Samples were observed and viable cells were determined under a 
fluorescence microscope at 40× magnification.

Statistical analysis
Experimental procedures were performed in triplicate. The MTT assay was repeated at least three times. The 
other two assays (to assess cell viability and apoptosis) were also repeated at least four times. All generated data 
were expressed as mean ± standard error. FTIR graphs were generated using Origin version 8. Data were analyzed 
using GraphPad Prism version 9.0 software.

Results
Characterization of alumina nanoparticles
In the study, an extract of C. papaya leaves was used as a starting material for the rapid synthesis of the NPs. The 
yellowish-brown precipitates formed after 10–15 min of mixing the plant extract and the aluminum nitrate solu-
tion indicate the formation of aluminum nano-powder. Figure 1 A shows a step in the green synthesis of alumina 
nanopowder. The observed of color changes from dark brown to yellow precipitate after mixing the aluminum 
nitrate with the papaya leaf extract was a clear indicative the formation of alumina NPs in the aqueous extract 
of C. papaya. The ZP result shows the colloidal state of the nanoparticles at a value of − 75 mV.

Fourier transform infrared spectroscopy (FT‑IR) Analysis
The important biomolecules and infusions acting as reducing and capping agents of the nano-alumina were 
determined by FTIR. The result showed numerous peaks in the diagnostic and fingerprint regions of the FTIR 
spectra. The presence of a broad, strong peak at 3200 (O–H stretching), 2200 (C≡C stretching), 1620 (C=N), and 
1250  cm−1 (C–O stretching) organic functional groups indicates the presence of reducing and capping agents 
in the  plant37. However, at 1020, 820, and 581  cm−1, different stretching was observed indicating the presence of 
alumina (Fig. 1). Thus, the FTIR results showed an effective interaction between OH and the C=O functional 
groups present in the samples. Therefore, such interactions most likely lead to biocompatibility and environ-
mental friendliness of the synthesized nano-powder9. Instead of the individual peaks, a relatively large peak was 
observed at 3200  cm−1, which could be due to the presence of an organic reducing molecule released from the 
Carica papaya leaf extract and bound to the alumina ion.
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Particle size (PA) analysis
Characterization of PA and surface charges (zeta potential) was evaluated DLS and revealed an average hydro-
dynamic mean diameter of 52 nm and a ZP value of − 25 to 5 mV in a liquid suspension. This size distribution 
of intensity (particle size) and ZP surface charge are within the range determined by HRTEM. Figure 1 C and D 
show the negative surface charge and particle size analysis of plant-assisted synthesis of AlNPs; the average size 
(47 nm). We further confirmed the particle size determined by DLS using SEM and HRTEM. The images from 
TEM tend to show larger particle size compared to HRTEM. As shown in Fig. 2, the particles in the images from 
SEM (Fig. 2c & d) had a slightly larger diameter than those measured by HRTEM (Fig. 2a,b). Smaller NPs had 
an average size of 25 and 36 nm with HRTEM and SEM, respectively. For larger particles, the average size was 
50 and 61 nm, respectively. However, some agglomerations were clearly visible on the HR-TEM image, which 
could be due to the addition of some drops of the nanoparticles on the microgrid during sample preparation. 
Moreover, the variations in particle size observed in the HR-TEM images could be due to the different crystal 
compartments aggregated in the particles.

MTT assay as a cytotoxic study in VERO cell lines
The Vero cell lines were exposed with of alumina nanoparticles for 24 and 48 h. Then, the  IC50 values were 
obtained from the cytotoxicity curve. The potential toxicity of the nanoparticles on the mammalian cell lines 
was determined by both microscopic and colorimetric analyzes using the MTT assay in  triplicate33. The possible 
significant differences between cell lines treated with NPs compared with untreated Vero cell and estimated by 
one-way analysis ANOVA. The living healthy cells synthesized deep purple colored crystal formazan, indicating 
a potential cytotoxic effect of the nanoparticles, which consequently reduced the number of viable cells and thus 
decreased in color intensity. The percentage of cell death was estimated by comparing crystal formazan synthesis 
in exposed cell lines with formazan synthesis in unexposed cell lines (control). The cytotoxicity of the untreated 
Vero cell lines (Fig. 3a) adhered completely to the surface of the plate, were confluent, and showed no cell shrink-
age or apoptotic cell bodies when viewed under the microscope. However, the cell lines Vero, exposed to different 
concentrations of the NPs for 24 and 48 h (Fig. 3c,d) and (Fig. 4c,d), respectively, showed a slight and significant 
decrease in cell viability once the concentration increased to 480 μg/mL, with a significant decrease in the syn-
thesis of crystal formazan (Fig. 5g), reaching low formazan production (Fig. 5g) at 480 μg/mL. Interestingly, the 
repeated triplicate results did not show significant differences between the assays performed, as determined by 
the one-way method ANOVA. On the contrary, the cell lines exposed to the concentration < 60 μg/mL (Fig. 3 
and 4b,f) showed no significant change in formazan synthesis, indicating no cytotoxicity, as the number of live 
cells remained barely intact.

Figure 1.  (A) schematic representation of the different steps in the synthesis of alumina nanopowder using 
C. papaya extract as reducing and capping agent for precausor aluminum nitrate salt. (B), FT-IR spectra of the 
NPs, (C,D) show plots of zeta potential and size distribution of nanoparticles.
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Figure 2.  HRTEM (upper part; panels A,B 25 nm–50 nm) and SEM (lower part; panels C,D; 36–63 nm) 
images of AlNPs nanoparticles with different particle sizes.

Figure 3.  Concentration-dependent toxic effect of AlNPs on cell viability. The images show the morphological 
changes caused by different concentrations of alumina nanoparticles in selected Vero cell lines under the 
light microscope. Cells were treated with the nanoparticles for 24 h and imaged under the microscope (× 40 
magnification). The green arrows indicate the shrinkage of the cells.



7

Vol.:(0123456789)

Scientific Reports |        (2024) 14:22826  | https://doi.org/10.1038/s41598-024-53204-y

www.nature.com/scientificreports/

Cytotoxicity of NPs in LT cell lines
The healthy, adherent, confluent, and oval viable cell morphology of the LT cell lines is reported in Fig. 3 and 
4a,e. The MTT assay confirmed the viability of the cells in terms of formazan formation (Fig. 5). LT cell lines 
with NPs for 24 h (Fig. 3g,h) and 48 h (Fig. 4g,h) showed a slight increase in cell mortality both in terms of cell 
morphology (cell shrinkage, detached and apoptotic bodies) (Fig. 3 and 4h) and formazan synthesis (Fig. 5 g,h), 
with slight differences within the assays as indicated by one-way ANOVA.

The cytotoxicity curves from the MTT assays for 24- and 48-h periods for each of the cell lines are shown 
in Fig. 6a,b. The  IC50 of the nanoparticles for each of the cell lines was determined by extrapolating the dashed 
lines from the y-axis to the x-axis as shown in Fig. 6a,b. The  IC50 of AlNPs in the VERO and LT cell after 24 and 
48 h of treatment are recorded as ~ 62, 78 µg/mL and ~ 68, 89 µg/mL, respectively as shown in Fig. 6. Interest-
ingly, the treated cell lines did not show significant toxicity values (mean ± SEM of three repeated exposures. 
This confirms the biological safety of the nanoparticle in terms of the absence of significant toxic effects in both 
cell lines, as shown in Fig. 7c,d.

The NPs were tested on Vero and LT cell lines, which are recommended for evaluating the cytotoxic effect of 
NPs. Therefore, the cytotoxic effects of different concentrations (10–480 μg/mL) of the newly synthesized alumina 
nanoparticles were successfully investigated after 24- and 48-h incubation, as shown in Figs. 3, 4 and 5a,b. Evalu-
ation of MTT assays on two mammalian cell lines revealed statistically significant p < 0.001 and p < 0.05 Fig. 8.

Detection of cytotoxicity in vero and LT cells AO /EB staining assay
In addition, the apoptotic effect of the nanoparticles on two mammalian cell lines was evaluated using AO/EB 
staining (Fig. 9). Fluorescence micrographs of Vero and LT cell lines treated with a fixed  IC50 concentration 
(62 μg/mL) of alumina nanoparticles for 24, 48, and 96 h. The dye AO stains both viable and dead cells green, 
while EB (ethidium bromide) stains dead cells (apoptotic) orange/red14. The AO /EB double staining results also 
show a few dead cells in the Vero and LT cell lines. Thus, the morphology of normal and apoptotic cells shows a 
significant number of living cells, as shown in Fig. 9.

Discussion
The recent increase in demand for the application of nanoscale in the field of biomedical sciences has led to the 
synthesis, characterization, and in vitro safety assessment of nanoparticles. Despite the great successes achieved 
in nanotoxicological research, the relationship between the in vitro toxicity of nanoparticles and their particle 
sizes and physicochemical parameters has not yet been clearly  established1,26,32. In the synthesis of NPs, the choice 
of a non-hazardous and biocompatible substance is the key strategy to minimize the potential cytotoxic effects 
of nanoscale in cell  lines2,31. However, existing data on the cytotoxicity of chemically synthesized nanoscale 

Figure 4.  Morphological changes observed upon exposure of LT cell lines treated with different concentrations 
of alumina nanoparticles. Cells were viewed under a microscope (× 40 magnification) after 48 h of incubation. 
The arrows indicate dead cells with normal and apoptotic bodies. The green arrows show increased shrinkage of 
cells compared to 24-h exposure of both cell lines to different concentrations of nanoparticles.
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alumina on mammalian cell lines are insufficient. Moreover, previous studies reported that the cytotoxic effect 
of alumina nanoparticles depends on several factors, such as nanoparticle concentration, exposure time, type 
of cell lines, and nanoparticle  size6,35.

In this study, the synthesized alumina nanoscales were tested on different cell lines to determine biocompat-
ibility for potential biological applications. In vitro toxicity assays using mammalian cell lines are commonly 
used to determine the effects of exposure to  nanomaterials6,33. In vitro assessment of cytotoxic effects of nano-
particles using mammalian cell lines is an alternative method for testing cytotoxicity instead of in vivo toxicity 
using laboratory animal  models2,20,22,38, which are more expensive and difficult to handle compared to in vitro 
 testing2,6,13,33,35. Therefore, treatment of cell lines with various concentrations of nanomaterials serves as a pre-
liminary safety or cytotoxic evaluation of the nanoparticle prior to immunization and toxicological studies in 
preclinical animal models that avoid potential animal  death13. Therefore, in vitro cell viability studies of nanoscale 
are an important step in cytotoxic evaluation to assess the potential cellular response to nanoscale based on cell 
viability, cell death, and metabolic  activity6,30.

Alumina nanoparticles (AlNPs) are known for their toxic effects on mammalian cells. However, previous 
reports have shown that chemically synthesized nano-alumina is cytotoxic to mammalian cell lines in vitro, lead-
ing to a reduction in cell  viability1,33. The cytotoxic effects of nanoscale largely depend on the physicochemical 
properties, such as the type of crystallites, surface topography, particle morphology (size, shape, surface area), 
phase purity, and, most importantly, the concentration of the synthesized  particles37. Therefore, rapidly and 
environmentally friendly synthesized nanoparticles serve as an alternative to conventional chemical synthesis 
and have attracted much attention due to their remarkable biocompatibility with  tissues1,2,20,22,38. We synthesized 
AlNPs by a plant-assisted green synthesis method as reported by De et al.10. The use of plant extracts has reduces 
the toxicity of the nanoparticles compared to chemical synthesis, which uses hazardous chemicals as reducing 
 agents33,39. The internal and external morphology of the synthesized nanoparticles observed on SEM and HRTEM 
micrographs showed (Fig. 2a,b) a homogeneous nanoscale structure from 27 to 52 nm with negative surface 
charge (Fig. 1c,d). Our SEM (52–95 nm) and HRTEM (9–179 nm) particle size results are in agreement with 
previous AlNPs size  results13,40. Similarly, our values for average particle size and zeta potential of 52 nm and 
− 25 to 5 mV, respectively, are in agreement with previous results (− 5 to 5 mV, zeta potential)2,13,17.

Double fluorescence staining AO /EB is a quantitative, robust method to detect morphological features and 
changes between normal and apoptotic cells. Acridine orange penetrates untreated (normal) and apoptotic cells 
with undisrupted  membranes1,13 and fluoresces green after binding to  DNA41. Ethidium bromide (EB), on the 

Figure 5.  Photomicrographs showing the formation of MTT formazan crystals upon treatment of VERO 
and LT cell lines with various concentrations of nano-alumina exposed for 48 h. (A and E) AlNPs with the 
concentration of 0 μg/mL, (B and F) AlNPs with the concentration of 10 μg/mL, (C and G) AlNPs with the 
concentration of 120 μg/mL, (D and H) AlNPs with the concentration of 240 μg/mL, × 100. Morphological 
examination by inverted microscope revealed insoluble formazan crystal formation, which directly correlates 
with the number of live cells.
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other hand, can only penetrate cells with disrupted membranes (dead cells), resulting in an orange-red colour 
when viewed under a fluorescence microscope. In this study, most cells glowed green, indicating that the cells 
were viable; only a few dead cells appeared red, as shown in Fig. 9.

We found that the cytotoxicity  (IC50) of our green alumina nanoparticles appears to be higher than that of 
Vero cell lines for the cell line LT at the same concentrations and exposure times. Nonlinear regression graph 
were plotted (Fig. 8a,b) to determine the dose at which 50% of the cells died upon exposure to the NPs. The 
alumina NPs showed an  IC50 of 153.3, 186.6 µg/mL in the Vero cell lines for 24 and 48 h of exposure and 252.0, 
395.3 µg/mL in the LT cell lines after 24 and 48 h. The  IC50 results suggest that a lower concentration of nano-
alumina is required to achieve 50%  mortality38. However, the degree of cytotoxicity of nanoscale on mammalian 
cell lines observed in the present study appears to be generally lower than the higher toxicity reported by Ansari 
et al.1,13,38,39 in their study of the cytotoxic effects of chemically synthesized nano-alumina in mammalian cell 
 lines10,11. Therefore, the cytotoxic effects of NPs are concentration- and time-dependent, as the results of expo-
sure to alumina nanoparticles in the different mammalian cell lines have been reported in almost all existing 
 studies10–13,38,39,41.

Interestingly, our results indicate a nearly intact viability of cells when exposed to low concentrations of 
nanomaterials, and they do not lead to severe cell death as observed with chemically synthesized  nanomaterials10. 
These results are consistent with the studies  of10, which reported that incubation of cell lines with nanoparti-
cles showed no cytotoxic effect on Vero and LT cell lines after 24 and 48 h of incubation, as shown in Fig. 7a,b, 
respectively. It became clear that the cytotoxicity was cell type and concentration dependent, as the cell viability 
of the Vero cell line gradually decreased with increasing doses from 10 to 480 μg/mL after 24 h of incubation, 
Fig. 7 c and d. Similar results were observed in the samples with 48 h of exposure time in the two different cell 
 lines10. However, the dose-dependent response is enhanced with increasing incubation time, and for the same 
incubated doses, cell viability was reduced more with longer incubation time. The results are in agreement with 
those of Ansari et al. who confirmed no significant toxic effect of AlNPs normal cell lines treated with different 
concentrations of the nanoparticles.

The results of this study clearly showed concentration-dependent cytotoxicity for both the Vero and LT cell 
lines, whereas the corresponding control group containing only DMEM culture medium without the nanopar-
ticles showed no significant difference at the lower concentrations of nanoparticles from 10 to 240 μg/mL. The 
result in Fig. 6 shows that the green synthesized alumina NPs caused a slight but significant increase in cyto-
toxicity against the cell line LT during the 48-h treatment period when the concentration of NPs increased to 
240 μg/mL AlNPs (p < 0.05). Moreover, cell injury was statistically higher at the highest concentration of 480 μg/

Figure 6.  Fluorescence micrographs of Vero and LT cell lines treated with 120 μg/mL alumina nanoparticles 
and incubated for 48 and 96 h, respectively. The Vero and LT cells were double stained with AO/EB, and 
images were taken at × 400 magnification. The live cells in the untreated group (normal cells) showed a circular 
and green nucleus in fluorescence staining (acridine orange staining). In contrast, the apoptotic cells showed 
granular and orange-red nuclei irregularly distributed on the cell. The white arrow indicates apoptotic cells (red 
staining).
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mL nanoparticles in both cell lines treated with the same concentration of NPs (p < 0.001). Interestingly, almost 
69% of the cell lines maintained their viability after exposure to the highest concentrations of NPs. In a similar 
study, the AlNPs were found to have minimal toxicity on normal cell lines, making them preferred candidates 
for biomedical  applications1,11.

Conclusion
Characterization of the synthesized NPs by HRTEM and zeta potential measurements confirmed that the NPs 
were negatively charged and spherical agglomerates rather than elongated  NPs13,26. The negative zeta potential 
value indicates high susceptibility to tissue absorption and  biodistribution1–3,6. This is the result of using the 
natural plant extract as a reducing agent instead of the conventional hazardous chemicals reported in previous 
 studies1,6,13,23,26. Our plant-synthesized alumina nanoparticles (AlNPs) have shown reduced cell mortality even 
at higher concentrations of up to 480 μg/mL for 48 h, with 75% of Vero cell lines still viable. This confirms the 
biosafety of our recently synthesized nanoparticles in mammalian cell lines compared to chemically synthe-
sized AlNPs, which at approximately the same concentration of nanoparticles (500 μg/mL) yield only 32.20% 
cell viability in Vero cell lines for only 24 h of exposure  time1. Therefore, our result suggests that AlNPs at the 
concentration used in this study have no significant cytotoxic effects (mean ± SEM of three repeated exposures) 
on the Vero or LT cell lines. Therefore, the green synthesized AlNPs could be used for medical applications such 

Figure 7.  Cytotoxic effect of different concentrations of alumina nanoparticles on Vero and LT cell lines. The 
potential cytotoxic effect of alumina nanoparticles on VERO and LT cell lines was evaluated as a function of 
dosage concentration and shown in graphs. The half-maximal inhibitory concentration (IC50) of alumina 
nanoparticles in the VERO and LT cells at the end of 24- and 48-h incubations was determined using nonlinear 
regression. The  IC50 for the two cell lines was 153.3, 252.0 µg/mL and 186.6, 395.3 µg/mL, respectively. 
Interestingly, the treated cell lines did not show significant toxicity values (mean ± SEM of three repeated 
exposures).
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Figure 8.  Comparison of 24-h and 48-h cell viability results with the MTT assay. The graph shows the percent 
cell viability plotted against different concentrations of  Al2O3-NPs. Healthy mammalian cell lines Vero and LT 
were exposed to 10, 60, 120, 240 and 480 μg/mL AlNPs and incubated for 24 and 48 h. There is no significance 
difference between the cell lines exposed to concentrations of nanoparticles ranging from 10 to 240 μg/mL 
as compared to control groups. However, the results after 48 h of exposure to the highest concentration of 
nanoparticles (480 μg/mL) clearly show statistically significant values compared to the untreated group when 
analysed using One Way ANOVA; ***p < 0.001 and *p < 0.05.

Figure 9.  Cell viability of alumina nanoparticles on Vero cell line (A and C) and LT cell lines (B and D).
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as vaccine and drug delivery. However, further clinical studies in experimental animals are needed to determine 
the toxicity at the cellular level.

Data availability
The relevant materials and datasets supporting the findings of this original research article are already included 
in in the main paper, and any other supplemental data generated during the conduct of this research are available 
upon reasonable request from the corresponding author.
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