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Natural Molecule-Incorporated Magnetic Organic-Inorganic
Nanoflower: Investigation of Its Dual Fenton Reaction-
Dependent Enzyme-Like Catalytic Activities with Cyclic Use
Seyma Dadi,[a, b] Marlon Henrique Cardoso,[c, d] Amit Kumar Mandal,[e, f]
Octávio Luiz Franco,[c, d] Nilay Ildiz,[g] and Ismail Ocsoy*[a]

The functional organic-inorganic hybrid nanoflowers (hNFs)
have recently attracted considerable attention due to enhanced
catalytic activity and stability. The main purpose of this study is
to synthesize new Fenton reagents and investigate their
catalytic activity, dye degradation performance and antimicro-
bial activity. This magnetic gallic acid nanoflowers (FeGANF)
were self-assembled via incorporating magnetic nanoparticles
(Fe3O4 NPs) into gallic acid (GA) as organic part and copper(II)
phosphate (Cu3(PO4)2) as inorganic parts. The FeGANF were
characterized by SEM, EDX, FT-IR and XRD. The peroxidase-like
activity and dye degradation performance of FeGANF and
GANF based on Fenton reaction in the presence of H2O2 was

studied toward guaiacol as substrate, using methylene blue
(MB) and congo red (CR) as a cationic and anionic dyes,
respectively. FeGANF shows much high catalytic activity and
decoloration efficiency (97% for MB and 99% for CR) because
of dual active center in Fenton reaction on the surface of
FeGANF. FeGANF exhibited more antimicrobial activity against
Escherichia coli ATCC 25922, Staphylococcus aureus ATCC 25923,
and Candida albicans ATCC 10231 than that of the GA and
GANF. The results of these studies suggest that magnetic hNFs
has proved to be promising Fenton reagents for biological and
environmental applications including treatment of wastewater.

Introduction

Organic-inorganic hybrid material with specific physical and
chemical properties has drawn attention to scientists because
of having large specific surface area, excellent stability, and
catalytic activity, along with a strong adsorption capability.[1]

Organic-inorganic hybrid nanoflowers (hNFs) are a class of
organic-inorganic hybrid materials. hNFs discovered by Ge
et al.,[2] are prepared by self-assembled from metal ions as
inorganic components, and enzyme or protein as organic
component. While enzyme-based hNFs have been produced
and used in many potential applications, different studies
demonstrate the synthesis of hNFs from non-protein molecules
including amino acids, catecholamine and plant functional
groups[3–5] in organic molecules create complexes via coordina-
tion interactions with metal ions, especially Cu2+ ions in
phosphate-buffered saline (PBS) to form hNFs.

The high surface-to-volume ratio, excellent stability and
enhanced catalytic activity of hNFs have given them a wide
range of applications in many fields, including biological
sensing,[6] biomimetic catalyst[7] and water treatment.[8] For
instance, Lin et al.,[9] reported the synthesis of HRP-inorganic
hybrid nanoflowers to detect H2O2 in spiked serum and phenol
in sewage. Additionally, Altinkaynak et al.,[10] synthesized hybrid
Turkish black radish peroxidase-Cu2+ nanoflowers for Victoria
blue dye decoloration, having enhanced efficiency compared
with free Turkish black radish peroxidase.

The rapid economic development in recent years has led to
an increase in serious water pollution.[11] One of the most
significant causes of water pollution includes the excessive use
of synthetic dyes, including rhodamine B (rhB), congo red (CR),
malachite green (MG) and methylene blue (MB).[12] Different
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types of dyes are widely used in several industries, including
textile, paper, plastic, and rubber. Every year an incredible
amount of dye wastewater is directly discharged to rivers and
lakes without pretreatment, leading to impairment of water
quality and food chain contamination.[13] Moreover, dye waste-
water inhibits the photosynthesis capacity of aquatic organisms
by reducing the penetration of light to water. Recently, because
of increasing awareness of public health and environmental
protection, different physical and chemical methods such as
physical adsorption and photocatalytic degradation have been
developed to deal with dye wastewater.[14] In this context, the
Fenton reaction represents an advanced oxidation process for
the efficient degradation of dye wastewater. In a Fenton
reaction, hydroxyl radicals produced by catalyst attack organic
dye compounds, causing the formation of intermediate species,
further to CO2 and H2O.[15]

Many literature reports have focused on the use of the
Fenton process for decolorization and have suggested that
Cu3(PO4)2-NFs as Fenton reagent can be used in dye
decolorization.[10] Therefore, it is imperative to develop a new
Fenton reagent based on hNFs with high catalytic activity and
removal efficiency for wastewater treatment. Thus, the success-
ful incorporation of Fenton catalysts such as Fe3O4 NPs into
hNFs can lead to increased catalytic activity and dye removal
efficiency.

Previous studies have shown that Fe3O4 NPs have been
used to mimic the activity of peroxidase enzymes.[17,18] For this
reason, we employed Fe3O4 NPs as Fenton reagent into hNFs to
improve catalytic activity and dye removal efficiency of hNFs.
The novelty of this research is 1) for the first time, synthesis of
magnetic gallic acid nanoflowers, 2) characterization of mag-
netic GANF, 3) improvement in catalytic activity and dye
removal performance of magnetic GANF with increased Fe3O4

NPs concentrations, 4) high antimicrobial activity of magnetic
GANF against bacteria and fungi 5) good reusability perform-
ance of magnetic GANF.

Results and discussion

Synthesis of hybrid nanoflowers

In nanoflower synthesis, carboxyl groups in gallic acid reacted
with Cu2+ ions to initiate the nucleation of GA-Cu3(PO4)2
primary crystals as seed. In the growth step, the primary
nanocrystals continued to react with gallic acid to form large
petals, then gallic acid in petals as adhesive molecules bound
to each other. In the last step, the synthesis of nanoflower was
completed with a saturation of anisotropic.

To efficiently incorporate amino-functionalized Fe3O4 NPs to
GANF, Fe3O4 NPs were vigorously shaken with gallic acid for 1 h
followed by adding to PBS at pH 7.4. Then CuSO4 solution was
added and incubated for three days. Finally, full blooming of
nanoflowers was formed through self-assembly of Fe3O4 NPs
with gallic acid and Cu2+ ions in the PBS. Fe3O4 NPs were
adsorbed on the petals of GANF through electrostatic attrac-
tion.

Characterization of hNFs

The structure of synthesized Fe3O4 NPs was characterized via
STEM, DLS and zeta potential. In Figure 1A and 1B, STEM
images showed that amino-functionalized Fe3O4 NPs have
spherical shapes with a diameter of ∼10 nm in size. The
hydrodynamic diameter of the Fe3O4 NPs was determined as
∼50 nm by DLS (Figure 1C). The NPs are uniform in morphol-
ogy and have narrow size distribution. The surface charge of
the NPs was determined by zeta potential measurement. The
NPs had a positive zeta potential value of +15.4 mV in PBS due
to the presence of amine groups as ligands (Figure 1D).

Figure 2 showed SEM images of GANF and FeGANF. GANF
are spherical in shape and flower-like structures with a
diameter of 5 μm, which present a high surface-to-volume ratio
and adequate mono-dispersity in Figure 2A and 2B. Figure 2C–
2E displays the modified GANF with Fe3O4 NPs. As shown in
Figure 2, the morphology and the structure of GANF have not
changed by modifying Fe3O4 NPs. The magnification of SEM
image of FeGANF showed that how the NPs attached to the
petal surface of hNFs. The reason for attaching NPs to the
surface of hNFs is that the positive surface charge of Fe3O4 NPs
is suitable for interaction between phosphate groups of
negative charged Cu3(PO4)2.

The EDX spectrum and elemental mapping in Figure 3A and 3B
display element presence and distribution of FeGANF. Elemental
mapping of FeGANF provides information about Fe3O4 NPs
adsorbed to the surface of GANF, where representative element
corresponding to Cu3(PO4)2 (Cu, P and O) and NPs (Fe). These
results show that Fe3O4 NPs adsorb to the surface of GANF.

The chemical structure of Fe3O4 NPs, GANF and FeGANF
were evaluated by FT-IR, as shown in Figure 3C. In the FT-IR
spectra of FeGANF, the characteristic peaks of Fe3O4 NPs and
GANF were observed. Compared with GANF, the new absorp-
tion peaks at 2892 cm� 1 and 2988 cm� 1 for FeGANF can be
ascribed to the N� H stretching vibrations of 1,6 hexanediamine
at Fe3O4 NPs and asymmetric or symmetric stretching vibrations
of aliphatic groups of Fe3O4 NPs.[19] The peaks at 1355 cm� 1 for
Fe3O4 NPs and 1393 cm� 1 for FeGANF are derived from the
� C� N� stretching of 1,6 hexanediamine at Fe3O4 NPs.[20] GANF
and FeGANF showed the same absorption band at 1038 cm� 1,
1042 cm� 1 and 558 cm� 1 which are assigned to P� O vibrations
of Cu3(PO4)2.

[21] Accordingly, FT-IR results demonstrated that
Fe3O4 NPs was successfully introduced into FeGANF.

The structure and phase analysis of Fe3O4 NPs, GANF and
FeGANF was employed by X-ray diffraction (XRD). As shown in
Figure 3D, the crystalline diffraction peaks at 30.17°, 35.62°,
57.22° and 62.38° correspond to (220), (311), (551) and (440)
diffraction planes of Fe3O4 NPs which are matced with Fe3O4

NPs.[22–24] Both GANF and FeGANF display diffraction peaks
similar to standard cards (JCPDS#22-0548), indicating the main
constituent of samples was Cu3(PO4)2.

[21,25] Moreover, FeGANF
exhibits a diffraction peak at 35.57°, corresponding to the (311)
plane of Fe3O4 NPs. According to these results, the crystal
structure of FeGANF did not change and Fe3O4 NPs was
successfully incorporated into FeGANF.
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Figure 1. (A and B) STEM image of Fe3O4 NPs, (C) DLS data of Fe3O4 NPs, (D) Zeta potential of Fe3O4 NPs.

Figure 2. (A) SEM image of GANF, (B) SEM image of magnified GANF with boundaries. (C) SEM image of FeGANF, (D and E) SEM image of magnified FeGANF
with different 10 mg and 20 mg Fe3O4 NPs, respectively.
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Peroxidase-like activity of hNFs

Peroxidase-like activity of hNFs was investigated by using guaiacol
(GA) as the model substrate. hNFs can catalyze the oxidation of
colorless GA into amber-colored 3’-dimethoxy-4,4’-biphenylquinone

in the presence of H2O2, with a new absorption peak emerged at
470 nm observed in the UV-Vis spectra. Peroxidase-like activity of
hNFs depends on a Fenton-like mechanism. The potential
mechanism for the Fenton-like reaction of the hNFs is shown in
Eq. 1.[26]

Figure 3. (A) EDX spectrum of FeGANF. Figure inset showing SEM micrograph of FeGANF (B) Elemental mapping of FeGANF. (C) FT-IR spectrum of Fe3O4 NPs,
GANF and FeGANF (D) XRD spectrum of Fe3O4 NPs, GANF and FeGANF (E) Magnetic separation of FeGANF from solution.
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Cu2þ þ H2O2 ! Cuþ þ HOO� þ Hþ

Cuþ þ H2O2 ! Cu2þ þ OH� þ OH�

Fe2þ þ H2O2 ! Fe3þ þ OH� þ OH�

Fe3þ þ H2O2 ! Fe2þ þ HOO� þ Hþ

(1)

As shown in Eq. 1 the hydroxyl radicals (*OH) are the main
reactive species in the Fenton processes. Cu2+ ions in hNFs
react with H2O2 to form Cu+ ions and then *OH are formed as a
result of the reaction of Cu+ with H2O2. Additionally, Fe2+

reacts with H2O2 to generate Fe3+ and *OH and, subsequently,
Fe3+ ions are reduced to Fe2+.

According to Eq. 1, catalytic activity is determined by the
*OH originated from hNFs catalyzed H2O2 decomposition. The
amount of *OH depends on the composition of hNFs and H2O2

concentration. In this study, the effect of H2O2 concentration,
the amount of Fe3O4 NPs in GANF and pH of reaction condition
was studied to investigate the catalytic activities of hNFs.

The catalytic activities of GANF and FeGANF-10 (10 mg
Fe3O4 NPs in GANF) are close to each other as the concen-
tration of H2O2 increases. In the presence of 22.5 mmolL� 1

H2O2, FeGANF-20 (20 mg Fe3O4 NPs in GANF) having more
Fe3O4 NPs shows significant catalytic activity compared to
GANF and FeGANF-10 (Figure 4A). The enhancement in the
catalytic activity of FeGANF-20 is due to the formation of more
*OH as a result of the dual Fenton reaction. The catalytic
activity of hNFs is closely associated with the pH value of the
reaction solution. To find proper pH value for the Fenton like
reaction, experiments were applied at different pH values

(pH 4, pH 7, and pH 10). As shown in Figure 4B, the maximum
catalytic activity was observed at pH 7.

Dye degradation performance of hNFs

Wastewater from leather, paper and plastic contains organic
dyes harmful to human health and the environment.[13] There-
fore, wastewater must be pre-treated before being discharged.
Recently, various water remediation systems have been
developed for the treatment of wastewater. Photo-degradation
is widely used due to its cost-effectiveness and simplicity. In
the photo-degradation process, organic dyes are oxidized to
intermediate species and eventually CO2 and H2O.[27–29]

In recent years, hNFs have received considerable attention
in dye decolorization applications due to having metal cation
and porous structure.[10,30] In the present work, the photo-
catalytic behaviour of synthesized hNFs was evaluated by using
CR as anionic dye and MB as a cationic dye. The Fenton
reaction using H2O2 to generate *OH are used for the
degradation of MB and CR. According to Eq. 1, *OH are
generated as a result of reaction of Cu2+ and Fe2+ ions in hNFs
with H2O2. Highly reactive *OH attack MB and CR and effectively
degrade them as less harmful products.[31]

Herein, firstly, the concentration of dye, hNFs and H2O2

were fixed at 0.5 mgmL� 1, 1.5 mgmL� 1 and 22.5 mmolL� 1,
respectively, and the degradation of the dyes was carried out
under sunlight. The decrease in the absorption peak at 664 nm
for MB and 488 nm for CR as a function of time was used to
investigate the photocatalytic activity of the hNFs. From
Figure 5A and 6A, it can be seen that, in the presence of
FeGANF-20, the intensity of absorption peak at 664 nm for MB
and 488 nm for CR decreased with extension of incubation
time. As shown in Figure 5B, the degradation of MB with
FeGANF-20, FeGANF-10 and GANF reached 97%, 87% and
78%, respectively, after incubation for 120 min.

Figure 4. (A) Catalytic activities of hNFs. (B) Effect of pH on the catalytic activity of hNFs.
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The degradation rates of CR were 99%, 93% and 60% for
FeGANF-20, FeGANF-10 and GANF, respectively, within 150 min
(Figure 6B). Additionally, Figure 5D and 6D show noticeable
color change with time. The results reveal that degradation of
FeGANF-20 and FeGANF-10 is more efficient than GANF for two
dyes. As the amount of Fe3O4 NPs in GANF increases, the
degradation efficiency of dyes enhances even more. This event
explains that abundant Fe3O4 NPs accelerate Fe(III)/Fe(II) redox
reactions result in a higher ability to generate more *OH that
effectively attack the dyes.

In order to investigate the possible mechanism in the
present reaction system, isopropyl alcohol (IPA) was selected
because it is a scavenger for *OH.Figure S1 demonstrates the
role of IPA of different concentrations on the MB degradation
process. As IPA reacts with *OH, MB degradation was inhibited.
The degradation efficiency of MB was 80% in the presence of
2 mM IPA. However, the degradation of MB dropped to 46%
and 15% when 10 mM and 20 mM IPA was added. Based on

this result, it is clearly confirmed that *OH play a major role in
the MB degradation.

The reaction kinetics is another way to investigate the
degradation efficiency of hNFs. Figure 5C and 6C show that a
linear relationship exists between In (At/A0) and time. These
results emphasize that the kinetics of hNFs for degradation of
MB and CR can be investigated with first-order kinetics
models.[4] The first-order kinetic model can be expressed in the
following equation in Eq. 2.

InðCt=C0Þ ¼ InðAt=A0Þ ¼ � kt (2)

where, C0 and Ct are the concentration of the dyes at times 0
and t. A0 and At are the absorbance values of the dyes at times
0 and t. k is the first-order rate constant. Rate constant k value
indicates the effectiveness of the photocatalyst and it can be
determined from the slope of In(At/A0) and time.

As depicted in Table 1, FeGANF-20 exhibits a higher rate
constant for MB (0.026 min� 1) and CR (0.028 min� 1). The

Figure 5. (A) Variation of absorbance spectra of MB in the presence of H2O2 by FeGANF-20. (B) Degradation percentage of MB by FeGANF-20, FeGANF� 10 and
GANF. (C) Kinetics of MB decoloration by FeGANF-20, FeGANF� 10 and GANF. (D) Color change of MB solution with time.
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obtained k values increased from 0.0141 to 0.0264 and from
0.016 to 0.028 for MB and CR degradation, respectively when
the Fe3O4 NPs concentration in GANF increased.

The degradation efficiency of FeGANF-20 is comparable or
higher than that of previosly reported hNFs or nanozymes
(Table 2). FeGANF-20 can be employed as a promising nano-
catalyst for the waste-water treatment.

To evaluate the stability and activity of FeGANF-20 upon
multiple photo-degradation, an experimental procedure includ-
ing washing and magnetic separation was applied. FeGANF-20
was easily separated from the solution after each cycle by
applying an external magnetic force. For the first eight runs,

MB and CR degradation rate indicate a decrease at each cycle,
and residual decoloration efficiency at the eighth cycle was
72% for MB and 60% for CR (Figure 7A and 7B). The potential
reason is that reduction of dye decoloration efficiency of
FeGANF-20 after repeated use can be leaching of Fe from
FeGANF-20 during the Fenton process.[37] The other reason can
be attributed to the adsorption of dyes and their intermediate
species on the active site of FeGANF-20, obstructing the
formation of *OH.[38]

Figure 6. (A) Variation of absorbance spectra of CR in the presence of H2O2 by FeGANF-20. (B) Degradation percentage of CR by FeGANF-20, FeGANF� 10 and
GANF. (C) Kinetics of CR decoloration by FeGANF-20, FeGANF� 10 and GANF. (D) Color change of CR solution with time.

Table 1. Degradation efficiency and kinetic parameters for MB and CR.

hNFs % degradation of MB R2 k % degradation of CR R2 k

FeGANF-20 97�1.9 0.9455 0.02641 99�1 0.92675 0.02808
FeGANF-10 87�3 0.94168 0.01417 93�1.1 0.91984 0.01609
GANF 78�2.5 0.9539 0.01163 60�1.8 0.92585 0.00551

ChemistrySelect
Research Article
doi.org/10.1002/slct.202300404

ChemistrySelect 2023, 8, e202300404 (7 of 11) © 2023 Wiley-VCH GmbH

Wiley VCH Mittwoch, 29.03.2023

2313 / 294957 [S. 383/387] 1

 23656549, 2023, 13, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/slct.202300404 by A
bdullah G

ul U
niversity, W

iley O
nline L

ibrary on [25/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Antimicrobial activity

The antimicrobial property of hNFs was tested against E.coli, S.
aureus and C. albicans. MIC and inhibition zone values were
given at Figure 8 and Table 3. In comparison with the control
groups (GA, GANF and FeGANF-20) FeGANF-20 and GANF in
the presence of H2O2 caused a significant antimicrobial effect,
which could potentially be a result of *OH generation from

FeGANF-20 and GANF. According to the MIC results, application
of 50 μg/mL GANF and FeGANF-20 with H2O2 have been
reported to have an inhibitory effect against E. coli, S. Aureus
and C. albicans. Figure 8 showed that the maximum zone of
inhibition was found to be 29.3�0.9, 48.48�0.7 and 54.52�
1.1 when used FeGANF-20 in the presence of 20% H2O2 against
E. coli, S. aureus and C. albicans, respectively. The mechanism of
antimicrobial activity of nanomaterials have not been fully

Table 2. Comparison of kinetic parameters of FeGANF-20 with other hNFs and nanozymes.

Catalyst Dye k (min� 1) Time (min) Degradation efficiency (%) Reference

Kanamycin-Cu3(PO4)2 hybrid flowers Methylene blue 0.015 240 100 [33]
SC� Cu3(PO4)2 ⋅3H2O nanoflowers Methylene blue

Rhodamine B
Rhodamine 6G

0.014
0.0041
0.0036

60
60
60

– [30]

Fe3O4 microrods Rhodamine B
Methylene blue
Methyl orange

0.038
0.011
0.007

90
90
90

98
77
60

[34]

Co3O4-g-C3N4

Hemin-GDY
Rhodamine B
Methylene blue

0.014
0.0355

120
120

100
98.4

[35]
[36]

FeGANF-20 Methylene blue
Congo red

0.026
0.028

120
150

97
99

This work

Figure 7. Recyclability of FeGANF-20 for degradation of (A) MB and (B) CR.

Table 3. MIC of GA, GANF and FeGANF-20 against bacteria and fungi.

Material E. coli S. aureus C. albicans

GA �1000 1000 1000
GANF 500 500 500
FeGANF-20 500 500 500
GANF 10% H2O2 500 50 50
FeGANF-20 10% H2O2 50 50 50
GANF 20% H2O2 50 50 50
FeGANF-20 20% H2O2 50 50 50
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explained.[39] But our proposed mechanism of antimicrobial
activity can be reported as rapid denaturation of cells via *OH
induced membrane damage.[40,41]

Conclusion

In conclusion, FeGANF was successfully synthesized by the
physical adsorption of Fe3O4 NPs on the petal surface of the
GANF. Peroxidase-like activities, dye removal performance and
antimicrobial activity of synthesized hNFs were investigated
under optimal conditions. It was found that Fe3O4 NPs in GANF
could effectively increase catalytic, dye degradation and
antimicrobial activity due to the dual Fenton reaction. Among
three synthesized hNFs, the highest peroxidase-like and dye
degradation activity toward guaiacol, MB as a cationic dye and
CR as anionic dye were accomplished with FeGANF-20. The
decoloration efficiency of FeGANF-20 for MB and CR is 97%
and 99% within 120 min and 150 min, respectively. The hNFs
show excellent antimicrobial activity in the presence of H2O2. In
summary, this work presents a method for the synthesis of
magnetic hNF. This does not only increase the catalytic activity
but also provides an optimized separation performance with
the magnetic force. Additionally, magnetic hNFs have practical
applications for the degradation of both cationic and anionic
dyes. Nevertheless, magnetic hNFs can be used for remediating
pollution and water disinfection to solve environmental issues.

Experimental section
Materials. Copper(II) sulfate pentahydrate (CuSO4 ⋅5H2O), gallic
acid, Iron(III) acetylacetonate (Fe(acac)3) (97%), 1,6-hexanediamine
(98%), ethylene glycol, sodium acetate, hydrogen peroxide (H2O2,
25%w/v), isopropyl alcohol (IPA), methylene blue (MB), congo red

(CR) and phosphate buffer saline (PBS) tablets were purchased
from Sigma Aldrich. Escherichia coli ATCC 25922, Staphylococcus
aureus ATCC 25923, Candida albicans ATCC 10231 were obtained
from Erciyes University, Faculty of Pharmacy and Pharmaceutical
Microbiology research laboratory culture collection. All solutions
were prepared with ultrapure water (resistance 18.2 MΩ). All
chemicals were of analytical grade and used without further
purification.

Synthesis of amine-functionalized Fe3O4 NPs. Amine-functional-
ized Fe3O4 NPs were prepared according to reported literature with
slight modifications.[16] In the synthesis of NPs, Fe(acac)3 (0,1 g), 1,6
hexanediamine (1.2 g), sodium acetate (1.3 g) was dispersed in
ethylene glycol (10 mL) to form transparent solution. Subsequently,
the mixture was transferred to a Teflon-lined hydrothermal syn-
thesis autoclave and was heated at 200 °C for six hours. After
incubation, the product was allowed to cool down to 25 °C and
washed with hot water and ethanol to remove unbound 1,6
hexanediamine. An external magnetic force collected the obtained
product.

Synthesis of GANF. GANF was synthesized according to the
reported approach.[7,42,43] Briefly, an aqueous solution of CuSO4
(120 mM, 66 μL) was added to 10 mL phosphate buffer saline (PBS)
solution (10 mM, pH 7.2) containing 0.02 mg/mL gallic acid. After
the incubation at 25 °C for 3 days, the mixture was centrifıged to
collect the precipitates formed at the bottom. The obtained
product was washed with deionized water and dried at 45 °C.

Synthesis of magnetic GANF (FeGANF). In the synthesis of
FeGANF, different amounts of Fe3O4 NPs (10 mg and 20 mg) were
added to 20 mL of gallic acid solution (1 mgmL� 1). The mixture was
vigorously shaken with vortex for 1 h and then was added to PBS
solution (10 mmolL� 1, pH 7.4). Subsequently, an aqueous solution
of CuSO4 (120 mmolL� 1) was added to the resulting mixture and
incubated at 25 °C for three days without disturbing. The product
was collected by external magnetic force and washed with water
several times. Finally, synthesized magnetic nanoflowers were dried
at 45 °C.

Figure 8. Antimicrobial activities of hNFs.
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Peroxidase like activity of hNFs: Peroxidase-like activity of hNFs
was studied by catalyzing the oxidation of guaiacol in the presence
of H2O2. First, 1 mL of 45 mmolL� 1 guaiacol and 1 mL of
22.5 mmolL� 1 H2O2 were mixed in 1 mL buffer solution containing
hNFs (1.5 mg). After incubation, the resulting mixture was centri-
fuged and color change of supernatant based on guaiacol
oxidation was measured at 470 nm using UV-Vis spectrophotom-
eter. PBS (10 mmolL� 1, pH 7), sodium acetate (10 mmolL� 1, pH 4)
and Na2CO3/NaHCO3 (10 mmolL� 1, pH 10) were used as buffer
solutions for determining optimum conditions.

Dye degradation. MB and CR were chosen as typical dyes to
investigate the degradation efficiency of hNFs. At first stock dye
solutions (0.5 mgmL� 1) were prepared. Then 1 mL stock dye
solutions were mixed with 1 mL H2O2 (22.5 mmolL� 1) and 1 mL
hNFs (1.5 mg) using the buffer solutions described above. The
reaction mixture was incubated at room temperature.

The hNFs were separated by centrifugation or magnetic force. The
absorbance values of supernatant were measured at the character-
istic absorption wavelength of each dye at an interval of 15 min.
The following equation was used to calculate dye decolorization in
Eq. 3.

% Dye decolorization : ½ðA0-A1Þ=A0�*100 (3)

A0: The absorbance value at the degradation time of 0 min. A1: The
absorbance value at a certain time.

To test the reusability of FeGANF-20, these were collected and
washed with deionized water and then added to a new dye
solution containing H2O2. This process was repeated eigth times to
test the repeatability of hNFs.

Antimicrobial activity of hNFs. The antimicrobial activities of hNFs
were performed against E. coli ATCC 25922, S. aureus ATCC 25923
and C. albicans ATCC 10231 using disk diffusion method. Bacteria
cells were grown at 37 °C for 24 h in Mueller Hinton Agar (MHA)
and fungi cells were cultured at 37 °C for 24 h in RPMI. The 6 mm
diameter sterile discs were impregnated with 25 μgmL� 1 of each
sample and incubated at 37 °C for 24 h or 48 h for bacteria or fungi,
respectively. After incubation period, the diameters (mm) of
inhibition zones were measured. The minimal inhibitory concen-
tration (MIC) values were determined by the broth microdilution
method from serial dilutions of GA and hNFs (1000 to 50 μgmL� 1)
in MH broth (MHB) for bacteria and RPMI medium for C. albicans.
The concentrations of microorganism were 1×108 CFUmL� 1 at 0.5
McFarland standard turbidity. GA, hNFs and bacterial and fungi cell
solutions were separately mixed in 96-well microplates and
incubated at 37 °C for 24 h for bacteria and 48 h for C. albicans.
Plates without any GA or hNFs were used as negative control.
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