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Abstract: The discovery of reliable and green processes for metal oxide nanoparticles
synthesis is particularly crucial and exhibits huge potential in various applications.
Thus, in this paper, a fast, single step and environmental-friendly method to synthesize
iron oxide nanoparticles (Fe,0;-NPs) by bio-reduction of iron salts Fe’" and Fe’" under
the presence of coffee seeds (CS) aqueous extract was demonstrated. The characteristics
of the synthesised Fe,O;-NPs were investigated by using X-ray diffraction (XRD) and
ultraviolet-visible (UV-Vis) spectrophotometry techniques. The XRD result revealed that
the Fe,0;-NPs produced display highly crystalline property with a cubic structure and the
average size of the resulted particle is ranging from 23.2 nm to 37.5 nm. Additionally, the
energy band gap (E,) calculated also showed that maghemite (y-Fe,0,) nanoparticles was
successfully synthesised by using CS extract. The resulted nanoparticles are highly feasible
in the inhibition of the growth of pathogenic microorganism.
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1. INTRODUCTION

Nanoscale technology products have very different physical and chemical properties
as compared to their bulk counterparts. New research on the synthesis of metal
nanoparticles may lead to their widespread potential applications in the biomedical
(e.g., imaging, therapy, disease diagnosis and treatment), environmental and
electronics fields.!? Iron oxide nanoparticles can be applied to cancer diagnosis,
drug delivery, electrochemical devices, magnetic resonance imaging, and etc. Iron
oxide nanoparticles are also being used to remove arsenic, dye, microalgae, heavy
metal and etc. from water through a magnetophoresis process, and this method is
found to be cheaper than conventional water treatment methods, such as reverse
osmosis (RO) and anionic exchange methods.?

Up to the current stage, synthesis of metal nanoparticles via
physicochemical*’ and biological®’ approaches has been well established to
synthesise metal nanoparticles; however, each approach has its own drawbacks.
The most common concerns for evaluating the nanoparticle synthesis methods
include time, cost of materials, labour intensity, and environmental impact. During
the physicochemical process, chemical reagent such as sodium borohydride
(NaBH,) is used as a reducing agent for the reduction of Fe*" ions; while ethanol
(C,H(0) is normally employed to prohibit the rapid oxidation of Fe*" ions."” The
simultaneous utilisation of two chemicals in a process causes the increment in the
production cost. At the same time, these two chemicals also exhibit a hazardous
effect which may adversely affect the nervous system. The biological method,
in which microorganisms are employed to synthesise metal nanoparticles, often
requires a longer time to incubate bacteria, and this method can significantly delay
the synthesis process.!! Therefore, it is crucial to develop a nanoparticle synthesis
method that is low-cost, fast and environmentally friendly. In this regard, the single
step and green synthesis of iron oxide nanoparticles using plant extracts appears
to be one potential candidate and can be advantageous over other conventional
synthesis methods that have been well-established. In fact, plant extracts, such
as Caricaya papaya leaves,'’ seaweed,'? and Desmodium gangeticum’® have been
revealed to be feasible to synthesise iron oxide nanoparticles.

Coffee is the second commodity mostly traded in the world after
petroleum. Malaysia was ranked 60™ worldwide, which contributes 0.16% of the
world’s coffee production. In Malaysia, the planted area are nearly 3,760 hectares
which produce 14,739 tons coffee in year 2013."* Coffee contains several bioactive
substances, including polysaccharides, saponins, alkaloids, flavonoids, steroids,
and phenols." These phytochemicals, which present in coffee seed (CS) extract,
serve dual roles as metal reducing agents and capping agents during iron oxide
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nanoparticle synthesis, thus, they are the critical reagent in the conversion of iron
ions to iron atoms that are acting as the building blocks of iron oxide nanoparticles.

Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) are the
most common human pathogens. Some S. aureus strains are resistant to antibiotics
such as vancomycin, penicillin, methicillin, tetracycline, and erythromycin.'> Tron
oxide nanoparticles are promising antibacterial agents to combat human pathogens.
To date, there is no study that examines the effect of CS extract-mediated iron
oxide nanoparticles on human pathogens. In this research, iron oxide nanoparticles
were synthesised by using aqueous CS extract. The crystalline structure of the as-
synthesised iron oxide nanoparticles was characterised by using X-ray diffraction
and UV-Vis spectrophotometry. Last but not least, the antibacterial activity of the
synthesised iron oxide nanoparticles towards two very common bacteria (E. coli
and S. aureus) was examined.

2. MATERIALS AND METHODS
2.1 Materials

Iron (II) chloride tetrahydrate (FeCl,.4H,0O; Brand: Bendozen) and iron (III)
chloride hexahydrate (FeCl,.6H,O; Brand: Hmbg), were purchased from A.R.
Alatan Sains (K) Sdn. Bhd., Alor Setar, Malaysia, and were used without further
purification. Coffee seeds were collected from Kawasan Perindustrian Lahat,
Perak, Malaysia. All aqueous solutions used in the nanoparticle synthesis were
prepared by using distilled deionized water (DDW).

2.2 CS Extract Preparation

The as-received CS were first washed and then kept under the temperature of —20°C
before being used for nanoparticle synthesis. Next, about 9 g of CS samples were
dissolved into 250 mL DDW in an Erlenmeyer flask which was then subjected
to boiling under continual stirring for 30 minutes. After the boiling process, the
extract (which was suspended in DDW) was cooled to room temperature. The
solution is then filtered so that the extract can be collected and stored under the
temperature of —20°C.

2.3 Iron Chloride Solution Preparation

To produce the iron chloride mixture solution, FeCl,.4H,0 (4.97 g) and FeCl,.6H,O
(13.52 g) were dissolved thoroughly in 250 mL DDW in a beaker.
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Iron oxide nanoparticles (Fe,O,-NPs) were synthesised by adding the prepared
iron salts Fe*" and Fe** to the CS extract (with a volume ratio of 1:1). Next, the
mixture was subjected to a stirring process for a duration of 60 minutes. After the
stirring process, the mixture was let standstill under room temperature for another
30 minutes. Subsequently, the mixture was centrifuged and the collected pellets
were washed with ethanol for a few times before being oven-dried overnight under
the temperature of 60°C. The obtained solid was calcinated in a furnace at 500°C
for 7 hours to obtain the Fe,O;-NPs. The synthesised Fe,0,-NPs were stored at
room temperature for further analysis.

2.5 Characterisation Methods and Instruments

The ultraviolet-visible (UV-Vis) spectra of Fe,0,-NPs were measured over a
wavelength range of 200 to 1200 nm by using Perkin Elmer Lambda 35 UV-Vis
spectrophotometer (Penang, Malaysia). The crystalline structure of the resulted
Fe,O;-NPs was examined by X-ray diffraction measurement (with model of XRD-
6000, Shimadzu, Petaling Jaya, Malaysia).

2.6 Minimum Inhibitory Concentration (MIC) Assay

The broth microdilution assay, using a 96-well microtiter plate, was used to
determine the minimum inhibitory concentration (MIC) according to the protocol
of NCCLS'"™ with some modifications. Mycelia suspension of pathogenic
microorganisms (e.g., E. coli and S. aureus) was cultivated and standardised
according to 0.5 McFarland standard turbidity. The synthesised Fe,O;-NPs were
dissolved into 5% dimethyl sulfoxide (DMSO) to obtain a solution of 1, 10,
and 100 pg/uL. Next, 0.09 mL of the Fe,O;,-NPs solution was added into each
well, and the mycelia suspension of pathogenic microorganisms was inoculated
into each well to make a final volume of 0.1 mL. Incubations were conducted
under the temperature of 30°C for duration of 48 hours. In order to quantitatively
measure the inhibition performance of the synthesised Fe,0;-NPs, 0.02 mL of the
yellow tetrazolium MTT (3-(4,5-dimetylthylthiazolyl-2)-2,5-diphenyltetrazolium
bromide) reagent was added into each well. The measurement of antibacterial
activities was performed after incubating for 2 hours. The fungal growth was
indicated by the blue coloration of the solution, in which a clear colour of the well
indicated that growth inhibition had occurred.
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In this context, MIC indicates the smallest concentration of a substance in
any sample which would completely suppress the growth of any microorganism
throughout the incubation process. DMSO did not interfere with the reaction
conditions within the concentration range being employed in this study."”

3. RESULTS AND DISCUSSION
3.1 Ultraviolet-Visible (UV-Vis) Spectroscopy

The light absorption spectrum of a material is crucial in providing the information
about the composition/structure of the given material because the molecules in
the material will undergo electronic transitions upon exposure to the incident
electromagnetic wave. Figure 1 illustrates the UV-Vis absorption spectrum of
Fe,0,-NPs in the aqueous CS extract. The absorption peak at 590 nm shows
the existence of iron nanoparticles in the suspension. This is consistent with the
research done by Sathishkumar et al.,'® in which a new band at 590 nm attributes
to the intrinsic stretching vibrations of the metal at a tetrahedral site.
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Figure 1: UV-visible absorption spectra of Fe203/CS extract.

Furthermore, the corresponding energy band gap of the synthesised
material can be calculated using the Tauc method with Eq. 1,'2°

(ahv)* = c(hv—E,) (1)
where « is the light absorption coefficient, # is Plank’s constant, v is the light

frequency, ¢ is a constant (that is, relying on the energy carried by each
photon), and E, is the material band gap energy. This can be estimated from the
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(ahv)* versus the c(hv—E,) plot (which was obtained by transforming the data
shown in Fig. 1), by extrapolating the straight part of (akv)? to the photon energy
(hv or vertical) axis (as illustrated in Fig. 2). After calculation, the E, value for
this Fe,O,/CS extract was determined to be 2.15 eV, which is denoting the energy
that must be absorbed by an electron in the material such that it will be sufficiently
energetic to be driven from the valence band to the conduction band. Furthermore,
this result is useful to determine the interatomic distance within the tested material.
Based on a report by Pavani et al.,” the £, range for y type-Fe,0; is 2.0 to 2.2 V.
Hence, according to the E, value, it can be deduced that y-Fe,O, nanoparticle was
being synthesised in this study.
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Figure 2: Graph of (ahv)? against photon energy for Fe,0,/CS extract.
3.2 X-ray Diffraction (XRD)

In addition, XRD was used to examine the crystalline structures and phase of the
synthesised nanoparticles in this study. Figure 3 shows the XRD pattern resulted
from the synthesised Fe,O,-NPs by using CS extract. Intense diffraction peaks
were identified with 20 values of 33.3°, 35.5°, 40.6°, 54.2°, 61.4°, and 64.1°,
corresponding to the crystalline Fe,O;-NPs crystal planes of (012), (104), (311),
(400), (422), (511), and (440), respectively. These results indicate the cubic phase
structure of y-Fe,O, and are consistent with the maghemite (y-Fe,O,) nanoparticles
(JCPDS data 39-1356) that are taken as the reference data in this study.?!

Furthermore, the average particle size of Fe,0,-NPs can be evaluated by
using the Debye-Scherrer equation, which relates the XRD peak broadening to
particle size. This equation is shown in Eq. 2:12?2
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where d is the particle size of the crystal, k£ is the Sherrer constant (0.9), 4 is the
X-ray wavelength (Cu Ka radiation = 0.1542 nm), £ is the width of the XRD peak
at half-height, and @ is the Bragg diffraction angle. By applying Eq. 2, the average
sizes of the Fe,O;-NPs crystal, synthesised by using CS extract, were in the range
of 23.2 to 37.5 nm. Thus, according to the results obtained through UV spectra
XRD analysis, maghemite (y-Fe,O,) nanoparticles were successfully synthesised
using CS extract in this study.

Counts

104) (311)

(511) (440)

1500

I T T T T 1 T T

10 20 30 40 50 60 70 80 %0
Position [*2Theta)

Figure 3: XRD patterns of Fe,O,-NPs synthesised using CS extract.
33 Antibacterial Activity of Synthesised Iron Oxide Nanoparticles

The broth microdilution assay is a testing method that is able to measure the
antibacterial susceptibility of a substance quantitatively, for example, the value
of MIC.% In this study, the MIC values of Fe,0,-NPs were measured and defined
as the minimum Fe,O,-NPs concentration that is able to fully inhibit the growth
of microorganism, which in turn reflects their ability to suppress the growth of
pathogenic bacteria. According to Table 1, the MIC of Fe,O,-NPs synthesised in
this study to suppress the growth of E. coli and S. aureus is given by 50.00 pg/ulL
and 65.00 ug/uL, respectively. Based on the study done by Naseem and Farrukh?*,
iron nanoparticle synthesised via Lawsonia inermis and Gardenia jasminoides
leaves extract shows similar antibacterial activity.
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Table 1: Antibacterial activity from synthesised Fe,O,-NPs.

Bacteria Minimum inhibitory concentration (MIC), pg/uL
Escherichia coli (E. coli) 50.00
Staphylococcus aureus (S. aureus) 65.00

According to Behera et al.>® and Mahdy et al.,?® these particles suppress the
growth and activity of bacteria through the oxidative stress imposed by the reactive
oxygen species (ROS). This is because ROS, which comprised of superoxide
radicals (O%), hydroxyl radicals (-OH), hydrogen peroxide (H,0,), and singlet
oxygen ('0,), can exert detrimental effect on the activities of proteins and DNA
in bacteria. For the Fe,0,-NPs being tested in this study, metal oxide (Fe,0,) is
possibly the major source of ROS that suppressed the E. coli and S. aureus from
growing.

Furthermore, the extremely tiny physical size of the nanoparticles
themselves could also be a factor that imposes anti-bacteria effects on the
synthesised Fe,O,-NPs in this study. In fact, this phenomenon has been observed
by Lee et al.?’, in which E. coli was deactivated by iron nanoparticles because of
the penetration of the particles into the £. coli membranes. The Fe,0;-NPs reacted
with intracellular oxygen that causes the generation of the oxidative stress which
is responsible for the damage of the membrane of the bacteria cells.

4. CONCLUSIONS

The study on the synthesis method of nanoparticles appears as one of the major
interests in the field of science and engineering recently owing to plenty of appealing
properties and versatility exhibited by the nanoparticle in various applications.
Biosynthesis of iron oxide nanoparticles (Fe,0,-NPs) using green resources is a
highly feasible approach due to its simplicity, environmentally friendly and cost-
effective features. In this study, y-Fe,O, NPs were successfully synthesised through
bio-reduction of iron chloride solution by using CS aqueous extract. This is proven
by the UV-vis spectroscopy analysis that shows an adsorption peak at 590 nm
and band gap energy of 2.15 eV. In addition, by applying the Debye-Scherrer
equation to the XRD results, it can be revealed that the size of the synthesised
NPs is ranging from 23.2 nm to 37.5 nm. The synthesised Fe,O,-NPs also showed
their great ability in antibacterial activity towards pathogenic bacteria, in which
the MIC of them to suppress the growth of E. coli and S. aureus is given by
50.00 pg/puL and 65.00 pg/ul, respectively.
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