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Abstract Plant-based biosynthesis is gaining attention in

nanoparticle synthesis as an alternate to chemical and

physical synthesis routes due to their non-toxic and envi-

ronment friendly nature. Leaf extract-based biosynthesis

further facilitates rapid synthesis of non-toxic biocompat-

ible nanoparticle that possesses various applications in

biomedical and pharmaceutical industry. Metal oxides,

especially MgO nanoparticles, show tremendous applica-

tions in medical industry. Moreover, plant-based biosyn-

thesized MgO nanoparticles showed improved biophysical

and biochemical properties. In the current study, MgO

nanorods (MgONRs) are synthesized using Eucalyptus

globulus aqueous leaf extract. The results are highly sig-

nificant as rod-shaped nanoparticles possess superior cel-

lular penetration ability than other morphologies and can

be valuable in medical applications. A preliminary exper-

iment was performed to identify the required reaction time

for nanorod formation using dynamic light scattering

technique. Later, one-factor-at-a-time approach was fol-

lowed to identify the effect of each process parameters on

average particle size of MgONRs. The optimized param-

eters were used for the synthesis of smaller-sized

MgONRs. Fourier Transform infrared spectroscopy anal-

ysis was conducted to identify and analyze the functional

groups in the leaf extract and MgONRs. The functional

groups from phytochemicals and their transformation from

enol to keto-form were found to be responsible for

nanoparticle formation. The transmission electron

microscope analysis showed that the optimized parameters

yield 6–8 nm width of stacked MgONRs. Thus, the present

work demonstrated a simple and rapid biosynthesis route

for MgO nanorod synthesis which can be beneficial in

biosensing and therapeutic application.

Keywords Biosynthesis � Eucalyptus globulus leaf

extract � MgO nanorods � Phytochemicals

Introduction

Biosynthesis is an effective route to synthesize biocom-

patible metal oxide nanoparticles as it involves the usage of

living organism that possess biological compounds for the

production of nanoparticle [1]. Chemical and physical

methods for nanoparticle synthesis are slowly to be

replaced for biomedical applications due to their high cost

and the tendency to create hazards to the environment and

humans [2]. Among the biosynthesis methods, plant-me-

diated biosynthesis routes have showed a high promise in

synthesizing nanoparticles, especially metal oxide

nanoparticles [3]. However, the time required for

nanoparticle synthesis is the major drawback in biological

synthesis [3–5]. On the other hand, non-toxicity and

environmental compatibility of plant leaf extracts make

them as reliable biosynthesis agents for metal oxide

nanoparticle synthesis [6]. Literatures also reported that the

leaf extract-facilitated biosynthesis has improved bioac-

tivity [7].

Among the metal oxides, magnesium oxide (MgO)

possesses unique chemical inertness, optical transparency

and secondary electron emission with high-temperature

stability, high thermal conductivity [8–10] and toxic waste
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remediation ability [11–13]. Due to their distinctive prop-

erties, MgO in nano-form has been highly remarkable as

catalysts and as absorbents [14, 15]. In biomedical appli-

cation, there are evidential reports demonstrating MgO

nanoparticle as an antibacterial agent [16, 17] and are used

for the treatment of heartburn, cancer treatment and bone

regeneration [18]. In the present study, Eucalyptus globulus

was selected for MgO nanoparticle synthesis as it is com-

monly found in North Borneo region of Malaysia [19].

Eucalyptus oil [20] and phenols [21–23] are the major

phytochemical components that are found in E. globulus.

Besides, phytochemicals such as tannins, saponins, flavo-

noids, reducing sugars, glycosides and terpenoids that are

essential in the bio-reduction of metal ions [24] are also

present in the leaf extract of E. globulus.

Recently, Sharma and Jasuja [15] utilized Swertia chi-

rayaita aqueous leaf extract in the synthesis of spherical

MgO nanoparticles (\ 20 nm) which showed significant

antibacterial activity against several food and air borne

bacteria [15]. Similarly, Jhansi et al. [25] used white button

mushroom aqueous extract for the synthesis of spherical

MgO nanoparticles (\ 15 nm) which significantly increase

the germination of Arachis hypogaea L. (peanut). Spheri-

cal-shaped MgO nanoparticles are also synthesized by

using aqueous leaf extracts of Pisidium guvajava, Aloe

vera [26], Artemisia abrotanum herb [27] and Arabic gum

from Acacia trees [28]. Jeevanandam et al. [29] synthe-

sized different sizes of MgO nanoparticles using several

leaf extracts as well as magnesium precursors and inves-

tigated the effect of each synthesis parameters in yielding

smaller-sized nanoparticles. Further, literature suggests that

nanorods are suitable for biological applications such as

biosensing, biomedical imaging, drug delivery and therapy

[30] than other shapes. Recently, Karthik et al. [31] syn-

thesized MgO nanorods (46 nm diameter) using Andro-

graphis paniculata aqueous leaf extract which showed

enhanced antibacterial and anti-breast cancer activity. It

can be noted that the polyphenols such as epicatechin,

quercetin-glucuronide [32] and flavonoids [33, 34] present

in E. globulus help in transforming the shape of nanopar-

ticles. Previous studies focused on synthesizing spherical-

shaped, metal [35] and certain metal oxides such as iron

oxides using E. globulus leaf extracts [36]. Therefore, the

present work focuses on the biosynthesis of magnesium

oxide nanorods (MgONRs) using E. globulus leaf extract

as reducing and stabilizing agent. The main significance of

the present work is the synthesis of smaller-sized (width),

colloidal MgONRs at a shorter time period with the help of

lower heat energy. Initially, dynamic light scattering (DLS)

was used to sketch out the reaction time for the formation

of MgONRs from magnesium ions. Later, one-factor-at-a-

time (OFAT) approach was employed to optimize the

synthesis parameters such as concentration of precursor,

volume of leaf extract and reaction time to form smaller-

sized MgONRs. The nature of MgONRs synthesized was

analyzed by UV–visible absorbance spectroscopy, Fourier

transform infrared spectroscopy (FTIR) analysis and

transmission electron microscopy (TEM).

Materials and methods

Eucalyptus globulus leaves were purchased from the local

market in Miri, Sarawak, Malaysia, while magnesium

nitrate hexahydrate (98%) which served as the magnesium

precursor was procured from Alfa Aesar� (Massachusetts,

USA).

Preparation of leaf extract

Fresh leaves of E. globulus as shown in Fig. 1A were

washed using distilled water to remove dirt and impurities.

The cleaned leaves were placed in a bio-dryer (BioSpec

1198 compact, 115VAC Bio-dryer) until the leaves are

completely dry and free from water. Then, the dried leaves

were subsequently incised into smaller pieces and boiled

with distilled water (1:9 ratio) for 20 min at 80 �C. The
leaf extract was then filtered by using Whatman No.1 filter

paper. The extracts as shown in Fig. 1B were stored in

refrigerator for further use.

Synthesis of MgO nanorods

A total of 0.001 M of magnesium nitrate hexahydrate

(precursor) was dissolved in 90 ml of distilled water. Then,

7% of aqueous leaf extract was slowly added dropwise into

the solution with constant mixing for 20 min at 80 �C. The
average size and PDI of the MgO nanoparticles were

recorded for every 10 min for an hour using DLS technique

to select the optimum reaction time for the formation of

smaller-sized MgONRs via OFAT approach. The complete

experimental procedure for the synthesis of MgONRs is

depicted as a flowchart in Fig. 1C.

Characterization of MgO nanorods

Particle size distribution and polydispersity index of the

samples were obtained by dynamic light scattering using

Malvern� Zetasizer Nano ZS. Disposable folded capillary

tube was used in which the sample was taken and the

capillary tube was placed in the sample holder of the

instrument. The analysis was performed by using

backscattering of laser light at 173� angle with water as a

dispersant. MgONRs prepared from the optimized param-

eters were characterized by using UV–visible absorbance

spectroscopy, Fourier transform infrared (FTIR)
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spectroscopy and TEM. UV–Vis spectrophotometer Perkin

Elmer� Lambda 25 was used to confirm the formation of

metal oxide and to study the concentration of MgONRs

formed in the sample. The sample was placed in a glass

cuvette to analyze the absorbance of MgONRs from 800 to

300 nm wavelength. Fourier transform infrared spec-

troscopy Thermo scientific NICOLET iS10 was used to

identify the functional groups present in leaf extract and the

synthesized MgONRs. A total of 250 mg of KBr was

mixed with 1% of the sample and pelletized in a vacuum

pelletizer which was scanned from a higher to lower

(4000–500 cm-1) wavenumber for the functional group

analysis. TecnaiTM G2 Spirit BioTWIN, FEI Company TEM

with 0.34 nm resolution was used to study the morphology

of the nanorods. Briefly, the sample is suspended in water,

coated on a 100-mesh copper grid, mounted on the TEM

stage and is analyzed at 150,0009 magnification to obtain

clear images.

Results and discussion

UV–visible light absorbance studies

The reaction mixture containing aqueous leaf extract and

magnesium precursor was mixed and heated as per the

Fig. 1 (A) Eucalyptus globulus leaves, (B) Eucalyptus globulus leaf extract, (C) experimental flowchart for MgONRs synthesis
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experimental procedure in Fig. 1C. There is no visible

color change to confirm the formation of MgO in the

sample. Thus, UV–visible spectroscopy was used to con-

firm the presence of metal oxide. Mie theory states that the

metal nanoparticles are conductors and their particle size is

directly proportional to the light absorbance which leads to

surface plasmon resonance [37]. However, metal oxide

nanoparticles do not follow Mei theory as they are semi-

conductors with a gap between valence and conduction

band [38]. This is the reason behind the usage of X-ray

photoelectron spectroscopy to analyze metal oxide

nanoparticles [39, 40]. The absorbance peak of MgO

nanorod was obtained in the UV region (340 nm)

[29, 41, 42] as mentioned in Fig. 2A. The inset in Fig. 2A

shows another peak at 607 nm at absorbance below zero.

This may be due to the light-reflecting behavior of metal

oxide particles or due to light-absorbing phytochemicals

which is difficult to detect and classify using UV–visible

absorbance spectroscopy [43–45]. In spite of these draw-

backs, UV–visible absorbance spectroscopy is a highly

beneficial method for the preliminary confirmation of the

presence of metal oxide nanoparticles. The peak at 340 nm

confirms the presence of metal oxide nanoparticle, whereas

the peak at 607 nm may also represent the presence of a

rod-shaped particle. Huang and El-Sayed [46] revealed that

UV–visible spectra split into two bands when the shape of

nanoparticles changes from sphere to rod. This is due to the

presence of nanorods that absorbs light at longer and

shorter wavelength. The shorter wavelength represents the

absorbance of light along the short axis of the nanorod,

while the longer wavelength refers to the absorbance along

the long axis of the nanorod [47]. The morphology analysis

in Sect. 5 confirms that the shape of these particles is rod

and the peak at 607 nm was due to rod shape of particles

which was reduced either due to the interference of light-

absorbing phytochemicals or light-reflecting nature of

metal oxides.

One-factor-at-a-time (OFAT) approach

Once the presence of MgO was confirmed by UV–visible

spectral analysis, DLS technique was used to identify the

average size and PDI of the nanoparticle formed. The

average particle size from the DLS technique was obtained

from the light refracted by MgO present in the sample.

Further, OFAT approach was used to determine the opti-

mum reaction time for the MgONRs formation depending

on the trend of average size and PDI. It is noted from

Table 1 that the size of the nanorod was greatly affected by

the reaction time. Recent studies by Nakaya et al. [48] and

Dudhe et al. [49] revealed that the size of the nanoparticles

can be controlled by optimizing the reaction time. There-

fore, optimizing the reaction time is essential to decrease

the size of nanoparticles and to prevent their agglomera-

tion. Table 1 shows that the particle size obtained in

10 min of reaction time is 68.06 nm which decreased to

43.82 nm after 20 min. The PDI of particles until 60 min

of the reaction time was below 0.6 due to their polydis-

persity, and the PDI of particles at 20 min of reaction time

is 0.5 which is acceptable for a colloidal nanoparticle

[50, 51]. Larger-particle-sized MgO was noted to be

formed after 20 min of reaction time. Therefore, the opti-

mum reaction time for the formation of MgONRs was

found to be 20 min.

The proposed mechanism of MgO nanorod formation,

based on the average size of the sample, is shown in

Fig. 2B. It was deduced that the nucleation of nanorod

formation starts at 10 min of reaction. Pacholski et al. [52]

mentioned that increasing the heating time will help in

elongation of the particle to form nanorods [52]. At 20 min

Fig. 2 (A) UV–visible absorbance of MgO nanorods from 300 to 800 nm; inset: UV–visible absorbance of MgO nanorods from 580 to 650 nm,

(B) size transformation and mechanism of nanorod formation based on reaction time
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of reaction, the size of the nanoparticle drops down which

may be due to the breakage of larger nucleated particles

depending on the variables in process parameters. From

30 min of reaction time, the size of the nanoparticle starts

to increase due to agglomeration of smaller particles to the

larger surface of nanorods [53]. It is noted that the size of

the nanorod drops at 60 min of reaction time can be

attributed to the breakage larger nanorod after its threshold

size and reaction time. Since, 20 min of reaction time

yields smaller nanoparticles after nucleation, it was selec-

ted for further optimization of process parameters.

Effect of individual parameters on average particle

size

An attempt has been made to analyze the effect of indi-

vidual parameters on average particle size from the results

obtained from DLS analysis through OFAT approach as

mentioned in Table 2. Low, medium and high ranges of

process parameters were selected for the analysis, and their

effect on the average size of nanorods was discussed in

detail.

Effect of precursor concentration

Precursor concentration is one of the determining factors

for the synthesis of smaller-sized MgONRs. Sibiya et al.

[54] reported that an increase in precursor concentration

will help in effective capping ability that supports smaller

nanoparticle formation. However, the average size of

MgONRs is found to be increased from 50.75 to 91.28 with

the increase in precursor concentration from 0.001 to

0.1 M. This may be due to the inability of phytochemicals

as capping agent to control the nanoparticle size as the

concentration of metal ions in the reaction mixture

increases with an increase in precursor concentration [55].

Eventually, this leads to the agglomeration of nanoparticles

through dipole–dipole interaction, and thus larger-sized

nanoparticles are formed [55]. Amin et al. [56] reported

that the precursor concentration controls the nucleation

density. This evidence suggests that increasing precursor

concentration may increase the number of nucleation sites

and time for nanoparticle growth which leads to larger

nanoparticle formation. Moreover, Abedini et al. [57]

showed that the increase in precursor concentration will

increase the number of ions which further leads to the

increment in the collision probability of particle. Thus,

lower precursor concentration will lead to smaller

nanoparticle formation and helps in transforming its

change along with other process parameters.

Effect of extract volume

Leaf extract volume also plays an important role in

determining the average size of MgONRs. The leaf extract

that possesses phytochemicals such as phenol, alkaloid,

flavonoids, proteins, sugar and terpenoids has ability to

reduce the precursor into metal ions [58]. The metal ions

are then converted from mono or divert oxidation states to

zero-valent states [58] which helps in the formation of

nanoparticles. It was clear from the DLS analysis that the

size of the nanorods decreased from 43.82 to 37.84 nm,

when the volume of plant extract increased from 5 to 7 ml.

This suggests that higher extract volume will increase the

phytochemical quantity in the reaction mixture which

effectively help in size reduction of MgONRs.

Effect of reaction time

The average size of the MgONRs can be noted to be

smaller only at 20 min of reaction time compared to

15–25 min as mentioned in Table 2. The initial experiment

to determine the time for nanorod formation also provides a

Table 1 Average size and PDI of MgO nanoparticles formed at

different reaction times

Time (min) Average size (nm) PDI

10 68.06 0.502

20 43.82 0.53

30 50.75 0.36

40 58.77 0.466

50 58.77 0.465

60 50.75 0.446

Table 2 Effect of individual parameters on average particle size

Process parameter Low Average particle size (nm) Medium Average particle size (nm) High Average particle size (nm)

Precursor concentration 0.001 M 50.75 0.05 M 68.06 0.1 M 91.28

Extract volume 3 ml 50.75 5 ml 43.82 7 ml 37. 84

Reaction time 15 min 50.75 20 min 43.82 25 min 78.82
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similar result. This confirms that the size and shape

determination of smaller MgONRs occurs in between 15

and 25 min of reaction time depending upon other process

parameters. According to Ozel et al. [59], an increase in

reaction time will result in rapid agglomeration of

nanoparticles leading to increase in the size of nanoparti-

cle. Similarly, Kotov [60] stated that prolonged reaction

time may result in progressive decomposition of the sta-

bilizing agent molecules that leads to the growth of

nanocrystals. Thus, prolonged reaction time leads to crystal

growth whereas short reaction time will not be sufficient

for nucleation. Hence, an optimum (between 15 and

25 min) reaction time will help in forming smaller

nanoparticle with modified shape. The effect of individual

parameters in the formation of smaller MgONRs is

depicted in Fig. 3A–C. Thus, the optimum parameters such

as 0.001 M of precursor concentration, 7 ml of extract

volume and 20 min of reaction time at 80 �C are selected

to form smaller MgONRs.

Functional group analysis

Table 3 shows the functional groups present in the E.

globulus aqueous leaf extract and chemical modifications

due to the formation of MgONRs. The FTIR spectra of the

leaf extract and MgONRs are presented in Fig. 4A.

The IR spectra of the leaf extract exhibit a strong and

wide band at 3319.46 cm-1 and a short band at

1974.81 cm-1 which shifts to 3316.48 and 1982.02 cm-1,

respectively, in MgONRs. These bands are due to the O–H

stretching vibrations which may be attributed to the pres-

ence of functional groups such as alcohol, carboxylic acid,

ester and ether [61, 62]. According to Makarov et al. [1],

flavonoids and phenols can transform from enol-form to

keto-form which releases reactive hydrogen atom and form

O–H group to reduce metal ions and form nanoparticles as

shown in Fig. 3D, E. Literatures also suggested that higher

content of total phenols in plant extracts possesses elec-

tron-donating ability to reduce the metal ions to form

nanoparticles [63]. This shows that E. globulus leave

extract contains phytochemicals that have O–H groups and

the peak shift denotes a change due to the formation of

MgONRs.

The peaks at 2162.46 and 2170.81 cm-1 in leaf extract

and MgONRs, respectively, are due to the presence of –

CNC– vibration which is ascribed to the phytochemicals

with alkyne functional group. The spectral band of the leaf

extract at 1634 cm-1 is due to the presence of conjugated

carbonyl (–C=O) vibration, and amino acid in phyto-

chemicals is the major source of carbonyl functional group

[64]. It can be observed that the nanorod formation did not

affect the carbonyl group as there is no peak shift in the

samples. In addition to this, Baskar et al. [65] argued that

the peaks at 1538 and 1675 cm-1 are credited to the aro-

matic nitro compounds amides and open chain amino

groups. Furthermore, Marutikesavakumar et al. [66]

reported that the peak at 1636 cm-1 can be assigned for N–

H bond of primary amines. Literature also shows the

presence of amide I band at 1627 cm-1 and amide II band

at 1650 cm-1 [67]. These amide I and II bands are formed

due to the carboxyl stretch and N–H deformations in the

amide linkages of the proteins [67]. Therefore, it was

deduced that the MgONRs may be formed by utilizing free

amine protein groups along with other phytochemicals. The

carbonyl functional group which has strong binding ability

with magnesium may act as a capping agent to avoid

agglomeration of nanorods [68]. The Mg-O vibration peak

at 400–800 cm-1 is absent in the MgONRs synthesized

using aqueous leaf extract of E. globulus. However, recent

literatures suggested that the peak at

1114.25–1414.21 cm-1 was due to the interaction of

MgONRs in the network [69].

The functional group analysis confirms that the phyto-

chemicals play an important role in the formation of

nanoparticle by reducing the metal ions and helps in their

subsequent stability. However, different plants have dif-

ferent concentration and composition of bioactive phyto-

chemicals. It has been proposed that the size and

morphology of nanoparticles are associated with interac-

tion of these phytochemicals with the precursor [1]. Sim-

ilarly, the shape and size of nanoparticles also depend on

the experimental conditions such as temperature, precursor

concentration, pH and the synthesis route (chemical,

physical or biological). Studies by Khodashenas and

Ghorbani [70] revealed that various shapes of nanoparticles

can be prepared by adjusting the capping and reducing

agent. The functional group analysis helps in identifying

the probable bioactive phytochemicals that act as a

reducing, stabilizing and capping agent for the formation of

MgONRs.

Morphology analysis

Figure 4B, C shows the MgONRs synthesized by aqueous

leaf extract of E. globulus. It can be observed that the width

of nanorod ranges from 6 to 9 nm and the rods are stacked

together. Literatures show that the stacking may be due to

the van der Waals force of attraction between the particles

due to their surface charge [71, 72]. The result is in

agreement with the UV–visible spectroscopy analysis as

Fig. 2A illustrates two absorption peaks indicating the

nanorod formation. The size of the nanorod mentioned in

TEM micrograph is different from the DLS analysis due to

their spherical approximation of particles which is a major
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Fig. 3 Effect of (A) precursor
concentration, (B) extract
volume, (C) reaction time on

size of the nanorods,

transformation of enol- to keto-

form of (D) flavonoids and
(E) phenols leading to

nanoparticle formation

Table 3 FTIR spectral

chart showing functional groups

in the leaf extract and MgO

nanorods

Peak positions (cm-1) Vibrational mode Functional group

Leaf extract MgO nanorods

3319.46 3316.48 O–H stretch Alcohol, carboxylic acid, ester, ether

2162.46 2170.81 –CNC– stretch Alkynes

1974.81 1982.02 C–O and C=O stretch Alcohol, carboxylic acid, ester, ether

1634.36 1635.46 –C=O stretch or N–H bond Carbonyl group, primary amine

– 1370.19 Mg-O Magnesium oxide
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drawback of DLS technique while analyzing rod-shaped

particles [73, 74]. Literature suggested that high tempera-

ture and reaction time are essential for the formation of

nanorods [75, 76]. The present study uses low temperature

and reaction time along with phytochemicals as a reducing

and stabilizing agent. Thus, the synthesized MgONRs are

novel and will be highly biocompatible compared to other

chemical synthesized MgO nanoparticles.

The possible mechanism for the formation of MgONRs

is proposed in Fig. 5, based on the literature and from the

results obtained from several characterization techniques in

the present study. The major phytochemicals that are

Fig. 4 (A) FTIR spectra of Eucalytus globulus leaf extract and MgO nanorods, TEM micrograph of MgO nanorods at (B) 50 nm scale and

(C) 20 nm scale
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present in E. globulus leaf extracts are polyphenols, espe-

cially epicatechin and quercetin-glucuronide [32], euca-

lyptol, triterpenoids, terpinene [35] and flavonoids [77].

The aqueous crude leaf extract containing these phyto-

chemicals was added to magnesium nitrate that is dissolved

in distilled water. The mixture of phytochemicals and

Fig. 5 Proposed mechanism for

the formation of MgO nanorods
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dissolved magnesium nitrate was heated at 80 �C which

leads to nucleation for nanoparticle formation as mentioned

in the literature [78]. The phytochemicals absorb heat

energy and transform into capping agent [79, 80] which

makes it beneficial for the magnesium ions to bind with

them for the nanoparticle formation. The phytochemicals

such as eucalyptol, triterpenoids, polyphenols and flavo-

noids are predicted to be formed as a capping agent,

whereas a-, b-, c-terpinenes may act as the stabilizing

agent for nanoparticle formation. This may be due to the

lack of –OH group in terpinene which is an isomeric

hydrocarbon phytochemical group [81]. After 15 min of

heating process, MgO nanoparticles would have been

formed which is evident from Fig. 2B. Further heating of

the MgO nanoparticles (20 min) leads to the lattice

expansion in atoms which expand in a linear direction due

to phytochemical stabilizers [82] and form MgONRs. Thus,

heat energy-based transformation of phytochemicals into

the capping and gelling agent helps in the formation of

MgONRs.

Among the morphologies, rod-shaped nanoparticles

show attractive biological properties compared spherical

shapes. Studies revealed that rod-shaped nanoparticles are

highly potential in targeted drug delivery due to their large

surface area and tendency to adhere effectively to the

surface of the endothelial cells, allowing the drug to be

delivered to the specific type of cells [83]. Despite this, it is

not currently possible to draw conclusions about the

influence of shape, as supportive data are still inadequate.

Therefore, preliminary studies are still under investigation

in order to explore the properties of non-spherical

nanoparticles as drug delivery vectors. Khan et al. [84]

reported that nanorods can be used as biomarkers as their

large surface area may tend to modify with target mole-

cules. Thus, the biocompatible MgONRs prepared using

aqueous E. globulus leaf extract will be highly beneficial

for biomedical applications.
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