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ARTICLE INFO ABSTRACT
Keywords: This study reports optimized conditions for the green synthesis of iron (ILIII) oxide nanoparticles
Fe304 nanoparticle (Fe304 NPs) from Tamarindus indica (T. indica) leaf extract. The synthetic parameters like con-

Tamarindus indica leaf Extract
Peroxidase activity

Dye removal activity

Green synthesis

centration of leaf extract, solvent system, buffer, electrolyte, pH, and time were optimized for
Fe304 NPs synthesis. Feg04 NPs were obtained from the synthesis protocol by measuring size (80
+ 3 nm approx.), characteristics color changes, and an absorption peak between 270 nm and 280
nm using a UV-visible spectrophotometer, scanning electron microscope (SEM), and an energy
dispersive X-ray spectrometer (EDS) study. Peroxidase activity was tested with
3,3,5,5-Tetramethylbenzidine (TMB) oxidation in the presence of hydrogen peroxide and dye
removal activity was tested with malachite green (MG). The results indicated that the successful
synthesis of Fe3O4 nanoparticles using aqueous leaf extract of T. indica is a practical alternative
for biomedical applications due to its potent peroxidase activity and high dye removal capacity
(about 93% with UV light and 55% with room light).

1. Introduction

Recent times have seen a lot of interest in green nanotechnologies for iron-oxide nanoparticle synthesis due to their applications in
biomedicine, cosmetics, bioremediation, diagnostics, and materials engineering [1-5]. The unique properties like biocompatibility,
biodegradability, low toxicity, small size, and peroxidase activity are responsible for its high demand in the biomedical sectors [6-11].
In addition to green nanotechnology, a number of other technologies like physical, chemical, biological, and mixed methods are being
used to synthesize iron-oxide nanoparticles [12-15]. Moreover, the specific method of nanosynthesis can only enhance specific
properties [16]. In this article, we limited our focus to green nanotechnologies for the synthesis of iron-oxide nanoparticles having
prominent catalytic activities.

Nanoparticles of iron-oxide can have different compositions, such as iron (II) oxide nanoparticles (FeO NPs), iron (III) oxide
nanoparticles (Fe3O3 NPs), and iron (ILIII) oxide nanoparticles (Fe304 NPs) [17-19]. Among those, Fe3O4 NPs are our focus of interest
because of their excellent paramagnetism, high coercivity [20], low Curie temperature [21-24], extremely low toxicity, and excellent
biocompatibility [25]. With all of these properties, Fe304 NPs can be used in a variety of biomedical applications, including cell
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therapy [26], drug delivery [27], photothermal effect [28], tissue engineering [29], regenerative medicine [30], hyperthermia [31],
diagnosis [32] and imaging [33]. Moreover, because of its capability to facilitate the cellular and molecular level of biological in-
teractions, Fe304 NPs are being considered as successful contrast agents for magnetic resonance imaging (MRI) in theranostics and
nanomedicines [34], Fe3O4 NPs are well known for their unanimous photocatalytic and photo-oxidizing capacities. Inspired by the
recent success in the green synthesis of copper (II) oxide nanoparticles [35,36] possessing excellent catalytic activity, we are interested
to synthesize Fe3O4 NPs by novel green reductant and evaluate its catalytic activity.

Number of green plants such as Lagenaria siceraria [37], Euphorbia herita [38], Phyllanthus niruri [39], Gracilaria edulis [40],
Zanthoxylum armatum [41], Mikania mikrantha [42], Andean blackberry [43], seaweed (Colpomenia sinuosa and Pterocladia capillacea)
[441, Mimosa pudica [45], soyabean sprouts [46], Garcinia mangostana [47], Morinda morindoides [48], Ridge gourd [49], Chromolaena
odorata [50], Seaweed (Kappaphycus alvarezii) [51], Graptophyllum pictum [52], plantain [53], RS Lichen [54], Gram bean [55], Rhus
coriaria [56], Couroupita guianensis Aubl [57], were found to be used for the successful synthesis of Fe304 NPs. Tamarindus indica
(T. indica) has not used for Fe3O4 NPs synthesis till now.

T. indica is a well-known plant for its medicinal value. Different parts of T. indica such as seeds, roots, bark, leaves, and fruits are
used in traditional Indian and African medicine. It is usually prescribed for treating constipation and liver problems, pain and
inflammation of joints, diarrhea and dysentery, bacterial infections, and parasitic infestations. It contains plenty of essential amino
acids, phytochemicals, and vitamins and hence possesses pharmacological activity like antimicrobial, antioxidant, antidiabetic,
hypoglycaemic, cholesterolemic, hypolipidemic, antihepatotoxic, and anti-inflammatory. It is expected that with the support of
modern technology, it could be used as evidence-based medicine for many health problems [58]. The rich content of polyphenol in
T. indica motivates us to evaluate its efficiency in Fe3O4 NPs synthesis for the first time. It is expected that the novel use of T. indica
leaves extract and optimization of the Fe304 NPs synthesis procedure will produce NPs with prominent catalytic activity.

In the present study, T. indica leaf extract has been considered as a green reductant, and iron (II) chloride (FeCls3) as a precursor.
The leaf extract is not only a reductant but also a nanoparticle stabilizer. The leaf extract obtained in distilled water was evaluated for
the synthesis of Fe304 NPs. Furthermore, the effects of the type of solvent system, type of buffer, its concentration, its electrolyte
concentration, and concentration of peel extract on FegO4 NPs synthesis were evaluated thoroughly. Optimal conditions were used to
synthesize Fe3O4 nanoparticles that exhibited potent peroxidase activity and excellent dye removal capability.
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Scheme 1. Schematic representation for the (A) preparation of T. indica leaf extract and (B) synthesis of Fe304 NPs from T. indica leaf extract.
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2. Experimental
2.1. Materials

T. Indica leaves were collected from the Bolda garden, Dhaka, Bangladesh. Iron (III) chloride (FeCls), aluminium chloride (AlCl3),
sodium chloride (NaCl), potassium chloride (KCl), sodium hydroxide pellets, hydrochloric acid (HCl), Sulphuric acid, 3,3,5,5
—~Tetramethylbenzidine (TMB), hydrogen peroxide (H202), and Malachite green were obtained from Sigma-Aldrich (USA). The double-
ring filter paper was from Hangzhou Xinhua Paper Industry Co. Ltd. The falcon tubes (50 mL and 25 mL) were purchased from Korea.
Disodium mono hydrogen phosphate was purchased from Duksan Pure Chemicals Korea. Monosodium dihydrogen phosphate was
obtained from Scharlab S. L. Spain. Distilled water was used throughout the reactions. All glassware was cleaned with dilute nitric acid
(HNO3), and distilled water, and dried in the oven.

2.2. Instrumentation

The double-beam spectrophotometer (model: UV-1800) was used for taking UV data. Attenuated Total Reflectance (ATR) (model:
QATR-S) was used for ATR study. Magnetic stirrer with hot plate (model LMS-1003) was for stirring and controlling temperature,
distilled water plant (model: CE-2) was used for preparing distilled water. A scanning electron microscope (SEM) (model JSM-7600 F)
and an energy dispersive X-ray spectrometer (EDS) (model (SUPRA 55)-CARL ZEISS) was used for characterizing nanoparticles.

2.3. Preparation of T. indica leaf extract

T. indica, locally referred to as “tetul,” and its leaves were collected from the Boldha botanical garden in Dhaka. The leaves were
washed thoroughly with distilled water and dried at ambient temperature for a few hours. The dried leaves were blended into a paste.
A 10 g paste was then diluted with 20 mL of 100 mM phosphate buffer saline (PBS) buffer pH 7.4 and left to stir for 30 min with a
magnetic stirrer. For further experiments, the solution was filtered through double-ring filter paper and stored at 4 °C. The complete
extraction procedure is schematically shown in Scheme 1(A).

2.4. Synthesis of FesO4 NPs using T. indica leaf extract

The filtered T. indica leaves extract was used for Fe3O4 NPs synthesis using FeCls as a precursor, where leaves extract function
principally as a reducing agent. In doing so, a 0.01 M FeCls solution was prepared in distilled H;O in a beaker. 5 mL 0.01 M FeCl3
solution was added to a falcon tube containing 10 mL distilled water. Then 3 mL 0.5 g/mL leaves extract in PBS buffer pH 7.4 and 10
mL 100 mM PBS buffer pH 7.4 was added to the mixture. So, the final concentration of FeCl3 was calculated to be 0.0017 M and the
concentration of PBS buffer was 46 mM. Upon heating the solution at 60 °C, the reaction of synthesizing Fe304 NPs was completed
within 30 min. In Scheme 1(B), the yellowish color of the FeCls solution and leaves extract was converted to a dark brown color.
Further heating to evaporate at 100 °C produces a dark brownish-colored solid mass of Fe304 NPs.

2.5. Phytochemical content in T. indica leaf extract

The phytochemical content of the leaf extract prepared according to the Scheme was then investigated. Phenolic derivatives,
flavonoids, and tannins are considered potent phytochemicals responsible for nano synthesis. The total phenolic derivatives content in
T. indica leaf extract was determined by the slightly modified Folin—Ciocalteu methodology [59]. Briefly, water solutions of 2-100
pg/mL of standard gallic acid were prepared. 1 mL of leaf extract (1 mg/mL) or 1 mL of standard solution was added to 1 mL of distilled
water. 1 mL of 10% Follin—Cicocalteu’s (F-C) reagent and 1 M sodium carbonate solution were both added to the mixture in a UV cell.
The incubation period for the reaction was 60 min at room temperature and in the dark. A single-beam UV spectrophotometer was used
to measure absorbance at 700 nm using distilled water as a blank. Polyphenol content was expressed as pg Gallic Acid Equivalents
(GAE) per mg of plant material. The AlCl3 colorimetric assay (with some modifications) [60] was used for total flavonoid content
determination. Briefly, as 2-100 pg/mL quercetin standard solutions were prepared in 80% ethanol. 1 mL of extract (1 mg/mL) or
standard solution was added to 200 pl of 10% AlCl3 solution and followed by 3 mL of 95% ethanol. 0.2 mL of 1 M sodium acetate was
added to the mixture in a UV cell. The incubation period for this reaction was 60 min in room temperature and in a dark environment.
Single beam UV spectrophotometer was used to measure the absorbance at 415 nm where 80% ethanol was used as a blank. Total
flavonoid contents were expressed as g Quercetin Equivalents (QE) per mg of plant material. Slightly modified Sun et al. Methodology
[61] was used to determine condensed tannins. Briefly, a 1 mL methanolic solution of extracts (1 mg/mL) was added to the mixture of
3 mL methanolic solution of 4% vanillin and 1.5 mL of concentrated HCl in a UV cell. Single beam absorbance was measured after 15
min of incubation of the reaction at 500 nm where methanol was used as a blank. The total condensed tannins are expressed as pg
Quercetin Equivalents (QE) per mg of plant material.

2.6. Plausible mechanism for the formation of Fe304 NPs from its precursors

Although the exact mechanism for the formation of Fe3O4 NPs is not known but with the support of Z. Kozakova et al. [62], we are
thinking our synthesized nanoparticles might follow the below mechanism as illustrated in equations (1)-(6) respectively. In this
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study, Fe(III) salt was considered as precursor and its hydroxide precipitate proceeds according to equation (1).

Fe’* + 30H™ < Fe(OH); 1
There is a possibility of formation of Fe;O3 particles according to equation (2).

2 Fe(OH)3 < Fe O3 + 3H,0 2

But in presence of mild reducing agent (e.g. phenolic derivatives) and heat, Fe(II) may appear in the system as follows.

Such as phenolic derivatives (ROH) can undergo dehydration under heating condition and the so-formed phenolic aldehyde
(RCHO) [63] derivatives which reduces Fe(IIl) to Fe(II) and gives ferrous hydroxide in the form of a green colloid according to
equations (3)-(5).

2ROH —22RCHO + 2H20 3
2R-CHO + 2Fe*t & R-CO-CO-R + 2Fe** + 2HT 4
Fet 4+ 20H™ < Fe(OH), 5

Finally, both +2 and + 3 oxidation states of iron coexist in the solution mixture, thus resulting magnetite formation according to
equation (6).

2Fe(OH)3 + Fe(OH), < Fe304 + 4H,0 6

2.7. Peroxidase activity experiment with Fe3O4 NPs

The Fe304 NPs could catalytically oxidize peroxidase substrates in company with HoO», exhibiting a peroxidase-like activity as first
reported by the Yan group [64]. In this work, the peroxidase-like activities of the green synthesized Fe304 NPs were evaluated by TMB
oxidation, a peroxidase chromogenic substrate. Peroxidase activity experiments were performed in a tube containing 0.00208 M TMB
solution in acetate buffer pH 4.5, 0.1 M Hy05, and 0.00025 M Fe304 NPs solution. UV-VIS spectrophotometer was used to evaluate the
peroxidase activity, such as observed for the commonly used natural enzyme horseradish peroxidase (HRP) [65]. Due to high catalytic
activity, TMB becomes fully oxidized to di-imine showing a yellow-colored complex. This method results in a measurement of
absorbance at 450 nm with Ay = 450 nm.

2.8. Dye removal experiment with FesO4 NPs

Dye removal experiments were performed in 50 mL of 10 mg/L of Malachite green (MG) dye solution in 250 mL Erlenmeyer flask at
room temperature (25 £ 1 °C) using an orbital shaker. The shaking speed used was 200 rpm. The adsorbent dose (Fe3O4 NPs) was 1
mg/mL. Mixing time was determined to be 120 min. Finally, the removal efficiency was measured under room light and UV light
respectively but not under sunlight as it is difficult to control the similar intensity of the sunlight over period of days. UV-VIS spec-
trophotometer was used to quantify the dye absorbance which ultimately result its concentration. Removal (%) of dyes was quantified
considering the absorbance (at An.x = 600 nm) using the following equations [66]:

_0 = 00% @

where n is the rate of removal of MG in terms of percentage, Co is the initial concentration of MG solution, and Ct is the concentration
of the MG dyes at time t.

3. Result and discussion
3.1. Total phenolic, flavonoid, and tannin content in leaf extract

In the extract solution, the total phenolic derivatives or polyphenol content was measured by measuring its absorbance, which was
found to be 2.4332 (data not shown). The absorption of the different concentrations of standard gallic acid solution 2, 30, 50, 70, and
100 pg/mL was used to prepare a calibration plot in Figure-SM-1 in the supplementary material. The analysis of the calibration curve
shows that the slope and intercept were 0.01796 and —0.0766 respectively. The total phenolic derivatives content was calculated to be
about 139.74 pg/mL GAE per mg of plant material.

The absorbance of the total flavonoid content and condensed tannin content was calculated to be 3.7194 and 0.2235 respectively
(data not shown). The absorption of the different concentrations of standard quercetin solution 2, 30, 50, 70, and 100 pg/mL was used
to prepare a calibration plot in Figure-SM-2 in the supplementary material. The analysis of the calibration curve shows that the slope
and intercept were 0.1557 and —0.1025 respectively. The total flavonoid content and total condensed tannin content were calculated
to be about 24.546 pg/mL and 2.093 pg/mL QE per mg of plant material respectively.
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As described above, the formation of Fe3O4 NPs is largely attributed to the high concentration of total phenolic derivatives.

3.2. Confirmation of Fe304 NPs and optimization of leaf extract concentration impact

The synthesis of Fe304 NPs was confirmed through UV-visible spectroscopic studies as depicted in Figure-1. As can be seen in
Figure-1A, the peak of Fe3O4 nanoparticles appears in the green curve within 250-350 nm [67], whereas a similar peak does not
appear for FeCls in the red curve and for leaves extract in the blue curve. Moreover, Figure-1B shows a linear dependence of absorbance
on the concentration of leaf extract. Besides, the existence of a sharp peak indicates a uniform and well-stabilized condition. This study
determined the ideal concentration of leaf extract to be 0.0536 g/mL as too high a concentration of extract may have a negative effect
on nanoparticle activity.

3.3. Optimization of solvent system, buffer, pH, electrolyte and time for Fe3sO4 NPs synthesis

As NPs synthesis is greatly influenced by its synthetic parameters [68], optimization of some key parameters such as the impact of a
solvent system, type of buffer, pH, and electrolytes concentration on Fe3O4 NPs synthesis was assessed in Figure-2. Firstly FegO4 NPs
synthesis was evaluated considering water (red curve) and PBS buffer pH 7.4 (64 mM) (blue curve) as solvents in Figure-2(A). The
buffer system as a solvent significantly enhances nanoparticle synthesis. Different types of buffer, such as carbonate (red curve), borate
(blue curve), and PBS (green curve) all having pH 7.4 (64 mM), were investigated as depicted in Figure-2(B). The results indicate that
the phosphate anions of the PBS buffer (pH 7.4) might have better solvation capability of the iron ions in solution which ultimately can
significantly facilitate the synthesis of Fe3O4 nanoparticles. Based on a study of the pH of PBS buffer, pH 7.4 (blue curve) was found to
be more favorable than acidic pH 2.0 (red curve) and basic pH 12 (blue curve) as depicted in Figure-2(C). Finally, the impact of the
presence of 137 mM NaCl and 2.7 mM KCl as electrolytes in PBS buffer solution is also evaluated. As shown in Figure-2(D), the
presence of an electrolyte (red curve) greatly supports the formation of Fe3O4 nanoparticles by maintaining the pH value (7.4 in this
case) compared with its absence (blue curve). Moreover, it was found that 30 min reaction time was sufficient for the formation of
Fe304 NPs as shown in Figure SM-3 of the supplementary material.

3.4. Characterization of the synthesized Fe304 NPs at optimum conditions

After the successful synthesis of Fe304 NPs under optimized conditions, it was subjected to complete characterization by SEM, EDS,
attenuated total reflectance (ATR), and X-ray diffraction (XRD) studies respectively. Based on the SEM images of Figure-3, a cubic
morphology was obtained as in Figure-3(A), though some aggregation of Fe304 NPs was also observed to produce 80 + 3 nm sized
nanoparticles (calculated by using scal bar of SEM instrument) as in Figure-3(B) visualized by 30000 times magnification of 100 nm
scale bar.

According to the EDS study of Figure-4(A), the synthesized Fe304 nanoparticles are highly pure, consisting solely of iron and
oxygen. In addition, the ATR study Figure-4(B) revealed that all of the peaks for functional groups of leaf extract were also found on the
surface of synthesized NPs. It means that the NPs are stabilized by leaf extract functional groups. Importantly the presence of strong
absorption bands between 580 and 630 cm ™! indicates the Fe-O bond of magnetite NPs [69,70] and finally, from the analysis of the
XRD pattern of Figure-4(C), the presence of the diffraction peaks of 26 corresponds to [C] due to presence of leaf extract on NPs surface
and the [111, 220, 311, 400, 511, 440] planes confirms the cubic crystallinity of the magnetite Fe304 NPs compared with standard
XRD peaks (JCPDS card, file No. 19-0629) [71]. In addition, the presence of sharp peaks confirms the crystalline nature of the syn-
thesized NPs.

A)4 B) 4

— Leave Extract —0.0134 g/mL
g 3 — FeCl; 8 3 —0.0268 g/mL
= — o —0.0536 g/mL
3 Fe,O, NPs 3 5 g
o (=}
2 3
< 1 < 1

0 0
200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Fig. 1. UV-Visible spectra (A) of the synthesized Fe304 NPs (green curve), precursor 0.0017 M FeCls (red curve) and 0.0536 g/mL leaves extract
(blue curve) and (B) of the synthesized Fe304 NPs on 0.0536 g/mL (blue curve), 0.0268 g/mL (red curve) and 0.0134 g/mL (green curve) con-
centration of leaves extract in PBS buffer (46 mM) pH 7.4. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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Fig. 2. UV-Visible spectra of the synthesized Fe304 NPs in (A) distilled water (red curve), PBS buffer (46 mM) pH 7.4 (green curve), (B) PBS buffer
(green curve), Borate buffer (blue curve) and Carbonate buffer (red curve) (46 mM) pH 7.4, (C) PBS buffer (46 mM) pH 7.4 (green curve), pH 12.0
(blue curve) and pH 2.0 (red curve) and (D) PBS buffer pH 7.4 with 137 mM NacCl and 2.7 mM KCl as electrolyte (red curve), without electrolyte
(blue curve) respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 3. SEM images of the synthesized Fe3O4 NPs as (A) 1 pm scal bar with x20,000 magnification and (B) 100 nm scal bar with x30,000
magnification in PBS buffer pH 7.4 with electrolyte.

3.5. Peroxidase activity of Fe304 NPs

Investigation of the peroxidase activity of the synthesized Fe3O4 NPs was carried out following the schematic depicted in Figure-5
(A). The color change from colorless to yellow indicated oxidation of the TMB solution in acetate buffer pH 4.5 to the di-iminium state
of oxidized TMB, showing 2 electron transfer kinetics. As a result of this oxidation of TMB, a distinct peak was observed at 450 nm [72].
Investigation of Figure-5(B) revealed that TMB solution in acetate buffer pH 4.5 (red curve), HyO- in distilled H»O (blue curve), and a
combination of both (green curve) did not show any peak at 450 nm. Therefore, oxidation of TMB is not possible with only HyO5.
However, upon the addition of FegO4 NPs in PBS buffer (50 mM) pH 7.4 to the TMB and H,O, mixture, a peak was observed at 450 nm.
This study clearly confirmed the peroxidase catalytic activity of the synthesized Fe304 NPs.

3.6. Dye removal activity of Fe304 NPs

The synthesized Fe304 NPs were evaluated for dye removal activity. In doing so, we first checked the zero-point charge of Fe304
NPs in water system by investigating ApH (initial pH-final pH) Vs initial pH curve and it was found to be 6.8 as shown in figure-SM-4 of
the supplementary materials. Dye removal activity was investigated in neutral condition of distilled water (pH 7.4). Therefore,
malachite green (MG) [73], a cationic dye (Pka = 10.3) was used to determine dye removal capacity. At the neutral working pH of dye
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Fig. 4. (A) EDS, (B) ATR and (C) XRD spectra of the synthesized Fe;04 NPs in PBS buffer pH 7.4 with electrolyte.
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Fig. 5. (A) Schematic representation of TMB oxidation by H,O and Fe304 NPs as peroxidase enzyme and (B) UV-Visible spectra of the synthesized
Fe304 NPs in PBS buffer (50 mM) pH 7.4 with 0.00208 M TMB (in acetate buffer pH 4.5), and 0.1 M H50».

solution the Fe3O4 NPs will be anionic in nature and malachite dye will cationic in nature which favor the nice adsorption and
interaction between the oppositely charged ends. Time-dependent study was carried out in UV conditions as shown in figure-6A and in
room light conditions as shown in figure-6B. Gradual change of the absorbance with time of the dye solution confirmed the presence of
dye removal activity of the Fe3O4 NPs. Investigation of the result shows that the gradual removal of dye was observed in absorbance Vs
wavelength curve up to 270 min under uv-irradiation condition distinctly in figure-6A but only few removal was observed in
absorbance Vs wavelength curve up to 180 min under room light condition after that no change of UV-curve was observed up to
270min in figure-6B. Upon evaluating the outcome of the study and using equation (7) mentioned above, it was found to have 93%
removal capacity (n) in UV light conditions. Besides, only 55% removal capacity (n) was found in room light conditions after 270 min.
Thus, our synthesized Fe3O4 NPs has excellent dye removal capacity under UV light condition and it is expected that our synthesized
Fe304 NPs could be suitable alternatives of other adsorbents for industrial use.

4. Conclusion

In summary, this article proposed for the first time optimum conditions to synthesize Fe304 NPs synthesis using T. indica leaf extract
as a reductant. PBS buffer (64 mM), pH 7.4, 0.053 g/mL leaves extract concentration, and only 30 min reaction time were optimal
conditions for the synthesis of Fe304 NPs. Characterization analysis confirmed its cubic morphology and particle size of 80 = 3 nm. In
XRD spectra, the magnetite Fe304 nanoparticles showed cubic-shaped crystallinity. As a result of optimizing conditions, it is found that
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Fig. 6. UV-Visible spectra of the 10 mg/L MG in water after adding 1 mg/mL synthesized Fe304 NPs as adsorbent for a period of time in (A) UV
light irradiation condition and (B) room light condition respectively.

the synthesized nanoparticles exhibited potent peroxidase activity and excellent (93%) dye removal capacity when irradiated with UV
light, and good (55%) dye removal capacity when irradiated with room light. We hope that our findings from this study will have a
significant impact on green nanotechnology and dye removal in industrial applications.
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