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ABSTRACT

Objective: Green synthesis of metal nanoparticles provides an environmentally friendly approach in comparison with the chemical method. Iron 
oxide nanoparticles (FeONPs) have potential biomedical applications such as antimicrobial, antioxidant, and anti-inflammatory activities. The goal of 
the current study was to synthesize FeONPs using the leaf extract of Plectranthus amboinicus and to assess the biological activities.

Methods: FeONPs were prepared in a green reduction and stabilization method using aqueous extracts of P. amboinicus leaves. The formation of FeONPs 
was initially qualitatively identified through colorimetry and additionally identified using ultraviolet (UV)-visible spectroscopy, X-ray diffraction (XRD), 
and Fourier transform infrared spectroscopy (FTIR). Antimicrobial testing was conducted against Staphylococcus aureus, Staphylococcus epidermidis, 
Streptococcus mutans, Aggregatibacter actinomycetemcomitans, and Candida albicans using minimum inhibitory concentrations (MIC) and time-kill 
methods. The antioxidant property of the synthesized FeONPs was evaluated using the 2,2-diphenyl-1-picrylhydrazyl radical scavenging assay. The 
anti-inflammatory property was analyzed by protein denaturation inhibition assays utilizing bovine serum albumin and egg albumin models. The 
cytotoxicity as well as the toxic properties of FeONPs were analyzed by brine shrimp (Artemia salina) lethality bioassays.

Results: The emergence of a clear color transition from dark brown to light brownish-orange signified nanoparticle development, accompanied 
by a distinctive UV–Visible Spectroscopy absorption wavelength at 395 nm. XRD pattern verification demonstrated the nanocrystalline and phase-
pure quality of FeONPs, measuring 10–12  nm. FTIR pattern matching further demonstrated surface modification by OH, aromatic, and phenolic 
moieties. The MIC range was 25–100 μg/mL, demonstrating broad-spectrum antibacterial activity, considerable antioxidant activity, and moderate 
anti-inflammatory activity. Cytotoxicity studies also exhibited moderate cell toxicity with LC50 = 8 μg/mL.

Conclusion: Green-synthesized FeONPs using P. amboinicus demonstrated stability, multifunctional bioactivity, and promising antimicrobial, 
antioxidant, and anti-inflammatory properties, highlighting their potential for further in vivo biomedical applications.

Keywords: Green synthesis, Iron oxide nanoparticles, Plectranthus amboinicus, Antimicrobial activity, Antioxidant activity, Cytotoxicity, Biomedical 
applications.

INTRODUCTION

The advent of nanotechnology in research has allowed scientists to work 
with matter on an atomic/molecular scale. Of these nanomaterials, 
iron oxide nanoparticles (FeONPs) have received increasing attention 
because of their outstanding physicochemical properties such as 
high surface-to-volume ratio, magnetism, conductivity, and catalytic 
capability [1,2]. Due to these capabilities, FeONPs have immense 
potential in different medical realms such as carrying drugs, imaging, 
sensing, and antimicrobial treatment. In general, conventional methods 
in physics and chemistry used in producing such nanomaterials require 
higher energy input and toxic reagents, which pose serious ecological 
toxicity [3]. Biological methods in synthesizing these nanomaterials have 
thus become not only non-hazardous and less expensive but also a very 
environmentally sound and cost-effective technology in this front [4,5].

Green nanotechnology focuses on using biological materials such as 
plant extracts, microorganisms, and biopolymer mediators to produce 
nanoparticles with minimal usage of toxic chemicals or in complete 
avoidance of them [6]. Among these, phytochemical methods have 
proven to be important because they are simple, can be easily scaled 
up, and have a wide variety of available plant materials which can work 
as natural reducing agents [7]. During reduction reactions between 
metal ions, such as ferric ions in ferric chloride, and phytochemicals 
such as flavonoids, terpenoids, and other water-soluble compounds, 
nanoparticles are produced and simultaneously stabilized [8].

Having a long history of rich herbal traditions, coming down from 
the Rigveda, makes India a treasure trove of herbs that possess 
enormous potential for applications in green nanotechnology. The 
scientific categorization of herbs according to their therapeutic 
potential in ayurvedic practices provides a scientific and useful 
platform for exploiting their biological potential for nanotechnology 
applications [9]. Among these herbs, Plectranthus amboinicus 
emerges as a highly valuable and much-unutilized aromatic herb with 
immense therapeutic potential. Being a traditionally proven herb in 
ancient systems of medicine, it still finds useful applications for its 
efficacy in curing respiratory, gastrointestinal, and dermatological 
disorders [10]. The herb is rich in biologically valuable active 
phytoconstituents, including active volatile oils that account for its 
diverse, broad-spectrum pharmaceutical, and therapeutic potential. 
In addition, the diverse geographical variations in phytoconstituents 
of P. amboinicus, primarily due to climatic and edaphic conditions 
of cultivation, emphasize region-wise evaluations of their biological 
contents for making a complete utility of its valuable applications in 
nanotechnology [11].

Although green synthesis methods using plant extracts have been 
widely studied in the synthesis of nanoparticles, most studies 
employing P. amboinicus have dealt with the synthesis of silver, gold, 
zinc oxide, and other metal nanoparticles. However, in the synthesis 
of FeONPs using the extracts of plants, very few studies have been 
documented to date, in which P. amboinicus can remain an unexplored 
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area. Therefore, it can be concluded that this study not only provides 
an innovative avenue in using P. amboinicus in the green synthesis of 
FeONPs based on the rich range of phytochemicals present in this herb 
to improve the stability, biocompatibility, and medicinal properties of 
FeONPs but will also help in developing eco-friendly biologically active 
FeONPs in the field of nanobiotechnology.

Due to the overuse of antibiotics, antimicrobial resistance is growing, 
and hence, plant-based antimicrobials have gained high importance. 
P. amboinicus has been regarded as a highly potent antimicrobial plant 
that has great potential in using it for nanoparticle-based medical, 
anticancer [12], and antimicrobial functions. In this manuscript, 
P. amboinicus leaves extract will be used for the production of FeONPs 
by following an eco-friendly and green technique. Further, the derived 
nanoparticles will be used to analyze their characterization and 
antimicrobial activities. In this regard, the study will focus on enhancing 
green nanotechnology to fabricate a much safer, cost-effective, and 
environmentally sound method for the preparation of biologically 
active nanoparticles.

METHODS

Leaves of P. ambonicus were collected during August from Annaji 
Nagar, Chennai, Tamil Nadu. The bacteria include Staphylococcus 
aureus [29213], Staphylococcus epidermidis [14990], Streptococcus 
mutans [25175], Candida albicans [10231], and Aggregatibacter 
actinomycetemcomitans [29522], which were provided from the 
American Type Culture Collection (ATCC). Ferric chloride (FeCl₃), CAS 
No.: 7705-08-0, purchased from Merck, India. Mueller-Hinton Agar 
was obtained from HiMedia, Mumbai. All experimental processes 
with microbial cultures were carried out under aseptic conditions in 
biosafety cabinet class  A2 as per institutional biosafety protocols to 
reduce the chances of contamination and to facilitate safe handling of 
pathogenic microbes.

Preparation of aqueous extract
A total of 5 g of fresh P. amboinicus leaves were obtained. The impurities 
were washed away from the leaves 3–4  times using double-distilled 
water and kept for dry on tissue paper, and their net weight after 
purification was noted for reproducibility. The purified leaves were 
cut into small pieces and dried at room temperature (25–28°C) for 
3–5 days to a constant weight. The dried sample was finely powdered 
using a mortar and pestle, and 50 mL of double-distilled water was 
subsequently added [13]. The sample was heated in hot-water extraction 
for 30 min at 56°C with occasional stirring. The resulting extract was 
filtered through Whatman No. 1 filter paper and preserved at 4°C for 
future use. While solvent extraction is frequently employed to recover 
a wider range of secondary metabolites, aqueous hot-water extraction 
was specifically chosen to facilitate a green and biocompatible process 
amenable to downstream nanoparticle synthesis, and this constraint 
has been recognized as a factor for future work.

Iron nanoparticle synthesis
The mixture was prepared by adding 20 mM ferric chloride (FeCl3) to 
70 mL of deionized water, followed by the addition of 30 mL of filtered 
P. amboinicus extract. The reaction mixture was magnetically stirred at 
a speed of 600–700 rpm for a period of 48 h. The pH of the reaction 
mixture was reduced to pH 8.0, since higher alkaline conditions favor 
the stability of FeONP. The reaction mixture was centrifuged at a speed 
of 8000 rpm for a period of 10 min; the pellets obtained were further 
cleaned with ethanol and deionized water 3 times and then dried at a 
temperature of 70°C for a period of 2  h. The obtained dried FeONPs 
are then packed in airtight Eppendorf tubes for further analysis [14,15] 
(Fig. 1).

Characterization
The characterization of FeONPs synthesized was carried out by the 
application of characterization techniques such as ultraviolet (UV)-
visible spectroscopy, X-ray diffraction (XRD), and Fourier transform 
infrared spectroscopy (FTIR) analysis techniques. The maximum 

absorbency of iron nanoparticles with the reducing ability of 
P. amboinicus leaf extract was carried out by the application of a double-
beam UV-Visible spectrophotometer (UV-1990i, Shimadzu) in the 
wavelength range of 350–650 nm. Deionized water acted as the baseline. 
The crystal structure and the elemental composition within the FeONP 
sample were analyzed by the application of the XRD technique with Cu-
Kα radiation. The scanning speed of 2°/min with a 2θ value between 20 
and 80° was used. FTIR analysis was done by the application of the KBr 
pellet method, and identified functional groups involved in iron oxide 
reduction. Resolution of 4 cm−¹ with 32 scans per sample was used. The 
structure of FeONPs synthesized was identified by the application of the 
above-mentioned characterization techniques [16].

Antimicrobial activity against pathogens
Antimicrobial activities of FeONPs synthesized using P. amboinicus 
leaf extract, FeONPs-based nanocomposites, and crude leaf 
extracts were tested against S. aureus, S. epidermidis, S. mutans, 
A. actinomycetemcomitans, and C. albicans. These pathogenic 
isolates (18  h incubation in brain heart infusion [BHI] broth) were 
standardized to an inoculum Concentration of 0.5 McFarland 
turbidity (~1 × 10⁸ CFU/mL). The Mueller–Hinton agar plates were 
prepared. 8 mm wells were created aseptically; 25, 50, or 100 µL from 
each test sample was added to each well. Amoxicillin was used as the 
positive control for bacteria and Fluconazole for C. albicans. Plates were 
incubated at 37°C for 24 h, and the diameters of inhibition zones were 
measured [17]. The minimum inhibitory concentration (MIC) is a gold 
standard, assayed using the standard microbroth dilution method, 
wherein serial two-fold dilutions of the samples were prepared in 
BHI broth for bacteria and Sabouraud Dextrose broth for C. albicans, 
and further inoculated with standardized microbial suspensions 
and incubated at 37°C for 24 h; the MIC was identified as the lowest 
concentration presenting no visible microbial growth, using amoxicillin 
and fluconazole as positive controls.

Time kill curve assay
The antimicrobial activity of FeONPs synthesized using the green 
method with P. amboinicus leaf extract as the reducing and stabilizing 
agent in a time-dependent manner was checked using the standard 
time-kill curve test [18] as follows: The pathogenic isolates include 
A. actinomycetemcomitans, S. mutans, S. aureus, S. epidermidis, and 
C. albicans. Cultures of the bacterial isolates were maintained in BHI 
agar plates and incubated at 37°C. The turbidities of all bacterial 
cultures were adjusted to 0.5 McFarland standards (~1 × 10⁸ CFU/mL). 
The diluted cultures were further diluted 1:100 in BHI in each sample. 
The bacterial concentration reached ~1 × 10⁶ CFU/mL (0.5 McFarland). 
At 25, 50, and 100 µg/mL, the FeONP sample solutions were added. 
Bacterial samples without the FeONPs served as negative controls. 
Finally, all the samples were incubated in BHI broth at 37°C. Od 600 nm 
was measured using a UV-Visible spectrophotometer at defined times 
of 0, 1, 2, 3, 4, and 5 h. Graphs showing OD values plotted as a function 
of time were made.

Antioxidant assay
1  mL of 2,2-diphenyl-1-picrylhydrazyl (DPPH) was combined with 
450 µL of TrisHCl buffer and FeONPs of P. amboinicus extract in 
different concentrations (10, 20, 30, 40, and 50 μg/mL) to conduct 
the free radical scavenging DPPH assay of P. amboinicus leaves extract 
mediated FeONPs [19]. 30 min were then spent incubating the mixture. 
Free radical scavenging was determined by calculating absorbance at 
517 nm. Ascorbic acid was employed as the control. The equation was 
used to calculate the % inhibition.

−
= ×

    %  100
  

Absorbanceof control Absorbanceof sampleof inhibiton
Absorbanceof control

Egg albumin (EA) denaturation assay
It consisted of 0.2  mL of 1% fresh EA and 2.8  mL of 1× phosphate-
buffered saline (PBS) solution with a pH of 6.4. It was mixed with 
P. amboinicus-FeONPs at various concentrations (10, 20, 30, 40, and 
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50 µg/mL) in 2 mL. 2 mL of diclofenac sodium was used as the positive 
control. The mixtures were shaken well. After that, the mixtures 
were incubated for 15 min at 37°C. The mixtures were denatured for 
5 min in a 70°C water bath. A UV-visible spectrophotometer analyzed 
the absorbance of the albumin solution at 660 nm after it had cooled 
down [20].

The following formula was used to determine the inhibition percentage 
of EA denaturation:

−
= ×

    %  100
  

Absorbanceof control Absorbanceof sampleof inhibiton
Absorbanceof control

Bovine serum albumin (BSA) denaturation assay
The anti-inflammatory properties of P. amboinicus-induced FeONPs 
were assessed by BSA denaturation assay with few modifications based 
on their properties [21]. The process involved the use of 1 mL of 1% 
BSA prepared in PBS solution with pH 6.4 and various concentrations 
of FeONPs (10–50 μg/mL), incorporating diclofenac sodium acting as 
a standard drug for the study. The controls used were PBS without 
the sample solution to be tested. All samples were left to incubate for 
20 min at 37°C and subsequently underwent heat denaturation at 70°C 
for 5 min in a water bath. After this process, the samples underwent 
cooling and subsequent measurements to detect the inhibition rate of 
denaturation of proteins by the spectrophotometer by observing the 
samples at 660 nm wavelength in UV-Vis spectrophotometer.

The following formula was used to determine the percentage inhibition 
of BSA denaturation because the control represents 100% protein 
denaturation:

−
= ×

    %  100
  

Absorbanceof control Absorbanceof sampleof inhibiton
Absorbanceof control

Cytotoxicity activity
Artificial seawater solutions were made by adding 2 g of non-iodized 
salt to 200  mL of doubly distilled water. Ten nauplii of brine shrimp 
were placed into each well of a six-well plate prefilled with 10–12 mL 
of saline solution. The wells received FeONPs with a concentration 
of 5, 10, 20, 40, or 80 μg/mL, with a saline control group. The plates 
contained cells for 24 h of normal lighting conditions. Cell death was 
calculated manually with a binocular stereo microscope, separating 
life and death brine shrimp larvae [22]. The formula for percentage of 
cell death was:

= ×
+

   % 100
        

Number of dead naupliilethality
Number of dead nauplii Number of livenauplii

Statistical analysis
The data analysis was conducted using GraphPad Prism software 
version 10. The two-way analysis of variance (ANOVA) test accompanied 
by the Tukey post-test analysis was applied to compare differences in 
the treated and control groups. The experiment was conducted 3 times 
in a triplicate manner (n=3), and the data are expressed in mean 
standard deviation.

RESULTS

Visual observation
A color change was noticed after the reaction; the precursor mixture 
was dark brown in color, while the reaction product appeared light 
brownish-orange as can be seen in Fig.  2a and b, respectively. This 
indicates a successful conversion of the iron salts into FeONPs using the 
P. amboinicus extract.

Optical analysis using UV-visible spectrophotometer
The UV-Vis spectrum of the P. amboinicus-mediated FeONPs showed 
a broad peak ranging between 380 nm and 410 nm, attributed to the 
broad Surface Plasmon Resonance (SPR)-like absorbance properties 
of Fe₃O₄/Fe₂O₃ nanostructures. This is in contrast to that observed in 
noble metal nanostructures. The broadness of the observed peaks in 
the current study is in line with what had previously been observed in 
FeONPs, as noted in various studies [23]. The broadness of these peaks 
is an indication that the FeONPs had been synthesized in the laboratory.

All the replicates had a similar spectrum with hardly any variation in 
the intensity of the peaks, indicating that the results had a high level 
of accuracy and that there was not any agglutination. Furthermore, the 
fact that there were no other peaks within the spectrum being recorded 
indicated that the nanoparticles that had been synthesized had a high 
level of purity and that there were no phytochemicals that had not been 
bound or other ions of the metals (Fig. 3).

XRD analysis
The XRD pattern of P. amboinicus-mediated FeONPs showed broad 
diffraction peaks at 2θ values of 27.329°, 33.482°, 40.04°, 43.044°, 
68.759°, and 83.266°, which correspond to the characteristic planes of 
iron oxide phases such as maghemite (γ-Fe₂O₃) or magnetite (Fe₃O₄), 
consistent with JCPDS standards. Peak width increases provide an 
indication of the nanocrystallinity of the particles. Calculations of 
crystallite size from the Scherrer equation (D = Kλ/βcosθ), using the 
principal peak at 33.48°, showed an average crystallite size of about 
10–12 nm. These results prove that phase-pure nanocrystalline FeONPs 
of low long-range order, typical of green-synthesized nanoparticles, had 
indeed been produced (Fig. 4).

FTIR analysis
The FTIR spectrum has further justified the use of the phytochemicals 
of P. amboinicus in the reduction and stabilization of FeONPs. The broad 
peak at 3324.7 cm⁻¹ is due to the O–H bonds of hydroxyl groups, and the 
peaks at 1555.8 cm⁻¹ and 1423.4 cm⁻¹ correspond to the C=C and C–O 
bonds, respectively, resulting from the contributions of flavonoids and 
polyphenols. The absence of peaks related to impurities establishes the 
purity of the synthesized FeONPs (Fig. 5 and Table 1).

Antimicrobial activity
The antimicrobial potential of FeONPs mediated by P. amboinicus 
was tested against S. aureus, S. epidermidis, S. mutans, C. albicans, and 
A. actinomycetemcomitans with the following concentrations (25, 50, 
and 100  µg/mL), with Standard drugs Amoxicillin for the bacterial 
pathogens and fluconazole for C. albicans as positive controls. The data 
clearly confirmed the dose-dependent increase in the antimicrobial 
potential against all tested microorganisms (Fig.  6). The maximum 

Fig. 1: Schematic of the green synthesis of iron oxide nanoparticles using Plectranthus amboinicus extract
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zones of inhibition were uniformly observed in the 100  µg/mL 
concentration, whereas moderate inhibitory action was observed in 
the 25 µg/mL concentration. The control drugs showed significantly 
larger zones of inhibition for all microorganisms, thus confirming the 
enhanced antimicrobial potential of the drugs.

The antimicrobial effect of the test samples depends significantly 
on the dose. The data confirmed the dose-dependent increase. On 
the basis of inhibition concentration-dependent data, the values of 
MIC were determined to evaluate quantitatively the antimicrobial 
action. C. albicans was found to be significantly more sensitive than 
other organisms at an inhibitor concentration of 25  µg/mL. Other 
organisms S. aureus, S. epidermidis, and A. actinomycetemcomitans 
were found to be moderately sensitive at an inhibitor concentration 
of 50 µg/mL, while S. mutans was found to be sensitive at an inhibitor 
concentration of 100  µg/mL. These observations clearly indicate 
the broad-spectrum antimicrobial properties of green-synthesized 
FeONPs.

Time kill curve assay
In the time kill experiment, there was a remarkable inhibition 
presented by P. amboinicus-mediated FeONPs against all tested 
bacteria and fungi, S. aureus, S. epidermidis, S. mutans, C. albicans, and 
A. actinomycetemcomitans. Although in control without treatment, the 

levels of absorption escalated and remained stable for 5 h, indicating 
a significant growth of microbes. In contrary, all groups treated with 
FeONPs concentrations of 25, 50, and 100 μg/mL indicated a drop in 
absorption levels with regard to the passage of time, representing an 
impressive inhibitory response. A drop in levels, however, represented 
a concentration-response approach, with 100 μg/mL consistently 
indicating the lowest levels of absorption every time, followed by 
50 μg/mL and then 25 μg/mL. Inhibitory actions of the control drug 
were significantly greater than all other groups against all strains 
collectively. S. mutans, A. actinomycetemcomitans, and then C. albicans 

Fig. 4: X-ray diffraction pattern of Plectranthus amboinicus-
mediated iron oxide nanoparticles. Major peaks are labeled 

with (hkl) indices corresponding to γ-Fe₂O₃ (JCPDS 39-
1346) and Fe₃O₄ (JCPDS 19-0629)

Fig. 5: Fourier transform infrared spectrum of Plectranthus 
amboinicus-mediated iron oxide nanoparticles with major peaks 

labeled: 3324 cm⁻¹ (O–H), 1555 cm⁻¹ (C=C), 1423 cm⁻¹ (C–H)

Fig. 3: Ultraviolet-visible absorption spectrum of Plectranthus 
amboinicus-mediated iron oxide nanoparticles showing a 

characteristic surface plasmon resonance peak at λmax = 395 nm

Fig. 2: Visual observation of biosynthesized iron oxide 
nanoparticles by Plectranthus amboinicus (a) Before 

reaction, (b) After 24 h reaction

ba

Table 1: FTIR peak assignments of Plectranthus 
amboinicus‑mediated FeONPs

Wavenumber 
(cm⁻¹)

Functional group/
vibration

Probable 
phytochemical source

3324.7 O–H stretching 
(hydroxyl groups)

Phenols, flavonoids, 
alcohols

1555.8 C=C stretching 
(aromatic ring)

Flavonoids, polyphenols

1423.4 C–O stretching 
(alcohols/phenolics)

Polyphenols, tannins, 
glycosides
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were most sensitive to FeONPs treatment; S. aureus and S. epidermidis 
were less sensitive than viability (Fig. 7).

Antioxidant activities of FeONPs
Antioxidant activity of P. amboinicus-derived FeONPs was evaluated 
using the DPPH radical scavenging assay. The nanoparticles showed 
a clear dose-dependent inhibitory effect, with activities close to that 
of the reference antioxidant compound. Since the reference standard 
always had higher scavenging activity, statistically significant free 
radical neutralization by FeONPs was observed (p<0.0001). Two-way 
repeated measures ANOVA showed that concentration accounted for 
the largest proportion of variance (62.69%), followed by interaction 
effects (26.72%) and subject matching (8.33%), supporting the dose-
dependence and reliability of FeONPs as potential antioxidants (Fig. 8).

Anti-inflammatory activities of FeONPs
Anti-inflammatory activity of FeONPs was measured by EA and BSA 
denaturation assays. In EA model, FeONPs showed concentration-
dependent inhibition of protein denaturation, up to about 45% 
inhibition at 50  µg/mL, but the standard drug had more inhibition 
(>60%). In the BSA test, FeONPs showed almost similar activity to 
the standard drug at lower doses (10–20 µg/mL), but inhibition was 
reduced at higher doses (30–50 µg/mL). Statistical analysis attested 

treatment and concentration-dependent effects (p<0.0001), validating 
the anti-inflammatory potential of P. amboinicus-derived FeONPs 
(Fig. 9).

Cytotoxicity assessment of FeONPs
Brine shrimp lethality assay established that the FeONPs mediated by 
P. amboinicus were highly dose-dependent cytotoxic to the nauplii. The 
viability of the nauplii decreased progressively as the concentration 
of the nanoparticles increased, and the controls retained a viability of 
nearly 100% at all concentrations, proving the nanoparticles-specific 
death caused to the nauplii. The viability of the nauplii was nearly 50% 
for lower concentrations (5–10 µg/mL), but a significant reduction was 
observed for higher concentrations (40–80 µg/mL), and the viability 
was below 20% at a concentration of 80 µg/mL. Two-way repeated-
measures ANOVA analysis depicted a highly significant effect of the 
treatment (p<0.0001) and a significant concentration by treatment 
interaction, thus proving the cytotoxic property of the nanoparticles 
(Figs. 10 and 11). Using the concentration-response relation, the LC50 
value was calculated to be about 8 µg/mL, establishing the moderate 
cytotoxicity of the synthesized FeONPs and thereafter proving the 
concentration-specific biological effect of the nanoparticles, a property 
critical for the identification of a safe and optimal concentration of the 
nanoparticles.

Fig. 6: Antimicrobial activity of synthesized iron oxide nanoparticles (FeONPs). (a) Agar well diffusion assay showing zone of inhibition. 
(b) Dose-dependent antimicrobial activity of FeONPs. Error bars represent standard deviation (n=3). Data are expressed as mean±SD 

(n=3). Statistical analysis was performed using two-way analysis of variance followed by Tukey’s post hoc test. p<0.05 and p<0.01 indicate 
statistically significant differences between concentrations

b

a
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DISCUSSION

Visual observation
The color change is an indication of the reduction of Fe³⁺ ions and the 
stabilization of FeONPs by phytochemicals in the extract. The optical 
change is attributed to many authors as the first sign of the production 
of nanoparticles in green media [24]. The bioactive molecules act as 
reducing and capping agents, thus inhibiting agglomeration. However, 
further analysis was needed to confirm the size, shape, and structure 
of FeONPs.

UV–visible spectroscopy
The appearance of a strong absorption band corresponding to 
380–410 nm is associated with SPR in FeONPs. This confirms the fact 
that P. amboinicus leaf extract acted as a strong reducing as well as 
stabilizing agent in the green synthesis process. The breadth of a strong 
absorption band points toward a uniform dispersal of nanoparticles 
along with regularly shaped morphology. Small differences in the 
measured intensity of absorption may be ascribed to differences in 
nanoparticle concentrations or slightly different size distributions. The 
fact that identical spectra have been obtained in replicates confirms the 

validity and uniformity of the green synthesis method. The lack of any 
additional peaks also confirms a high level of purity of the synthesized 
nanoparticles. The biocompatibility of these nanoparticles becomes 
essential in biomedical applications [25].

XRD analysis
The wide diffraction peaks in the XRD pattern evidently confirm 
the nanocrystalline nature of P. amboinicus-mediated FeONPs, as 
wider peaks are inversely proportional to the size of crystallites. The 
calculated size of crystallites being around 10–12 nm matches well with 
earlier studies revealing that plant-mediated phytochemicals are very 
efficient reducing and capping agents, thus hindering crystal growth and 
maintaining ultra-small sizes for nanoparticles. The diffused and noisy 
pattern of the diffractogram accurately interprets the characteristics of 
biologically synthesized FeONPs, in which organic materials of plant 
extracts are strongly entrapped at the external surfaces of nanoparticles, 
thus creating an apparently amorphous nature. In spite of its lower 
crystallinity, the appearance of Bragg peaks corresponding either to 
γ-Fe₂O₃ or Fe₃O₄ demonstrates well the successful synthesization 
of iron oxide crystals. It has already been realized that bio-capped 
nanocrystalline FeONPs display improved properties for catalysis, 
antimicrobial action, and biomedical applications owing to their high 
surface areas, high stability, and biologically compatible surfaces, thus 
proving the relevance of synthesized FeONPs for future biomedical 
applications [26].

FTIR analysis
FTIR analysis established that phytochemicals from P. amboinicus 
extract are reducing and capping agents used in nanoparticle synthesis. 
The intense O–H stretching peak at 3324.7 cm⁻¹ signified hydroxyl 
groups from phenolic compounds, while peaks at 1555.8 cm⁻¹ and 
1423.4 cm⁻¹ established flavonoids and polyphenols responsible 
for reduction and stabilization. These functional groups not only 
stabilize the nanoparticles by avoiding agglomeration but also endow 
biofunctionalization, enhancing dispersion, biocompatibility, and 
therapeutic efficacy [27]. Lack of impurity peaks ensures the green and 
effective synthesis method, and these FeONPs are extremely well-suited 
for biomedical and catalytic applications.

Antimicrobial activity
The concentration-dependent broad-spectrum antimicrobial potential 
of the MIC values supported by the antimicrobial properties of 
P. amboinicus-mediated FeONPs supplies quantitative information 

Fig. 7: Antibacterial activity of Plectranthus amboinicus-iron oxide nanoparticles against pathogenic bacteria (a) Staphylococcus aureus, 
(b) Staphylococcus epidermidis, (c) Staphylococcus mutans, (d) Candida albicans, (e) Aggregatibacter actinomycetemcomitans. Data are 
expressed as mean±SD (n=3). Statistical analysis was performed using two-way analysis of variance followed by Tukey’s post hoc test 

using GraphPad Prism version 10. Differences were considered statistically significant at p<0.05 and p<0.01

d

cba

e

Fig. 8: Antioxidant activity of iron oxide nanoparticles compared 
with standard compounds (ascorbic acid for the 2,2-diphenyl-

1-picrylhydrazyl assay). Data are expressed as mean±SD (n=3). 
Statistical analysis was performed using two-way analysis of 
variance followed by the appropriate Tukey’s post hoc test. 

Differences were considered statistically significant at p<0.05
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on the antimicrobial effectiveness and the susceptibility specificity 
of microorganisms. The relatively lower MIC required by C. albicans 
(25  µg/mL) implied greater susceptibility, and it clearly proves 
that FeONPs effectively interact with fungal cell wall integrity and 
biomolecules. However, the moderate susceptibility shown by 
S. aureus and S. epidermidis (MIC = 50  µg/mL) could be due to the 
thicker peptidoglycan layers present in their cell walls, which work as 
a physical barrier defending the entry and intracellular interaction of 
FeONPs, which has been previously discussed [28]. The relatively higher 

Fig. 10: Potential cytotoxic effects of iron oxide nanoparticles

Fig. 11: Brine shrimp cytotoxicity of iron oxide nanoparticles 
(FeONPs). Data are expressed as mean±SD (n=3). The 

median lethal concentration (LC50) of FeONPs was 
8 µg/mL. Statistical analysis was performed using two-way 

analysis of variance followed by an appropriate Tukey’s 
post hoc test. Differences were considered statistically 

significant at p<0.05

Fig. 9: (a and b) Anti-inflammatory activities of iron oxide nanoparticles compared with the standard compounds (diclofenac sodium for 
protein denaturation assay). Data are expressed as mean±SD (n=3). Statistical analysis was performed using one-way analysis of variance 

followed by an appropriate Tukey’s post hoc test. Differences were considered statistically significant at p<0.05

ba

susceptibility (MIC = 100 µg/mL) among S. mutans could be due to its 
dense cell wall and stress-resistant properties, whereas the moderate 
susceptibility (MIC = 50  µg/mL) among A. actinomycetemcomitans 
suggested maximum intracellular interaction efficiency even though 
they show pathogenic properties.

The antimicrobial property of FeONPs is mainly linked with reactive 
oxygen species generation and membrane interaction, which are both 
improved at concentrations around or above the MIC values. As redox-
active materials, FeONPs in microbial membranes cause the generation 
of oxidative stress, lipid peroxidation, protein oxidation, and finally, 
DNA damage due to the formation of OH and oxidative anions using 
their surface-active sites on microbial membranes [29]. Moreover, 
physical interaction between FeONPs and microbial membranes could 
also enhance this permeability, causing cell content leakage and failure 
in necessary metabolic processes. However, with their nanosized nature 
and high surface-to-volume ratio, FeONPs synthesized in this study 
further enhanced these mechanisms, which therefore justified dose-
related and MIC values on these antimicrobial activities. Based on these 
observations, there is a promising role for using FeONPs synthesized 
via P. amboinicus as novel antimicrobial agents or as potentiating agents 
in combination with presently used antibacterial agents for overcoming 
microbial resistance.

Time-kill assay
The time-kill kinetics results provided conclusive evidence that 
P. amboinicus-synthesized FeONPs possess a strong dose-dependent 
inhibitory effect on microbes and fungi, with a maximum inhibitory 
concentration at 100 μg/mL. The drastic reduction in the number of 
viable cells in the C. albicans and A. actinomycetemcomitans cultures 
points to a significant inhibitory effect of FeONPs on microbes; thereby, 
FeONPs can prove to be one of the potent tools in combating fungal and 
periodontal infections. The low rates of microbial killing in the case 
of S. aureus and S. epidermidis may be attributed to their strong and 
multilayered peptidoglycans in the cell walls, preventing the entry of 
nanoparticles toward their intracellular targets.
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Contrary to typical antimicrobial mechanisms, it was hypothesized that 
FeONPs trigger a progressive stress to cells beyond what microbes can 
counteract. The redox reaction of iron ions influenced cellular redox 
state through the inactivation of cellular enzymes, which simultaneously 
disrupts cellular metabolism. Simultaneously, high adhesion of the 
nanoparticle influenced the cellular membrane through the creation 
of an imbalance of ions, simultaneously leading to a time-dependent 
release of cytoplasm of cells. The progressive killing exhibited by the 
time-kill graph suggests a potential application of FeONPs either as an 
adjuvant agent or an alternative agent in the treatment of infections, 
such as biofilms, which show no response to existing antimicrobial 
agents currently employed in the management of infections [30].

Antioxidant assays of FeONPs
FeONPs derived from P. amboinicus displayed strong and concentration-
dependent antioxidant activity in the DPPH radical scavenging 
assay [31]. The antioxidant property of FeONPs is directly related to the 
presence of phenolic and flavonoids in plants, which are retained on the 
FeONPs surface, as confirmed by FTIR analysis. The phenolic moiety of 
the plants has hydroxyl groups, which donate a hydrogen atom/electron, 
hence neutralizing DPPH free radicals [32]. Although the efficiency of 
FeONPs was low compared to the standard antioxidant, the findings 
of this research confirm that phytochemicals with redox properties 
are retained even after the encapsulation of plants into FeONPs. The 
phytochemical modification of FeONPs not only prevents their stability 
but also improves their antioxidant property, which facilitates electron 
transfer to interact with radicals. The antioxidant property of FeONPs, 
therefore, is mainly contributed by the phytochemical modification of 
P. amboinicus phenolic compounds, which is exclusively different from 
the property of iron (Fe).

Anti-inflammatory assays of FeONPs
The results indicated that P. amboinicus-mediated FeONPs had effective 
inhibition of protein denaturation, thereby expressing remarkable anti-
inflammatory potential. Reduced activity at higher concentration for 
the BSA denaturation assay can be perceived as being due to the extra 
quantity of nanoparticle-protein interaction, inducing conformational 
stress or partial destabilization of protein rather than stabilization [33]. 
Optimal dosing permits protection of protein structure by hydrogen 
bonding and electrostatic interaction between phytochemicals surface-
bound on FeONPs, while higher dosing may induce aggregation effects 
that reduce the protective efficacy. This biphasic dose-dependent 
behavior indicates that optimization of concentration is considerable 
for achieving high anti-inflammatory performance [34].

Brine shrimp toxicity
The brine shrimp lethality bioassay resulted in concrete evidence 
regarding the dose-dependent cytotoxicity of P. amboinicus-
mediated FeONPs, in which toxic effects significantly increased 
as the concentration level increased with an estimated LC50 
value of about 8 µg/mL. However, the rapid reduction in 
the number of alive nauplii in the high concentration values 
(approximately above 40 µg/mL) indicated possible toxic effects 
caused by excessive accumulation of nanoparticles at the cellular level 
as a consequence of redox imbalances resulting in oxidative damage 
and subsequent cell death. Although the cytotoxic effects caused by 
these nanoparticles restrict their non-toxic use as FeONPs at high 
concentrations, the effects also mark their importance in terms of 
their utility as therapeutic reagents in antimicrobial and antitumor 
applications in which their cytotoxic properties become highly 
beneficial as an adjunct therapy in certain situations [35]. Moreover, the 
less toxic effects caused by sub-LC50 values also indicated the existence 
of a therapeutic window in FeONPs in which these nanoparticles can 
provide biological effects without being detrimental to biocompatibility. 
In any situation, these outcomes highlighted the need for precise 
use of nanoparticles based on their concentration effects without 
restricting their utility in forthcoming in vivo studies as preliminary 
investigations in the use of bioassays in estimating toxic effects caused 
by nanoparticles [36].

CONCLUSION

The present study successfully establishes the green and eco-
friendly procedure for the biogenic synthesis of FeONPs, using the 
leaf extract of P. amboinicus. The biogenically prepared FeONPs were 
nanocrystalline, phase-pure, having a diameter of 10–12  nm with 
assured surface biofunctionalization through phytochemicals such as 
phenolic and flavonoids. Biogenic FeONPs exhibited a broad-spectrum 
and concentration-dependent antibacterial and antifungal activities, 
notably against oral and periodontal pathogens S. mutans and 
A. actinomycetemcomitans. High antioxidant activity in DPPH assays and 
potent anti-inflammatory properties by protein-denaturation inhibition 
were also confirmed. Cytotoxicity tests using the brine shrimp lethality 
bioassay proved the moderate, concentration-dependent toxicity with 
an approximate LC50 of 8 μg/mL, hence establishing a safe therapeutic 
index for biomedical formulation and application. The results also tend 
to point out the anticancer activity that requires further research work 
using suitable cancer cells.

P. amboinicus-mediated FeONPs have huge potential as a multi-functional 
nanomaterial for antimicrobial, antioxidant, anti-inflammatory, and 
anticancer therapies. For future research, the validation studies are 
to be emphasized with appropriate animal models to analyze the 
pharmacokinetics and biological distribution of these particles. Studies 
at the molecular and cellular levels and research involving cancer cell 
cultures are integral to comprehending the exact mechanism by which 
these particles exert their actions as antimicrobials, antioxidants, 
anti-inflammatory, and anticancer. Besides, functionalizing these 
particles through conjugation to targeting ligands can help in achieving 
specificity and activity that may further help formulate a target drug 
delivery system. In fact, all these upcoming research endeavors are 
going to bring about a revolutionary change to translate these particles, 
extracted from P. amboinicus, as safe and effective nanotherapeutic 
agents.
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