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ABSTRACT 
Iron nanoparticles were synthesized by green tea extract and used as nitric oxide (NO) donor. The nanoparticles were obtained by t
reduction of Fe2+, Fe3+, or a mixture of Fe2+/Fe3+

nanoparticles were characterized by X-ray diffraction, transmission electron microscopy with electron energy loss spectroscopy, 
scanning electron microscopy with energy dispersive X
light scattering, and ultraviolet-visible spectroscopy. The results showed the formation of iron nanoparticles wit
size of 53.7 ± 10.4 nm, and the presence of polyphenols as capping agents. Free thiol groups on the surface of as
nanoparticles were nitrosated through the addition of an acidified nitrite solution, yielding S
NO covalently bound to the surface of green tea synthesized iron nanoparticles was evaluated by a specific NO electrochemical
The S-nitroso-iron nanoparticles spontaneously released NO in aqueous solution at levels required for biomedical appl
biogenic iron nanoparticle might find important applications not only in remediation of contaminated soil and water, but also
delivery material able to generate therapeutic amounts of NO in biomedical applications. 
Keywords: Iron nanoparticles, biogenic synthesis, green tea, plant extract, nitric oxide, nitric oxide donor. 

 
1. INTRODUCTION 
 Iron based nanoparticles, in particular zero

nanoparticles (nZVI) have been demonstrated successful 

environmental applications, including the treatment of 

contaminated water and soil [1-5]. Indeed, nZVI has been 

employed for the removal of phosphorous, trihalomethanes from 

reclaimed-water, polychlorinated aromatic pollutants, metals, as a 

catalyst for heterogenous Fenton oxidation of amoxicillin, dye 

discoloration, and the treatment of explosive and nuclear waste [1, 

6-11]. 

 Traditional synthesis of iron nanoparticles, including nZVI, 

is performed by chemical and physical methods [12]. The most 

employed chemical synthesis method of iron nanoparticles is 

based on the reduction of Fe2+ and/or Fe3+ by strong reducing 

agents, such as sodium borohydride [2, 13]. Chemical routes are 

based on sol gel technique, thermal decomposition, liquid 

chemical reduction, gas phase reduction, and chemical vapor 

condensation [2, 6, 14]. Although chemical synthesis o

nanoparticles has a higher control over nanoparticle size 

distribution, this route involves toxic chemicals, yielding 

hazardous byproducts, contaminating the environment [15, 16]. 

Moreover, traditional chemical and physical methods are 

considered expensive due to the high-energy input and 

manufacturing [16, 17]. 

 To overcome the main limitations of traditional routes to 

synthesize metallic nanoparticles, biogenic synthesis of 

nanoparticles has been growing in the last years [16,18

Biogenic routes are considered nontoxic, clean, eco

cost effective [15 - 21]. Several biological resources have been 

employed in biogenic synthesis of metallic nanoparticles, 
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nanoparticles, in particular zero-valent iron 

nanoparticles (nZVI) have been demonstrated successful 

environmental applications, including the treatment of 

5]. Indeed, nZVI has been 

ihalomethanes from 

aromatic pollutants, metals, as a 

catalyst for heterogenous Fenton oxidation of amoxicillin, dye 

discoloration, and the treatment of explosive and nuclear waste [1, 

anoparticles, including nZVI, 

is performed by chemical and physical methods [12]. The most 

employed chemical synthesis method of iron nanoparticles is 

by strong reducing 

agents, such as sodium borohydride [2, 13]. Chemical routes are 

based on sol gel technique, thermal decomposition, liquid 

chemical reduction, gas phase reduction, and chemical vapor 

condensation [2, 6, 14]. Although chemical synthesis of iron 

nanoparticles has a higher control over nanoparticle size 

distribution, this route involves toxic chemicals, yielding 

ting the environment [15, 16]. 

Moreover, traditional chemical and physical methods are 

energy input and 

To overcome the main limitations of traditional routes to 

synthesize metallic nanoparticles, biogenic synthesis of 

nanoparticles has been growing in the last years [16,18-20]. 

s are considered nontoxic, clean, eco-friendly, and 

21]. Several biological resources have been 

employed in biogenic synthesis of metallic nanoparticles, 

including iron nanoparticles, such as bacteria, algae, fungi, yeast, 

viruses and plant extracts [7, 15, 16, 20]. In biogenic synthesis of 

engineered nanoparticles, the experimental conditions are simple, 

since the reactions occurs at ambient conditions (high energy or 

high pressure are not required), leading to an energy saving. 

Moreover, the biological active compound, responsible for the 

reduction of the metal ion to the metallic nanoparticle, acts as 

capping agent, reducing the overall cost of the synthesis process 

[15, 16, 20, 21]. 

 Among the biogenic routes to synthesize metallic 

nanoparticles, the use of plant extract has gained considerable 

attention in recent years [15, 16, 22

synthesis of metallic nanoparticles, including iron nanoparticles, 

by plant extract occurs in a shorter time in comparison to microbe

biogenic routes [15]. It is a cost

route, therefore several reports describe the use of plant extract to 

synthesize iron nanoparticles. Among them, green tea (

sinensis) extract is the most commonly employed pla

for iron nanoparticle synthesis. For instance, Hoag et al. [3] 

reported the biogenic synthesis of iron nanoparticles by the 

reduction of Fe3+ by green tea extract at room temperature within a 

few minutes. Similarly, iron nanoparticles composed 

oxide/oxohydrozide were synthesized by green tea extract [25]. 

Green tea is rich in polyphenols, which act not only as powerful 

reducing agent but also as a capping agent, stabilizing the obtained 

nanoparticles [3, 17, 26-28]. In addition, polyph

biodegradable and soluble in water [29].

 The presence of capping agents on the surface of iron 

nanoparticles is necessary to minimize particle agglomeration, 
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synthesis of metallic nanoparticles, including iron nanoparticles, 

by plant extract occurs in a shorter time in comparison to microbe 

biogenic routes [15]. It is a cost-effective, simple, and eco-friendly 

route, therefore several reports describe the use of plant extract to 

synthesize iron nanoparticles. Among them, green tea (Camellia 

) extract is the most commonly employed plant resource 

for iron nanoparticle synthesis. For instance, Hoag et al. [3] 

reported the biogenic synthesis of iron nanoparticles by the 

by green tea extract at room temperature within a 

few minutes. Similarly, iron nanoparticles composed mainly by 

oxide/oxohydrozide were synthesized by green tea extract [25]. 

Green tea is rich in polyphenols, which act not only as powerful 

reducing agent but also as a capping agent, stabilizing the obtained 

28]. In addition, polyphenols are 

ble and soluble in water [29]. 

The presence of capping agents on the surface of iron 
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since it is known that metallic nanoparticles tend to aggregate due 

to magnetic forces and van der Waals [13]. During traditional 

chemical synthesis of iron nanoparticles, the addition of 

polyelectrolytes or polymers are required to increased steric and/or 

electrostatic repulsion between the synthesized nanoparticles [12, 

30, 31]. In contrast, in plant-mediate synthesis of iron 

nanoparticles, it not necessary the addition of extra capping 

agents, since plant polyphenols act as the capping agents. Several 

studies suggest a core-shell structure for iron nanoparticles, in 

which the core is composed by zero-valent iron, whereas the shell 

is composed by mixed valent (Fe2+/Fe3+) oxide due to the 

oxidation of metallic iron core [1, 6]. In the case of green tea 

synthesized iron nanoparticles, the presence of polyphenols are 

expected to stabilize the core/shell iron nanoparticles from further 

oxidation [6]. 

 In this present work, iron nanoparticles were synthesized 

by green tea extract and characterized by several techniques. 

Furthermore, the presence sulfur atoms on the surface of green tea 

extract synthesized iron nanoparticles was mapped by scanning 

electron microscopy with energy dispersive X-ray fluorescence 

spectrometry. The amount of free thiol groups(-SH) on the surface 

of green tea synthesized iron nanoparticles was titrated with a 

thiol-specific reagent. The presence of free thiol groups is 

assumed to be derived from cysteine-containing green tea 

molecules. These free thiol groups were successfully nitrosated, 

by the addition of sodium nitrite in slight acidified aqueous 

solution, leading to the formation of S-nitroso-iron nanoparticles. 

S-nitroso-moieties act as spontaneous nitric oxide (NO) donor. 

The free radical NO is involved in the control of several 

physiological process, such as in the vasodilation, the modulation 

of immune response, the promotion of wound healing process, the 

anti-cancer activity, among others [32-34]. Herein, we 

demonstrated that biogenic synthesized iron nanoparticles act as 

spontaneous NO donor material. 

 To our best knowledge, this is the first report to describe 

the NO release from iron nanoparticles synthesized by green tea 

extract. Therefore, biogenic synthesized iron nanoparticles can be 

use not only for environmental applications, but also for carrying 

and delivering NO in biomedical applications, suggesting the 

application of this material in fields of environmental remediation 

and medicine. 

 

2. EXPERIMENTAL SECTION 
2.1. Materials. 

 Green tea powder (Camellia Sinensis) (Sumioka Shokuhin 

Kabushikikaisha, Hiraguti, Japan), iron(III) chloride hexahydrate 

(FeCl3·6H2O), iron(II) chloride tetrahydrate (FeCl2·4H2O), sodium 

nitrite (NaNO2), 5`-5-dithiobis(2-nitrobenzoic acid) (DTNB), 

phosphate-buffered saline (PBS), pH 7.4, 

ethylenediaminetetraacetic acid (EDTA), copper (II) chloride 

(CuCl2) (Sigma–Aldrich Ch. Co., Inc., USA), absolute ethanol 

(99.9% pure) (Synth, Diadema, SP, Brazil), and hydrochloric acid 

(12 mol L−1, Synth, Diadema, SP, Brazil) were used as received. 

Aqueous solutions were prepared using analytical-grade water 

from a Millipore Milli-Q Gradient filtration system. 

2.2. Synthesis of nanoscale iron nanoparticles by green tea 

extract. 

 The synthesis of iron nanoparticles using green tea extracts 

was adapted from [3, 7, 13]. Briefly, the extract was prepared by 

heating 20 g L−1 green tea to 80°C. After settling for 1.0 h, the 

extract was filtered. The nanoparticles were obtained by using 

Fe2+, Fe3+, or a mixture of Fe2+/Fe3+ solutions. Aqueous solutions 

of FeCl2.4H2O (0.100 mol L-1), FeCl3.6H2O (0.100 mol L-1) and a 

mixture of FeCl3.6H2O (final concentration 0.05 mol L-1) and 

FeCl2.4H2O (final concentration of 0.100 mol L-1) were prepared. 

A volume of 5.0 mL of each iron solution (Fe2+, Fe3+, or Fe2+/Fe3+) 

was separately added to 5.0 mL of green tea extract, followed by 

gentle mixing for 15 minutes. The formation of iron nanoparticles 

occurs immediately after the mixture of the green tea extract with 

solutions of Fe2+, Fe3+, or Fe2+/Fe3+, this is proven by the 

darkening of the suspension. After complete reduction, these 

mixtures were centrifuged at 10,000 rpm to separate out the solid 

nanomaterials, followed by ethanolic washing for further 

characterization.The obtained iron nanoparticles were dried prior 

the analysis. 

2.3. Characterization of iron nanoparticles. Iron nanoparticles 

obtained from the reduction of Fe2+, Fe3+ or Fe2+/Fe3+ by green tea 

extract were characterized by different techniques, as described 

below. 

2.3.1. X-ray diffraction (XRD). 

 X-ray diffractogram patterns of iron nanoparticles were 

obtained with approximately 200 mg powdered the nanomaterial 

deposited onto a glass substrate of 2 cm × 2 cm. The 

measurements were performed in reflection geometry with a 

conventional X-ray generator (CuKα radiation of 1.5418˚A and a 

graphite monochromator, Shimadzu XRD-700 diffractometer 

coupled to a scintillation detector). The samples were measured 

from 20°to 80° (2θ) with a step size of 0.05° and a counting time 

of 5 s per step. 

2.3.2. Transmission electron microscopy (TEM). 

 Images of the iron nanoparticles were obtained by TEM 

(LIBRA 120, accelerating voltage of 120 kV; Zeiss International, 

Oberkochen, Germany) with an energy filtered transmission 

electron microscopy (electron energy loss spectroscopy, EELS 

detector). The distributions of iron (Fe) and carbon (C) atoms were 

mapped by the EELS technique. Prior analysis, nanoparticle 

samples were sonicated and mounted on 200 mesh holey carbon 

coated copper grids. 

2.3.3. Scanning Electron Microscopy (SEM) and Energy 

Dispersive X-Ray Fluorescence Spectrometry (EDS). 

 Images of iron nanoparticles were obtained by SEM (Jeol 

JSM T-300 electron microscope Tokyo, Japan) at a voltage of20 

KV, with an EDS system. The distributions of iron (Fe), oxygen 

(O), and sulfur (S) atoms on the surface of iron nanoparticles were 

mapped by the EDS technique. 

2.3.4. Fourier transform infrared (FTIR) spectroscopy. 

 Iron nanoparticles were triturated with pure potassium 

bromide (KBr) powder. These mixtures were ground into fine 

powders, pressed in a mechanical press to generate translucent 

pellets and analyzed using a Bomen B-100 spectrometer. A pure 

KBr pellet was used for the background. The FTIR spectra were 

recorded from 400 to 4000 cm−1 at a resolution of 4 cm−1. 
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2.3.5. Hydrodynamic size, size distribution and zeta potential. 

 The hydrodynamic diameter, polydispersity index (PDI) 

and zeta potential of iron nanoparticles were measured by dynamic 

light scattering (DLS) (Nano ZS Zetasizer, Malvern Instruments 

Corp.) at 25 °C in polystyrene cuvettes with a path length of 10 

mm. The measurements were performed in triplicate with the 

standard error of the mean. 

2.3.6. UV-Visible spectroscopy measurements. 

 UV-Visible spectra of 10-fold diluted green tea extract and 

iron nanoparticles aqueous suspension were recorded in a UV-Vis 

spectrophotometer (Agilent, model 8553, Palo Alto, CA, USA). 

2.3.7. Quantification of free thiol groups on the surface of iron 

nanoparticles. 

 Free thiol (SH) groups on the surfaces of iron nanoparticles 

were quantified by titration with the 5,5`-dithiobis-(2-nitrobenzoic 

acid) (DTNB) reaction based on the absorbance at 412 nm(ε = 

14,150 mol-1L1cm−1) of the 2-nitro-5-thiobenzoate anion (TNB2−) 

generated in the reaction of SH groups with DTNB [35, 36]. 

Briefly, 1.0 mg of iron nanoparticles was dispersed in 1.5 mL of 

water and added to 200 µL of DTNB (10 mmol L−1) in PBS buffer 

(pH 7.4) containing 1.0 mmol L−1of EDTA. After 5 min of 

incubation, the suspensions were centrifuged. The supernatant was 

placed into a quartz cuvette, and the absorption band at 412 nm 

was measured using a UV-Vis Spectrophotometer (Agilent, model 

8553, Palo Alto, CA, USA). The experiments were performed in 

triplicate with the standard error of the mean. 

2.3.8. Nitrosation of thiol groups of iron nanoparticles. 

 The nitrosation of free thiol groups on the surface of iron 

nanoparticles leading to the formation of S-nitroso-iron 

nanoparticles was performed as previous described [37, 38]. 

 Briefly, iron nanoparticles were suspended in acidified 

deionized water (2.0 mg mL-1, pH = 4.0). A volume of 200 µL of 

60mmol L-1 of sodium nitrite in aqueous solution was added to the 

iron nanoparticles suspension. Molar excess of sodium nitrite 

related to the amount of thiol groups on the surface of iron 

nanoparticles was employed. After 30 min of incubation, the 

nanoparticle suspension was filtered by centrifugal ultrafiltration 

using a Microcon centrifugal filter device containing ultrafiltration 

membranes (MWCO 10-kDa molar mass cutoff filter, Millipore, 

Billerica, MA, USA) and washed five times with deionized water 

to remove excess of unreacted nitrite. This procedure led to the 

preparation of S-nitrosothiol groups on the surface of iron 

nanoparticles [38]. 

2.3.9. Quantification of NO release from S-nitroso- iron 

nanoparticles. 

 The amount of NO released from S-nitroso- iron 

nanoparticles was measured by the NO electrode (2.0 mm ISO-

NOP) connected to a TBR4100/1025 Free Radical Analyzer 

(World Precision Instruments, Sarasota, FL, USA). Aliquots of 

500 µL of aqueous suspensions S-nitroso-iron nanoparticles (2.0 

mg mL-1) were added to the sampling compartment, which 

contained 10 mL of an aqueous solution of copper(II) chloride 

(CuCl2) (0.1 mol L−1). This condition allowed for the detection of 

free NO released from the S-nitrosothiol groups present on the 

surface of the nanoparticle, as previous described [35]. Control 

groups were prepared by the addition of non-nitrosated iron 

nanoparticles, and sodium nitrite solution. The experiments were 

performed in duplicate with the standard error of the mean. 

Calibration curves were obtained with aqueous solutions of freshly 

prepared S-nitrosoglutathione (1 – 200 µmol L−1) (data not 

shown). 

3.RESULTS SECTION 

3.1. Synthesis of iron nanoparticles by green tea extract. 

 Several reports described the successfully preparation of 

iron nanoparticles by biogenic routes, including plant extract as 

powerful reducing agents [5, 6, 15]. The great advantages of the 

use of plant extract in biogenic synthesis of metallic nanoparticles 

are the low-cost and simplicity, since the reduction reaction takes 

place at room temperature in a few minutes [15, 16, 20]. 

 Among the plant extracts, green tea (Camellia sinensis) is 

the most used reducing agent of metal ions [15]. Green tea 

contains polyphenols, which act not only as reducing agents 

(reducing Fe2+ or Fe3+ to Fe0), but also as capping agent. Indeed, 

the reduction of Fe2+ or Fe3+ to Fe0 by polyphenols occurs 

spontaneously, in which polyphenolsare oxidized to quinones [20]. 

 It has been reported that this reduction takes places by the 

following steps: firstly, the complexation with Fe salts, the 

simultaneous reduction of Fe2+ or Fe3+, and finally the capping of 

the obtained iron nanoparticles by molecules derived from the 

green tea extract, mainly polyphenols and caffeine [29]. Therefore, 

the presence of capping polyphenols on the surface of iron 

nanoparticles act as antioxidant and as scavenger of free radicals, 

allowing the storage of the nanoparticles for longer periods [20]. 

3.2. Characterization of iron nanoparticles synthesized by 

green tea extract. 

 In this work, iron nanoparticles were synthesized from the 

reduction of Fe2+, Fe3+ or a mixture of Fe2+/Fe3+ by green tea 

extract. The plant extract was proven to effectively reduce Fe2+, 

Fe3+ or a mixture of Fe2+/Fe3+ to iron nanoparticles. In order to 

avoid multiple Figures, for the most of the characterizations, data 

will present the results for the reduction of Fe3+ by green tea. It 

should be noted that similar results were observed for iron 

nanoparticles obtained from the reduction of Fe2+ or a mixture of 

Fe2+/Fe3+. 

3.2.1. XRD analysis. 

 
Figure 1. XRD patterns of iron nanoparticles synthesized by the 
reduction of Fe2+ (black line), Fe3+ (red line), and a mixture of Fe2+/Fe3+ 
(blue line) by green tea extract. 

 Figure 1 shows the XRD patters of iron nanoparticles 

synthesized by the reduction of Fe2+ (black line), Fe3+ (red line), 

anda mixture of Fe2+/Fe3+ (blue line) by green tea extract. 
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 In all cases (black, red and blue curves) it can be observed 

that the whole pattern is deficient in distinctive diffraction peaks, 

indicating that the obtained nanoparticles are mainly amorphous in 

nature [7]. As expected, a less obvious characteristic peak of iron 

nanoparticles (α-Fe) at ca. 2θ of 44.7° was found [9, 10, 14, 23, 

29, 31]. Moreover, as indicated in Figure 1, the broad shoulder 

peak at ca. 27° can be assigned to the presence of organic 

materials adsorbed from the green tea extract as capping agent, as 

previously described for biogenic iron nanoparticles [3,23]. Very 

broad XDR peaks are reported for iron nanoparticle samples due 

to the short range order structure, which means the presence of 

amorphous nature of the iron nanophases, including the Fe(0) 

phase. Moreover, green routes are known to produce amorphous 

iron nanoparticle samples [1]. 

3.2.2. TEM and EELS analyses. 

 Figure 2 shows representative images of iron nanoparticles 

synthesized by the reduction of Fe3+ (Figure 2A,B) and a mixture 

of Fe2+/Fe3+ (Figure 2C, D) by green tea extract. 

Figure 2. TEM images of iron nanoparticles synthesized by green tea 
extract: from the reduction of Fe3+ (A,B) and a mixture of Fe
D). 

 All synthesized iron nanoparticles appeared to be spherical 

in shape with varied size in the range of 10 to 200 nm, as previous 

described [7, 10, 22, 25, 30]. Moreover, the samples tend to 

organize in 2-D chain-line arrangements (Fig

formation of cluster aggregates is observed. This tendency to 

agglomeration has already been described for iron nanoparticles 

synthesized by either chemical methods [30, 39], and biogenic 

routes [7, 10, 22, 25]. It should be noted that different sizes, 

shapes and levels of aggregations have been described for 

biogenic iron nanoparticles, as a result of the distinct antioxidants 

(polyphenols, caffeine, free amino acids, among others) present in 

each extract, which can react differently with the iron ions [7]. 

Hence, the chemical nature of the plant extract might interact with 

the iron nanoparticles by enhancing or hindering the nanoparticle 

growth, leading to different nanoparticle sizes and shapes [7]. 

Indeed, Nadagoudaet al. [29] have reported the synthesis iron 

nanoparticles with different morphologies and shape by using tea 

extract. 
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 Figure 3(A) shows a representative TEM image of iron 

nanoparticles obtained by the reduction of Fe

extract, and the corresponding 

atoms (Figure 3(B)), and iron atoms (Figure 3(C)), by EELS 

technique. The iron atoms are expected to be present in the 

nanoparticle core, and the carbon atoms, presented on the surface 

of the nanoparticles, are originated fr

green tea extract, mainly polyphenols. Figure 3(D) shows the 

EELS scans of selected area of TEM image of the nanoparticle 

(Figure 3(C)). The peaks of 711 eV, 716 eV and 722 eV (Figure 

3D) are assigned to Fe2p3/2, shake

respectively [30, 25, 40, 41]. These peaks suggested that the 

surface of iron nanoparticles consist of a layer of mixed oxides, 

mainly FeO, close to the Fe(0) interface [30, 40]. In addition, a 

discrete shoulder nearby 717 eV is result

shakeup satellite of oxidized iron (2p

(Fe(0)) (2p1/2) [10]. 

Figure 3. TEM image of iron nanoparticles synthesized by the reduction 

of Fe3+ by green tea extract (A), carbon atom mapping by EELS (B), iron 

atom mapping by EELS, (D) EELS spectrum of the arrow indicated area

of nanoparticle in Figure. (3C). 

3.2.3. SEM and EDS analyses.

 Figure 4(A) shows a representative SEM image of iron 

nanoparticles synthesized by the reduction of Fe

extract. Nanoparticle agglomeration/aggregation can be observed. 

Indeed, SEM image reveals clustering of particles into sub

micron-scale aggregates. These structural features are in 

agreement with similarly prepared iron nanoparticles reporte

the literature [2, 25, 42, 43]. The surface composition of Figure 

4(A) was examined by EDS. Figure 4 shows the EDS elemental 

mapping of Fe atoms (Figure 4B), O atoms (Figure 4C), and S 

atoms (Figure 4D). As expected, iron is present in the core of the

materials, and in lesser extend as capping agent, since green tea 

extract are known to content iron [44 

carbon (Figure 3B) and oxygen (Figure 4C) are attributed mainly 

to the polyphenol groups and other C, O

green tea extracts [23, 47, 48]. Nevertheless, the O signals may 

indicate the formation of some iron oxide nanoparticles as well, as 

demonstrated in Figure 3D. Moreover, the sulfur atom signal 

(Figure 4D) is due to the presence of sulfur in green tea extra

previous reported [49]. 
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Figure 3(A) shows a representative TEM image of iron 

nanoparticles obtained by the reduction of Fe3+ by green tea 

extract, and the corresponding mapping distributions of carbon 

iron atoms (Figure 3(C)), by EELS 

technique. The iron atoms are expected to be present in the 

nanoparticle core, and the carbon atoms, presented on the surface 

of the nanoparticles, are originated from the organic compounds of 

green tea extract, mainly polyphenols. Figure 3(D) shows the 

EELS scans of selected area of TEM image of the nanoparticle 

3(C)). The peaks of 711 eV, 716 eV and 722 eV (Figure 

, shake-up satellite 2p3/2 and 2p1/2, 

respectively [30, 25, 40, 41]. These peaks suggested that the 

surface of iron nanoparticles consist of a layer of mixed oxides, 

mainly FeO, close to the Fe(0) interface [30, 40]. In addition, a 

discrete shoulder nearby 717 eV is resulted from the overlap of the 

shakeup satellite of oxidized iron (2p3/2) and zero valent iron 
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atom mapping by EELS, (D) EELS spectrum of the arrow indicated area 
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scale aggregates. These structural features are in 

agreement with similarly prepared iron nanoparticles reported in 

the literature [2, 25, 42, 43]. The surface composition of Figure 

4(A) was examined by EDS. Figure 4 shows the EDS elemental 

mapping of Fe atoms (Figure 4B), O atoms (Figure 4C), and S 

atoms (Figure 4D). As expected, iron is present in the core of the 

materials, and in lesser extend as capping agent, since green tea 

extract are known to content iron [44 - 46]. The presence of 

carbon (Figure 3B) and oxygen (Figure 4C) are attributed mainly 

to the polyphenol groups and other C, O-containing molecules in 

green tea extracts [23, 47, 48]. Nevertheless, the O signals may 

indicate the formation of some iron oxide nanoparticles as well, as 

demonstrated in Figure 3D. Moreover, the sulfur atom signal 

(Figure 4D) is due to the presence of sulfur in green tea extract, as 
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Figure 4. SEM image of the iron nanoparticles obtained by the reduction 

of Fe3+ by green tea extract (A), SEM image with EDS in which red dots 

corresponds to the mapping of iron atoms (B), oxygen atoms (O), and 

sulfur atoms (D). 

3.2.4. FTIR analysis. 

 FTIR measurements were carried out to confirm possible 

composition of synthesized iron nanoparticles. Figure 5 shows the 

FTIR spectra of iron nanoparticles synthesized by the reduction of 

Fe2+ (black line), Fe3+ (red line), a mixture of Fe

by green tea extract.Figure 5 reveals similar FTIR profile for all 

curves, indicating the presence of the same capping agents on iron 

nanoparticle surfaces. The bands at 3420 cm-1 and 2924 cm

associated with O-H stretching vibrations and C

vibration of aliphatic hydrocarbons, respectiv

Bands at 1640 cm-1, 1533 cm-1, 1446 cm-1, and 1370 cm

associated with C-O-C, phenyl group, COO-, and C

vibration for aromatic amines, respectively, indicating the 

presence of water-soluble polyphenols and caffeine from the green 

extract [17, 23, 27, 50]. Band at 1040 cm-1 is associated with C

C stretching vibration [17, 23, 24]. Moreover, the bands at 613 cm
1 and 520 cm-1 are assigned to Fe-O [13], indicating the presence 

of oxidized iron oxide, which is consistent with the results 

obtained from EELS. Taken together, these results clearly 

demonstrated the presence of green tea polyphenols capped to the 

surface of iron nanoparticles. 

Figure 5.FTIR spectra of iron nanoparticles synthesized by the reduction 
of Fe2+ (black line), Fe3+ (red line), and Fe2+/Fe3+ (blue line) by green tea 
extract. 
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FTIR spectra of iron nanoparticles synthesized by the reduction 
(blue line) by green tea 

3.2.5. Hydrodynamic size, size distribution and zeta potential

 DLS is a commonly technique to determine the size and 

aggregation behavior of nanoparticles in suspension [1]. The 

average hydrodynamic size of iron nanoparticles was found to be 

53.7 ± 10.4 nm, and the polydispersity index (PDI) was 0.35 ± 

0.02. These results indicates the formation of iron particles at the 

nanosize scale in aqueous suspension, and the PDI value suggests 

that the size distribution is moderate polydispersive. Our results 

are in accordance with the literature [1]. Figure 6 shows a 

representative size distribution of iron nanoparticles in aqueous 

suspension. A monomodal size distribution was observed, 

although there is a population of iron nanoparticles with 

hydrodynamic size over 100 nm.

Figure 6. Representative particle size distribution for iron nanoparticles 
obtained from the reduction of Fe
suspension. 

 The zeta potential of iron nanoparticles was found to be 

23 ± 2.5 mV. As previous reported, negative value

potential is expected for green tea polyphenol coated 

nanomaterials [51]. This negative charge is due to the presence of 

polyphenols/caffeine on the surface of the synthesized 

nanoparticles, which is responsible to minimize nanoparticle 

agglomeration. 

3.2.6. UV-Visible spectroscopy measurements

Figure 7. UV-visible spectra of iron nanoparticles (black line), and green 
tea extract (red line). 

 

 Figure 7 shows the UV

extract (red line). The absorption peak at 272 nm is assigned to the 

presence of tea polyphenols and caffeine [13]. The formation of 

iron nanoparticles (Figure 7 black line) is characterized by the 

presence of UV spectrum with broad absorption, and there is no 
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Characterization of iron nanoparticles produced with green tea extract: a promising 

sharp absorption bands, as can be observed the disappearance of 

the UV absorption band at 272 nm, as previous described [3]. 

Therefore, the formation of iron nanoparticles is suggested by the 

continuous absorption in the UV-Visible region, as already 

reported for biogenic synthesized iron nanoparticles using tea 

polyphenols [22, 29]. 

3.2.7. Quantification of free thiol groups on the surface of iron 

nanoparticles. 

 The quantification of free thiol (SH) groups on the surface 

iron nanoparticles was determined by the reaction with a thiol

specific reagent, DTNB [35]. Values of 45.5 ± 7.2 and 25.7 ± 4.5 

µg mol of SH per gram of iron nanoparticles synthesized by the 

reduction of Fe3+ and a mixture of Fe2+/Fe3+

green tea extract were obtained. These results is in accordance 

with the presence of sulfur atom on the surface of green tea 

synthesized iron nanoparticles, as demonstrated by EDS (Figure 

4D). In drug delivery applications, the presence of free SH groups 

on the surface of nanoparticles represents a site for nanoparticle 

conjugation with important therapeutic molecules [33, 38]. Sulfur 

is one of the six major minerals found in green tea [45]. Indeed, 

the Camellia sinensis tea is the richest source of K, Cu, S and Al, 

as assayed by inductively coupled plasma optical emission 

spectrometry (ICP-OES) [49]. In addition, the presence of sulfur 

atoms on the surface of iron nanoparticles might be resulted from

cysteine-containing amino acids and proteins fo

extract [52]. 

3.2.8. Nitrosation of thiol groups leading to the formation of S

nitroso-iron nanoparticles. 

 In the present study, thiol groups (SH) present on the 

surface of green tea synthesized iron nanoparticles were nitrosated 

by the addition of sodium nitrite in acidified solution, leading to 

the formation of S-nitroso-iron nanoparticles, which act as 

spontaneous NO donor (Figure 8). Acidified aqueous solution of 

nitrite (NO2
-) is in equilibrium with nitrous acid (HNO

38]. Nitrous acid is considered the nitrosating agent of SH groups 

yielding S-NO (S-nitroso) groups. S-NO groups act as 

spontaneous NO donor, due to the homolitic S

with free NO release [35, 37, 38]. 

 The quantification of NO release fromS

nanoparticles was performed by electrochemical analysis with a 

4. CONCLUSIONS 

 This study describes the biogenic synthesis of iron 

nanoparticles by green tea extract. Characterization of the as

synthesized iron nanoparticles revealed that the nanoparticles have 

spherical shape, and cluster aggregation was observed. The 

surface of iron core consisted of a layer of mixed oxide. The 

average hydrodynamic size of the nanoparticles was found to be 

53.7 ± 10.4 nm, as assayed by dynamic light scattering. As 

expected, green tea polyphenols capped the surface of iron 

nanoparticles. Free thiol groups on the surface of green tea 
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