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Abstract: In this study, stable novel iron oxide nanoparticles (IO-NPs) were synthesized via chemical 

and green methods. In the chemical method, p-aminobenzoic acid (AB), diacetyl monoxime (DIA), and 

adenosine 5-monophosphate  disodium (AD) were used as stabilized ligands, whereas the extract of 

Teucrium apollinis was used in the green synthesis method. The effect of these stabilized ligands on the 

size, stability, and antibacterial activity of IO-NPs was carried out. The synthesized IO-NPs were 

characterized using UV-Visible absorption spectroscopy (UV-Vis), dynamic light scattering (DLS), 

transmission electron microscopy (TEM), and attenuated Fourier transform infrared (ATR-FTIR). IO-

NPs offered spherical shapes with small sizes (5 nm, 6 nm, 8 nm, and 34 nm) for IO-NPs functionalized 

by DIA, AD, AB, and Teucrium apollinis, respectively. This study shows a relationship between the 

type of NPs and Pseudomonas aeruginosa growth. The IO-NP functionalized by plant extract has a 

higher antibacterial effect than IO-NPs chemically synthesized. Because it has more infinity toward 

bacteria cells than other NP, it has a high ability to penetrate the membrane of bacterial cells. The use 

of Teucrium apollinis extract could be an eco-friendly way to synthesize IO-NP that offers a novel and 

potential alternative to chemically synthesized IO-NP. 

Keywords: Teucrium apollinis; iron oxide nanoparticles; antibacterial activities; Adenosine 5-

monophosphate; stability. 
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1. Introduction 

Iron oxide nanoparticles (IO-NPs) with suitable surface chemistry are widely used for 

several applications such as tissue repair, magnetic resonance imaging contrast enhancement, 

immunoassay, biological fluid detoxification, drug delivery [1, 2], and cell separation [3]. For 

example, IO-NPs have many advantages in cancer treatment, cancer diagnosis [4, 5], cancer 

hyperthermia therapy [6], and demonstrating safety when enjoyed in clinical use for about nine 

decades [6].  

In addition, IO-NPs have demonstrated a promising effect in various biomedical 

applications based on their sizes, and different synthesis approaches are used [7]. For instance, 

all biomedical and bioengineering applications need IO-NPs to have sizes smaller than 100 nm. 

Furthermore, the applications of small iron oxide particles in vitro diagnostics have been 

practiced for approximately 40 years [2]. In the last decade, improved investigations with 
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various kinds of iron oxides have been carried out in the field of nano-sized magnetic particles 

(mostly maghemite, γ-Fe2O3, or magnetite, Fe3O4, single domains of around 5–20 nm in 

diameter) [2]. 

The IO-NPs have good biological activity because of their non-toxic role in the 

biological systems, magnetic behavior [8], and semiconductor properties, which are 

advantageous for multifunctional biomedical applications [9]. Additionally, it is noted that the 

IO-NPs have high chemical activity and are simply oxidized in the air (specifical magnetite), 

commonly resulting in loss of magnetism and dispersibility [3]. In the same way, there was a 

limit to IO-NPs by their inability to reach the site of interest [10].  

For this reason, providing appropriate surface coating and developing some effective 

protection strategies to overcome this limitation and keep the stability of magnetic IO-NPs is 

very significant. 

Several authors have reported that the nature of surface coating ligands on the 

nanoparticles is not only used to control the overall size of the colloid NPs but also plays a 

major role in biokinetics and biodegradability of NPs in the body to be suitable for further 

functionalization [2]. For instance, functionalization of IONPs with suitable ligands is found 

to introduce further stimuli-responsive behavior, which increases the therapeutic action and 

effective bio-medical applications [10]. Moreover, organic molecules can give the ensemble 

functional reactive end-groups, such as aldehyde, carboxyl, hydroxyl, and amino groups. These 

groups can link to the active bio-substance, like an antibody, DNA, protein, enzyme, etc., for 

more applications [3].  

Furthermore, preparing and functionalizing the IO-NPs with ideal chemicals remains a 

great challenge for researchers [11]. This study demonstrates well-dispersed water-soluble IO-

NPs that are homogeneous IO-NPs with selective surface functionality (NH2, COOH, OH). 

These ligands displayed good dispersion in an aqueous solvent and were able to bind to the 

surfaces of iron oxide nanoparticles efficiently.  

Preparing IO-NPs via using green chemistry is needed to reduce environmental 

pollution, as mentioned in the literature [3]. Also, some researchers think that the biological 

method involving microorganisms and plants is better than physical and chemical methods for 

the synthesis of nanoparticles [12]. 

This work uses the petroleum ether extract of Teucrium apollinis as a capping agent to 

stabilize IO-NPs. The genus Teucrium (Germander) belongs to Lamiaceae, within the 

subfamily Ajugoideae. Teucrium species are widely used in folk medicine for treating many 

pathological disorders and are also found to have enormous pharmaceutical benefits. They were 

very rich in phenolic, flavonoid, and diterpene compounds, with extremely strong biological 

impacts [13]. 

Recently, some studies have illustrated that Teucrium contains phenolic compounds, 

has potent anticancer activity, and offers strong biological activities [13]. For this reason, 

Teucrium extract is used to produce highly stable and water-dispersible IO-NPs for bio-

applications. in this work, Teucrium apollinis (Lamiaceae) is endemic in Libya, and it is used 

for the first time as a stabilized ligand for synthesizing iron oxide nanoparticles. The good 

biocompatibility of these IO-NPs bodes well for their future use in medical applications. 
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2. Materials and Methods 

The synthesis process was started by reacting ferric sulfate Fe2(SO4)3 and stabilized 

ligands in the presence of the reducing agents (NaBH4) in an aqueous solution at room 

temperature. 

2.1. Materials and reagents. 

All chemicals and solvents in this work were purchased from Sigma-Aldrich, including 

ferric sulfate Fe2(SO4)3, sodium borohydride (98.0%) (NaBH4), p-aminobenzoic acid (AB), 

Adenosine 5-monophosphate disodium salt (AD), and Diacetyl monoxime (DIA).  

2.2. Characterisation techniques. 

Several analytical techniques were used to characterize IO-NPs, including UV-Vis, 

TEM, DLS, and ATR-FTIR. The stability of the IO-NP was monitored by using the UV-Visible 

technique. 

2.2.1. Ultraviolet-visible absorption spectroscopy (UV-Vis). 

UV-visible spectra were obtained on an Evolution 300 spectrophotometer with a double 

beam principal system with data recording via using the Vision software version on Windows 

XP/2000. Three measurements were taken from each sample for good accuracy. The surface 

plasmon resonance (SPR) band of IO-NP samples was recorded in the 200-800 nm range. All 

IO-NPs samples in this work showed a characteristic SPR band between 259 nm and 383 nm. 

2.2.2. Dynamic Light Scattering (DLS). 

The Dynamic Light Scattering (DLS) technique (Zetasizer Nano ZS (Malvern 

Instruments Ltd) was used to measure the size and size distribution of NPs. The sample was 

placed into a quartz cuvette. Three measurements were taken from each sample after calibration 

of the equipment. The data was collated into a size distribution. 

2.2.3. Transmission Electron Microscopy (TEM). 

TEM is the best technique used to determine the morphology, size, and shape of NPs. 

A JEOL2100 field emission gun transmission electron microscope (FEG TEM) set at 100 KV 

was used for the analysis of the particles and to obtain the TEM micrographs. The size 

distribution was obtained via counting and measuring about 150 IO-NPs. The deposition 

method was applied to prepare the samples for TEM analysis. The drop of diluted IO-NPs was 

placed and suspended on a holey carbon-coated copper grid.  

2.2.4. Attenuated total reflection-Fourier Transform Infrared Spectroscopy (ATR-FTIR).   

ATR-FTIR spectroscopy (Bruker Tensor 27, Germany) was used to examine the 

samples directly in the solid or liquid state without further preparation. ATR-FTIR spectra of 

the IO-NPs and ligands were recorded in the 400 to 4000 cm−1, and a background spectrum 

was recorded before each analysis. Spectra were analyzed using Origin software (Version 7.5) 

equipped with a Peak-Fitting Module (PFM). 
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2.3. Synthesis of iron oxide nanoparticles by chemical ligands. 

Several recent preparation strategies have been developed to adjust the IO-NPs 

properties [3]. Controlling the properties of iron oxide NPs is necessary for the desired 

application. Different methods were used to prepare IO-NPs, such as laser ablation, 

hydrothermal method, chemical co-precipitation, etc. However, solution combustion synthesis, 

among all these methods, is a promising alternative for synthesizing a large number of metal 

oxide nanoparticles with multiple advantages, such as short preparation time, simple 

procedures, cheap starting materials, high efficacy, and low-cost apparatuses [14].  

The biocompatible colloidal suspensions of iron oxide nanoparticles coated with four 

different ligands were prepared in this work and followed the literature method with a slightly 

modified [15].  

2.3.1. Synthesis of IO-NPs functionalized by p-Aminobenzoic acid, adenosine 5-

monophosphate disodium salt, and diacetyl monoxime. 

With vigorous stirring, (0.0041g, 0.029 mol), (0.0117 g, 0.033 mol), and (0.0030 g, 

0.029 mol) from p-aminobenzoic acid (AB), Adenosine 5-monophosphate  disodium salt (AD), 

and Diacetyl monoxime (DIA) respectively were dissolved in 30 ml of distilled water. Then 

these mixtures of stabilized ligands were added to ferric sulfate solutions (ferric sulfate 

Fe2(SO4)3 (0.0039 g, 0.009 mol) was dissolved in 20 mL of distilled water) and left to stir for 

2 hours at rt. The colors of solutions were changed when a reducing agent (2 mL of freshly 

prepared NaBH4) (0.0013g in 10 mL of distilled water) was added to later mixture solutions 

from colorless to light brown, dark brown, and reddish-brown, respectively, indicated to 

produce iron oxide nanoparticles. The mixtures were left to stir for an additional 2 hours to 

ensure that the reactions were completed. For the consequent characterizations, the samples 

were washed by centrifuging and re-dispersing three times with (distilled H2O/EtOH) (2:1), to 

remove the residual chemicals. The preparation procedure was done three times to confirm IO-

NPs were synthesized, and the results were quite the same. The samples were kept under 

normal laboratory conditions.  

2.3.2. Synthesis of IO-NP using extraction of Teucrium apollinis. 

The aerial parts of Teucrium apollinis were collected from the Slop Mountains of Ras 

El-Hilal, Cyrenaica region, Libya, during the flowering stage in April 2021. The plant was 

identified by Dr. Abdossalam Elmogassapi, lecturer in the Department of Botany, the College 

of Science, University of Benghazi, Libya. 

2.3.2.1. Teucrium apollinis extraction procedure. 

In brief, the aerial part of the plant was cleaned and dried in the shade. After that, the 

plant was ground by an automatic mill to get the dry plant powder. This powder was extracted 

with petroleum ether (40-60 °C) using a continuous extraction device (Soxhlet) until 

exhaustion. Then the solvent was evaporated using a rotary evaporator at 40 °C to obtain the 

petroleum ether plant extract used in this study.  

Fe2 (SO4)3 (0.0039 g, 0.009 mol) was dissolved in 30 ml of distilled water in a conical 

flask. 0.0090 g of extract plant as a stabilized ligand was added to the last mixture and left to 

stir for 2 hours. At this time, a yellow-green color appeared and changed to a dark green/brown 

once 5 mL of the freshly prepared NaBH4 (0.0013 in 25 mL of distilled water) was added step 
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by step to the last mixture; the vigorous stirring was continued for an extra 2 hours as described 

in Figure 1. The UV-Vis was confirmed as IO-NP produced. 

 

Figure 1. Preparation procedure of iron nanoparticles using an extract of Teucrium apollinis added to the ferric 

sulfate solution with NaBH4 as a reducing agent. 

2.4. pH measurement.  

It is well mentioned that the pH value is one of the important factors in synthesizing 

metal nanoparticles, where different sizes of NPs are produced based on the control of the pH 

[16]. According to previous literature, it was found that the addition of acid or base to the 

nanoparticles changes the sizes of IO-NPs. For instance, iron oxide nanoparticles (35-45 nm) 

are produced at pH 10 with ferromagnetic behavior. While in an acidic medium, the larger 

maghemite IO-NPs (50-60 nm) were obtained based on TEM and SEM results [17]. 

The investigation of the influence of pH changes on synthesized IO-NPs by varying the 

addition of hydroxyl ions (OH−) and hydrogen ions (H+) was done in this study. Based on 

previous studies, different pH levels influenced the properties of NPs, such as the degree of 

aggregation/agglomeration, stabilization, and antibacterial activity [18, 19]. Set volumes of 1M 

HCl and 1M NaOH (5-30 µL) were added step by step to water-soluble IO-NPs. The pH-

adjusted IO-NP dispersions were then sonicated in a water bath for 10 min to guarantee 

uniformity across the solution. After being set at room temperature for another 10 min, the pH 

value was rechecked to ensure the targeted pH values. When there were no pH changes in the 

IO-NP solution, the SPR of the NP dispersion was studied with UV-Vis. At this point, three 

absorbance evaluations are taken for each value in the pH range. 

In this work, the pH of functionalized IO-NPs dispersed in water has changed via 

adding different amounts of 0.1M HCl and NaOH (5-30 µL) with vigorous stirring, the UV-

Vis analyses were carried out to determine whether aggregations occur or not. 

2.5. Biological study. 

The bioactivity of IO-NPs against Pseudomonas aeruginosa bacteria strains has been 

studied in this work, where the maximum sensitivity of our nanoparticles is confirmed by 

optical density measurements (OD). The method was done according to an established 

procedure [20]. The samples were incubated for 6 hours at 37°C. The samples' optical density 

at 600 nm (OD600) was evaluated at various time intervals of incubation from 0, 1, 2, 3, 4, 5 

6 hours by using a UV-Vis spectrophotometer (Jenway model 6305, UK). The antibiotic 

(imipenem10µg) is used to be compared with IO-NPs samples, and inhibition of bacterial 
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growth is valued from OD600 after 6 hours of incubation. The GRAPHPAD PRISM V5.00 

software (the ANOVA test (p < 0.05) is used to analyze the obtained data. 

3. Results and Discussion 

In this study, aqueous Fe2(SO4)3 is reduced by freshly aqueous NaBH4 in the presence 

of various coating agents. The formation of IO-NPs was indicated by the appearance of brown 

color, which was usually completed in 4 hours. Our study emphasizes that the effect of 

stabilized ligands resulted in different stabilities and sizes of IO-NPs, where sizes were 

obtained from 6 nm to 51 nm. 

3.1. UV-visible Spectroscopic Investigation. 

UV-Vis was used before other techniques to confirm IO-NPs production and their 

stability; the water-soluble IO-NPs were monitored weekly for every single sample alone for 

more than 12 weeks. The UV-Vis spectra of IO-NPs were analyzed at a wavelength of 200–

800 nm. The absorption at 259–383 nm wavelength confirmed that IO-NPs are produced. 

3.1.1. Study of the iron oxide nanoparticle's stability. 

The stability of freshly synthesized samples of water-dispersed IO-NPs of the four 

capping agents was monitored for the duration of around 12 weeks of storage at a normal 

laboratory condition. The UV-Vis measurements were taken on different days, and the results 

are presented in Figures 2 and 3. The samples were analyzed at the initial time (freshly 

prepared), one week, and then from 2 to 12 weeks after the synthesis. The maximum 

absorbance wavelength shift is observed during the storage, which decreases the stability of 

IO-NPs with time, which confirms previous studies [21]. Also, observation showed that the 

colors of dispersed IO-NPs changed slightly to be darker after more than 12 weeks compared 

with freshly synthesized IO-NPs, which confirms that the iron oxide NPs core size and colloidal 

stability are changing over time.  

According to El-Sayed et al., the position of the maximum absorbance measured with 

UV-Vis depends on many factors, such as the shape, the surrounding media, the dielectric 

constant, and the size of the nanoparticles [22]. Herein, all UV-Vis showed the formation of 

IO-NPs, and all peaks were centered at 259–383 nm. The intensities of peaks were different 

with functionalized ligands used, as shown in Figures 2 and 3. 

The choice of ligands is extremely important for nanoparticle function and colloidal 

stability. The selection of some kinds of ligands utilized in nanoparticle synthesis is responsible 

for their final size and shape [23]. In addition, there was a difference in the rate of IO-NPs 

formation using different coating ligands if compared with each other. Formation of IO-NPs 

using Teucrium apollinis extract took a shorter time (2 h) than other chemical ligands used in 

this work, maybe due to its chemical structure, which has more affinity toward the IO-NP 

surface.  

It is well-mentioned that the functional groups of stabilized ligands contribute 

significantly to controlling the stabilities and sizes of NPs with the previous data published by 

other studies [24]. Likewise, it is confirmed that ligands used to functionalize nanoparticles 

containing carboxyl groups are found to provide a stabilization effect. For instance, carboxyl 

and hydroxyl groups in coating ligands have a strong binding affinity toward IO-NPs [22], 
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compared with thiol groups, which are known to have a high affinity toward gold NPs surfaces 

[25].  

  

Figure 2. UV-Vis spectra show the stability of IO-NP over 12 weeks. (A) p-aminobenzoic acid stabilized IO-

NPs, (B) IO-NP stabilized by Adenosine 5-monophosphate disodium. It is illustrated that the absorption peaks 

were at a wavelength of 272 nm and 260 nm, respectively, at the initial time (time =0). The UV-Vis was 

measured for the ligands alone (see Figure 2 (A, B) purple lines), which have a different wavelength from IO-

NPs functionalized by the same ligand. 

  
Figure 3. Surface plasmon resonance was measured with UV-Vis at a wavelength of 259 nm and 383 nm core 

size. Diacetyl monoxime (DIA)(A) and extract of Teucrium (B) capped IO-NPs is measured in a period of 12 

weeks, respectively. The UV-Vis for only these capping ligands (purple lines) was measured to confirm their 

different absorbance with NP produced. 

Herein, the attachment of AB, DIA, AD, and Teucrium apollinis extraction on the 

surface of IO-NPs was predicted through its carboxyl and hydroxyl functional groups. The 

wavelength peaks indicate the formation of different sizes and shapes of IO-NPs. Figure 2 (A) 

and (B) illustrate the wavelength band of IO NPs for large and small-sized spheres, 

respectively. Initially, after AB-IO-NP was produced, we observed a peak at 272 nm (Figure 

2, curve A), which shifted to 280 nm after 12 weeks from the initial time of preparation. This 

peak became a little broader, but there is no evidence that any aggregation may occur. The 

shifting of the λmax value towards higher wavelengths with an increase in time indicates the 

formation of larger particles or the agglomeration of smaller particles based on other studies 

[26].  
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However, low stability was noted when AD was used to stabilize IO-NP after nearly 12 

weeks, where the wavelength was at 260 nm and changed to 270 nm, indicating a large size 

and reducing its stability after 12 weeks. The reason may be due to the presence of an amino 

group, which has a little bit less affinity than other functional groups [27] (see Figure 2, curve 

B). In addition, IO-NP stabilized by AD, which contains amino and hydroxyl groups in its 

structure, led to increased stability of IO-NP. The presence of both hydroxyl and amine residues 

in the stabilized ligands enhances the specific interaction of these ligands with the surface of 

metal oxide NPs. It provides high stability of suspension NP, as illustrated in the previous 

study, which confirmed our result in this study [28]. 

In addition, when diacetyl monoxime (DIA) was used as a coating agent of IO-NPs (see 

Figure 3, curve A), a significant difference was noted, as well as long-term stability. The size 

was smaller than other IO-NPs in this study. It has stayed stable for more than 12 weeks with 

similar sizes. This is because DIA has a high affinity for the IO-NP surface. This ligand affords 

the free surface carbonyl (C=O) group, which, as mentioned by researchers, is necessary for 

further covalent bonding with the targeted molecules [29].  

It is hard to produce IONP via green synthesis due to the presence of polyphenols and 

antioxidants, which shield the NPs from aggregation and oxidation [30]. The plant extraction 

used in this work has not shown any evidence for extra stability of IO-NP despite condition 

changes. The Teucrium extract-IO-NPs (Figure.3, curve B) showed the biggest size in this 

work due to its chemical composition, which contains phenols and many alkaloids [13]. Also, 

comparing the tendency to aggregation between IO-NP stabilized by chemical ligands and 

plant extract shows that the polyphenols act as covering agents; this agrees with the previous 

results [31]. 

The comparison between these ligands and their corresponding IO-NPs is shown in 

Figures 2 and 3; this detailed comparative analysis has thus confirmed the successful binding 

of these ligands on the IO-NPs surface. 

3.2. Dynamic Light Scattering (DLS) analysis.  

Dynamic light scattering (DLS) is also known as one of the most widely applied 

measuring techniques used in determining the size of nanoparticles in liquid media [32]. DLS 

measurements of the above ligands capped IO-NPs were performed after 30 minutes of 

exposing IO-NPs to different dilutions. As required for medical purposes, such as hyperthermia 

treatment or magnetic resonance imaging, the particle diameter should be less than 100 nm 

with high stability [33] and without forming large aggregates [34]. 

It has long been a scientific and technological challenge to produce modified size and 

shape magnetic nanoparticles. For example, physical methods such as gas-phase deposition 

and electron beam lithography are elaborate procedures that suffer from the inability to control 

the size of nanoparticles in the nanometer size range, as demonstrated in the literature [2]. In 

this paper, highly stable and water-dispersible IO-NPs are produced in the same conditions 

with narrow size distributions, which were in the range of (4.8-7.5 nm, 6.3-8.72 nm, 10.2-14.2 

nm, and 47-56 nm) depending on the stabilized ligand used. Where IO-NP sizes were ordered 

as DIA-IO-NP > AD-IO-NP > p-aminobenzoic acid-IO-NP > teucrium apollinis extract-IO-

NP (see Figure.4 ((A to C))). The smallest size was produced when DIA was used as a 

functionalized ligand. This ligand-bearing OH group is in resonance with C=N, and it is known 

that using multidentate anchoring groups on ligands was found to increase the binding strength 

and, thus, the stability of colloidal nanoparticles [35]. The results of UV-Vis of all IO-NPs and 
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DLS have confirmed each other in this study and indicate the monodispersed nature of the 

formed IO-NPs. It is well mentioned that DLS is considered to be one of the most commonly 

used techniques used to measure the size characterization of NPs. However, hydrodynamic size 

measurements obtained through DLS were conducted not only on the metallic core but also 

with all substances that covered the surface of NPs, as previous research has shown [36]. 

It can be concluded that the size of the IO-NPs increased when AB ligand was used due 

to the present carboxyl group in the aromatic compound that results in big size compared with 

aliphatic carboxylic acid, which produced smaller sizes of NPs, and this confirmed that ligands 

are attributed the effect of modifying the growth phase as a similar observation was made by 

earlier reports [37]. 

Another study illustrated that surface treatment with aromatic ligands containing 

COOH groups (such as 4-mercaptobenzoic acid (MBA), and benzoic acid) led to better iron 

nanoparticle dispersion compared with aliphatic acid-like propionic acid, probably as a result 

of the higher polarity of aromatic acidic ligands compared to their aliphatic counterparts [36]. 

  

  
Figure 4. The hydrodynamic size of the synthesized IO-NPs was investigated by DLS analysis in a colloidal 

solution. Where the DLS diagram of IO-NPs dispersed in water coated by DIA, AB, AD, and teucrium apollinis 

extract plant (A, B, C, and D) respectively. The samples were placed into a quartz-cuvette, and three 

measurements were taken from each sample after calibration of the equipment. It shows that there is no sign of 

IO-NPs aggregations in these high ionic strength solutions. DLS images represent the sizes of IO-NPs where A= 

DIA-IO-NP 6± 1.9 nm, B = p-Aminobenzoic acid-IO-NP 12 ± 2.2, C =AD-IO-NP 8± 0.7 nm, D = Teucrium 

apollinis extract-IO-NP 51 ± 3.8 nm. From the results, it can be concluded that the size of the IO-NPs changed 

with the change in the capping ligands.  

3.3. TEM Results. 

IO-NPs were successfully functionalized by DIA, AB, AD, and Teucrium apollinis. 

Based on TEM results, the IO-NPs are monodispersed and have a spherical shape with a narrow 

size distribution (see Figure 5 (A, B, C, and D)). The mean particle diameters were obtained 

by calculating the averages and standard deviations. The average particle sizes for IO-NPs 
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synthesized by DIA, AB, AD, and Teucrium apollinis were 5 ±1.2 nm, 8 ± 0.9 nm, 6 ± 0.9, and 

34±3 nm, respectively. At least 150 particles were analyzed per sample, and numerous images 

were captured. The iron oxide nanoparticles were stable, and there was no evidence of the 

agglomeration of particles. The results of TEM confirm the DLS results. As a consequence, 

this capping offered high stability for IO-NPs. 

  

  
Figure 5. Demonstrative TEM micrographs of IO-NPs synthesized by DIA (A), AB (B), AD (C), and Teucrium 

apollinis (D) as protecting ligands, respectively. IO-NPs are formed in a spherical shape with a 5–34 nm size.  

3.4. Attenuated total reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR). 

Spectroscopy analysis of IO-NPs was performed to detect intermolecular chemical 

interactions and structural changes of NPs, as mentioned in the literature [35]. Figure 6 (A to 

D) shows the ATR-FTIR spectra of IO-NPs functionalized by DIA, AB, AD, and Teucrium 

apollinis extract and their comparison with these ligands, respectively. The first curve (black 

line) and the second curve (red line) are the IR bands of pure stabilized ligands and IO-NPs 

stabilized by the same ligands.  

The band at 1735 cm-1 could be attributed to the C=O stretching of DIA, which shifted 

to a lower wavenumber at 1660 cm-1 in IO-NP functionalized by this ligand, which means 

reduced to a single band in the case of IO-NPs. This decrease is indicated by a strong interaction 

between the carbonyl group on the DIA with the surface of IO-NP [38]. 

The band at 1404 cm-1 indicated a methyl group's C–H bending mode in DIA, and the 

same band was also observed in the DIA-IO-NP [39]. 

In addition, the (C=O) peak for p-aminobenzoic acid appeared at 1658 cm-1, which 

disappeared in p-aminobenzoic acid-functionalized IO-NP. Previous research has shown that 

this contributes to the carboxyl group's functionalization of IO-NPs [40]. 

Furthermore, the peak at 1589 cm-1 in this ligand indicated (C-O), which shifted toward 

1625 cm-1 in IO-NP. The peaks at 3464 cm-1 and 3364 cm-1 in p-aminobenzoic acid are due to 
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the (NH2) group. The (C=O) peak for Teucrium apollinis appeared at 1705cm-1, which shifted 

to 1650 cm-1 for IO-NP functionalized by this ligand.  

As mentioned earlier, IR was used to analyze the presence of various functional groups 

on the surface of the iron oxide nanoparticles before and after coating. The (C-O) peak for AD 

(see Figure 6 curve C) appeared at 1658 cm-1, which shifted to 1635 cm-1 for IO-NP 

functionalized by this ligand. The OH and NH2 groups range from 3109 cm-1 to 3394 cm-1 in 

the case of the AD ligand, which also shifted after functionalized IO-NP to the range from 3200 

cm-1 to 3425 cm-1. The absorbance at 1357 cm-1 in IO-NP was referred to (C-O), while this peak 

is shifted toward 1381 cm-1 in AD, confirming the interaction of AD on the surface of IO-NP. 

Furthermore, the band observed at 1100 cm-1 in IO-NPs was shifted from 1033 cm-1 AD ligand, 

corresponding to P-O asymmetric stretching [41]. In addition, IR results showed broadband 

located at 3217 cm-1 in DIA-IO-NP (red line), which is shifted to 3100 cm-1 in the case of the 

only DIA ligand (black line), corresponding to the stretching vibration of the hydroxyl group 

(–OH) (see Figure 6A) [39].  

Furthermore, the peak at 2917 cm-1 in the Teucrium apollinis extract curve is due to an 

aromatic ring. This peak has been shifted to 3116 cm-1 in the case of an IO-NP sample 

functionalized by Teucrium apollinis, indicating their interaction. The broad peak in the range 

of 3200–3500 cm-1 in both the IO-NPs curve spectra indicates the presence of –OH groups. 

The two bands at 2850 cm-1 and 2920 cm-1 are related to vibrations of symmetric and 

asymmetric methylene and methyl groups, as shown in Figure 6 (curve D). 

These dramatic differences in infrared absorption bands between IO-NPs and the 

stabilized ligands indicated a strong interaction between the iron oxide nanoparticles and these 

ligands without any fundamental change in their chemical structures. The presence of these 

functional groups (hydroxyl, amine, and carboxyl) on the surface of functionalized IO-NPs was 

confirmed using ATR-FTIR. This means that the synthesis of IO-NPs by these biomolecules 

was successfully done in this study. 

  

  
Figure 6. ATR-FTIR spectra of IO-NPs functionalized by Diacetyl monoxime (DIA (A)), p-aminobenzoic acid 

(AB (B)), Adenosine 5-monophosphate disodium (AD (C)), and Teucrium apollinis extract (D) stabilized the 

IO-NPs. The comparison between these ligands (black line) and nanoparticles produced was made (red line). 
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3.5. pH Results. 

The IO-NPs in this study offered high stability in aqueous suspension. Where the 

appropriate stabilized ligands are used to synthesize highly uniform and monodisperse IO-NPs, 

they achieve sufficient repulsive interactions to prevent any agglomeration. However, small 

aggregate NPs are formed with either low or high pH values. According to Wittmann et al., the 

aggregation behavior of IO-NP is influenced by pH changes, which confirms our results [33]. 

According to the previous study, IO-NPs were not easy to suspend in water because 

they were completely agglomerated [18]. In contrast, IO-NPs functionalized by our ligands 

showed high stability with water dispersed. In addition, the effect of pH on the formed 

nanomaterials was investigated in detail. For example, the IO-NPs size was smaller at lower 

pH than at neutral pH because agglomeration increased when the pH changed from 2.0 to 7.0 

based on the literature results [18]. In this work, we have investigated the influence of pH on 

the stabilities of IO-NPs functionalized by different ligands bearing different functional groups 

in their structures. 

In addition, ligands with carboxyl and hydroxyl groups (such as citrate) adsorb onto the 

surface of gold nanoparticles via their carboxyl groups. Changes in pH significantly affect their 

affinity toward the gold NP surface. At neutral pH, only the central carboxylate group is 

adsorbed on the surface of NPs [22]. In contrast, both the carboxyl and hydroxyl groups are 

adsorbed at a high pH (pH ≥ 11) [22]. Furthermore, the surface iron atoms of the iron oxide 

NPs act as Lew's acids and can easily coordinate with molecules that donate lone pairs of 

electrons [22], such as NH2, OH, etc., which encouraged us to choose these ligands in this work. 

The stability of IO-NPs was monitored with pH changes. For example, Figure 7 shows the 

measurements of pH of IO-NP-p-aminobenzoic acid in alkaline and acidic mediums (A and 

B), respectively. At the initial time, the SPR was 272 nm at pH 4 - 4.5. This wavelength was 

changed to 280 nm after HCl was added (30 µL), which indicates that it was changed to be 

bigger than freshly prepared IO-NP. The same change was noted when a high amount of NaOH 

(30 µL) was added, and the pH became 10.7. The SPR was 284 nm, which confirmed the effect 

of pH on the size of nanoparticles and their stability, whereas IO-NP-AB at pH ranging from 

5,1 to 7.4 remained almost stable. 

Similar results were noted when other ligands were used to functionalize IO-NPs. For 

instance, IO-NPs-AD offered a small size with high stability at pH 5.1-pH 9, and no evidence 

was shown for any aggregation through this range. The size was gradually increased at high 

pH (pH ˃ 9) and at low pH (pH ˂ 2), and the precipitation was steadily observed at pH values 

close to pH 1.8 and pH 13.  

The wavelength of IO-NPs-AD changed from 260 nm at pH 5.1 to 300 nm, when pH 

decreased to 1.4, indicating that agglomeration and big size occurred (see Figure.7, curve D). 

Also, the decrease in stability of NPs was noted in high basic conditions, where agglomerated 

IO-NP was shown at pH 13 (see Figure 7, curve C). These results concluded that the size of 

the iron oxide nanoparticles was impacted and changed by the change in pH levels. Thus, 

natural pH values result in a smaller size of IO-NPs, which aggregate as pH increases or 

decreases. That may be a significant goal for different applications, as mentioned in the 

literature [18].  

https://doi.org/10.33263/BRIAC134.317
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC134.317  

 https://biointerfaceresearch.com/ 13 of 19 

 

 
(a) 

 
(b) 

 

(c) 
 

(d) 

Figure 7. UV-Vis data collected at the pH range formed by adding HCl (0.1M) and NaOH (0.1M) to the AB-

IO-NPs and AD solutions, (a) (c) at pH > 7.5, and pH < 7.5 (b) (d) respectively. It can be observed that the 

shape and height of the surface plasmon bands change as well as the pH changes. 

The reason for appearing in this aggregation is because the carboxyl groups are partially 

protonated under these highly acidic conditions, and they undergo deprotonation reactions in 

highly basic media [15]. 

3.7. Antibacterial activities of iron oxide nanoparticles. 

Most hospital and community-born infections were caused by pseudomonas 

aeruginosa, leading to serious therapeutic challenges in treating these infections [42]. This kind 

of bacteria was chosen as a model in this study as a result of its prevalence and importance in 

human diseases [43]. It is necessary to find suitable therapy against resistant strains of 

pseudomonas aeruginosa. 

The main advantage of IO-NPs is their magnetic properties that allow direct delivery 

of the substance to the region of the pathogen without affecting the whole organism, which 

encourages an increasing interest in the development of antimicrobial IO-NPs [44]. As known, 

NPs have a high surface-to-volume ratio that increases reactivity and potential biochemical 

activities. In comparison, the interaction mechanism between NPs and biological systems is 

still largely unknown [45]. 

Surface modification and additional functionalization for IO-NPs are required to 

improve their biocompatibility, which is found to be beneficial in decreasing the unexpected 

damage to healthy tissues [46]. According to an established study, the plant functionalized 

IONP has many advantages compared to other chemicals, and physical and biological modes 

of NP synthesis [47]. 

Currently, many studies have been published showing that IO-NPs have antimicrobial 

effects against Gram-positive and Gram-negative bacteria. Others demonstrated that IO-NPs 
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have relatively weak antimicrobial activity [48] against many strains and poor biocompatibility 

with eukaryotic cells [49]. The antibacterial activity of the synthesized iron oxide nanoparticles 

against multi-drug-resistant pseudomonas aeruginosa is shown in Figure 8. The mechanisms 

of NPs inhibiting bacterial growth remain poorly understood [50]. It can be seen that the 

bacteria continued to grow in the presence of IO-NPs at the beginning of incubation (1-3 h). 

At the same time, this growth slows significantly after 3 hours (3-6 hours). The mechanism of 

reducing the growth of bacteria is still not clear in the literature. Still, potentially, it is suggested 

that NPs cause oxidative stress after penetrating the bacteria member, then may act as an 

antioxidant by reacting with any reactive oxygen species (ROS) [51], as well as the dropping 

of bacterial growth, perhaps because of their large specific surface area and ability to release 

electrons [52]. In this work, IO-NPs functionalized by chemical ligands showed less effect 

against the bacteria than IO-NPs functionalized by Teucrium extract. The reason for this 

possibility is that the surface activity of the IO-NPs synthesized chemically decreases with 

time, and there is a possibility for oxidation or aggregation of NPs inside the bacteria, which 

affects its growth [52].  

In comparison between the types of chemically synthesized IO-NPs here, it can be seen 

that the IO-NP capped by DIA ligand has the highest effect on the growth of the bacteria (see 

Figure 8 (A)). In contrast, the growth of bacteria was slightly increased when IO-NP was 

capped by AB ligand. The effect of DIA-IO-NPs on the bacteria growth was significant and 

had a clear bactericide effect through the beginning of the incubation, as shown by the decrease 

in bacterial growth (see Figure 8 (A) below). It is worth mentioning that the surface chemistry 

of IO-NPs plays a significant role in the practical implementation of in vitro and in vivo 

applications [7]. For example, the antimicrobial effect of IO-NPs depends on the particle size 

and type of surface coating [38], where differently functionalized IONPs lead to different 

antibacterial properties, which confirms our results. It is well known that a high surface-to-

volume ratio is commonly accompanied by increased production of reactive oxygen species 

such as free radicals. These characteristics permit IO-NPs to interact closely with bacterial 

membranes, damaging their structure and leading to the inactivation of bacteria [53]. 

In addition, Figure 8 shows that the bioactivity of IO-NPs was dependent upon the type 

of functionalized ligand. For instance, IO-NPs-functionalized by AD ligand showed high 

biocompatibility and good activity against the bacteria. The reason may be a result of the end-

group (free NH2 group) in this compound. In contrast, IO-NP functionalized by AB showed 

medium effects. As mentioned in the previous study, the small size of IO-NPs could be the 

reason for the increasing biological properties of the NPs that penetrate the cell wall of bacteria 

and produce oxidative stress, damaging the protein and DNA of the bacterial cell [49]. 

The OD data in Figure 8 (D) show that longer exposure times (> 6 h) are required to 

achieve a high antibacterial impact of IO-NP functionalized by extracting Teucrium, which 

demonstrated the highest activity in this study and confirms the previous study [54]. This is 

because this extract contains phenolic compounds that offer high activity against the bacteria 

in comparison with chemical ligands that contain amino and carboxyl groups, as shown in 

Figure 8 (A to D); also, due to its structure, which has a good affinity toward bacterial cells 

and can easily penetrate the membrane of bacterial cells and inhibit them compared with 

previous data [55].  

These findings revealed the impact of the targeting ligands on the bioactivity of 

nanoparticles, and that is in line with those of previously published works [27]. When 

comparing the bio-activity properties of the different IO-NPs functionalized by different 
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ligands, we found that ligands containing carboxyl, hydroxyl, and amino groups are the best 

for stabilizing the IO-NPs, which can interact with the surface of IO-NPs by a coordination 

process [56] and offer biocompatibility at the same time. Furthermore, the NPs' size is 

considered an important factor controlling their characteristics [57]. For this reason, the 

smallest size of chemically IO-NPs was produced and showed high effectiveness against 

bacterial cells in this study. Based on the literature, the binding potential of NPs with small 

diameters less than 22 nm is expected to be a promising strategy for future development in bio-

applications, such as being used for magnetic resonance imaging [57]. Our data show that the 

IO-NPs synthesized by these chemical ligands had high stability and biocompatibility. Still, 

the IO-NPs synthesized using green synthesis had the greatest impact on bacteria growth. This 

impact increased as much as the incubation time increased (nearly 6 h). Thus, the longer 

incubation time with IO-NP-plant extract caused a more damaging effect on the bacterial cell, 

which could be successfully used in the future to overcome antibiotic resistance in bacteria. 

  

  
Figure 8. Shows growth curves of pseudomonas aeruginosa bacteria treated with (A =DIA-IO-NP), (B= AB-

IO-NP), (C=AD-IO-NP), and (D= Teucrium extract-IO-NP) with antibiotic imipenem10 ug (red curve) at 

various times in comparison to IO-NPs (P < 0.05). The control sample (blue curve) is bacteria without 

nanoparticles and is used as a reference. Obviously, all the samples show a bactericidal effect, such as a 

significant decrease in OD with time. 

4. Conclusions 

In this study, IO-NPs were successfully functionalized using novel ligands for the first 

time to our knowledge and applied to bioapplications. Moreover, these dispersed-water IO-

NPs were free of aggregation and exhibited excellent stability for a long time. The resulting 

IO-NPs have a biocompatible surface against Pseudomonas aeruginosa bacteria.  

The size of IO-NPs ranged from 6 nm to 51 nm based on dynamic light scattering 

results. The stable IO-NPs were formed at a specific pH (5-7). The effect of the pH on IO-NPs 

produced was done in acidic and basic conditions (pH 1.4 to pH 13). The IO-NPs are not stable 

in high or low alkaline or acidic environments, and aggregation was observed when the pH was 
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increased to 9 and at low pH 2. This confirms that the change in pH of water-dispersed IO-NPs 

affected their stability.  

The comparison between chemical ligands and plant extracts functionalized IO-NPs 

was done. IO-NPs functionalized by extract plant showed potential antibacterial activity 

against pseudomonas aeruginosa compared with chemically IO-NP synthesized. Overall, our 

findings show that the IO-NPs synthesized by these ligands and extract Teucrium had good 

stability and biocompatibility, which encourages researchers to improve them and focus on 

these IO-NPs for future bioapplication. 
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