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ABSTRACT: Free radicals produced during metabolism induce effects, such as cell damage
and cancer, because of their high reactivity. Although antioxidants in food products can
eliminate free radicals, they are expelled within a relatively short period of time after serving
their function. In this study, we investigated the possibility of using metal—organic
frameworks (MOFs) with antioxidants as their ligands. Metal—organic frameworks are
crystalline polymers with repetitively coordinated ligands and metal centers. We assume that
once antioxidant-based MOFs are ingested, ligands are released on a long-term basis during
the process of chemical and physical disintegration. To evaluate their eligibility, we
established criteria for biocompatibility, particle size, and long-term antioxidant effects. For
biocompatibility, we treated cells with various concentrations of MOFs and their precursors
followed by a water-soluble tetrazolium 8 (WST-8) assay. The particle size distribution was
analyzed using TEM and Image]J software, and the antioxidant release was quantified using
UV—vis spectroscopy. We concluded that Fe-based FeTHQ with the antioxidant
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tetrahydroxy-1,4-benzoquinone (THQ) as its ligand is the most effective long-term antioxidant with its effect lasting up to 7
days. Furthermore, microwave synthesis of FeTHQ was conducted to produce more suitable particles for in vivo antioxidant

applications.

1. INTRODUCTION

Antioxidants play an essential role in cellular health by
removing free radicals created during metabolic processes.
Although cells have a built-in mechanism of free radical
removal, such as the enzyme superoxide dismutase, it is not
sufficient to fully protect the cell from damage. Therefore,
antioxidants must be ingested for optimal health." Despite the
well-documented benefits of antioxidants, their effective
delivery and long-term retention in the body pose significant
challenges. The rapid metabolism and excretion of antioxidants
limit their potential to counteract oxidative stress over
extended periods. This limitation underscores the need for
innovative strategies to enhance the bioavailability and
persistence of antioxidants within the body. Metal—organic
frameworks (MOFs), because of their unique structural
features and chemical versatility, offer a promising platform
for addressing these challenges.

Metal—organic frameworks (MOFs), characterized by their
crystalline porous structure composed of metal ions coordi-
nated to organic ligands,2 have emerged as a novel class of
materials with diverse applications, including gas storage,
separation, and catalysis.” In the field of biomedicine, MOFs
have shown potential for drug delivery, thereby highlighting

time.* In another study, gallic acid, an antioxidant, was used as
a ligand for MOFs and its ROS (reactive oxygen species)
concentration was measured over 24 h. However, no study
has been conducted on the long-term antioxidant effects of
MOFs. MOFs incorporate the antioxidant ligands into a bulky
crystal, which leads to longer circulation time compared with
single ligands and slow, controlled release of antioxidants. This
study leverages the versatility of MOFs to explore their
capacity as carriers of antioxidants and aims to provide a
sustained antioxidant effect that overcomes the limitations of
conventional antioxidant supplementation.

Given the potential adverse effects associated with some
antioxidant compounds, such as the strong odor of thiols, this
research focuses on catechol ligands for their favorable
properties (Figure 1). Catechol, classified as phenol, is a
generic term for benzene structures with two hydroxyl groups
attached at the ortho position. The antioxidant properties of
catechol are realized through the removal of hydrogen from the
hydroxyl group. This study aims to synthesize catechol-based
MOFs and evaluate their antioxidant efficiency, biocompati-
bility, and particle size distribution to ensure optimal
absorption and circulation within the body.
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Figure 1. Ligand candidates and their respective MOFs. (a) Ellagic
acid, (b) THQ, (¢) HHTP, (d) SU-101 [(C,,H¢Bi,Oy,),2(H,0),
CCDC ref. code: DUVNOA], (e) FeTHQ [(C,sFe,O45),-6(H,0),
CCDC ref. code: QAMDOB], and (f) Cu-CAT-1 [Cu;(C15HgOg),,
CIF file obtained from Zenodo®]. By investigating ligands that take
the form of catechols in the Cambridge Structural Database,” 2199
candidates were derived. Considering the rigidity and symmetry of the
ligands, ellagic acid, THQ, and HHTP were selected to determine
whether they could act as MOF linkers. Considering the toxicity of
metal ions,® bismuth-based SU-101, iron-based FeTHQ, and copper-
based Cu-CAT-1 MOFs were selected.

2. EXPERIMENTAL SECTION

2.1. Chemicals. Bi(OAc);, FeSO,-7H,0, KMnO,, trolox,
copper(Il) trifluoroacetylacetonate, N-methyl-2-pyrrolidone
(DMF), dimethylformamide (DMF), HCl, and acetic acid
were purchased from Sigma-Aldrich. 2,2’-Azino-bis(3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS), ellagic acid, tetrahy-
droxy-1,4-benzoquinone (THQ), and 2,3,6,7,10,11-hexahy-
droxytriphenylene (HHTP) were obtained from TCI Chem-
icals. Ethyl alcohol (EtOH) was purchased from SAMCHUN
Chemical.

2.2. MOF Synthesis. The MOFs were synthesized by using
the following methods. For SU-101 (CCDC ref. code:
DUVNOA), 0.15 g of ellagic acid and 0.38 g of Bi(OAc),
were added to a 6% acetic acid solution and stirred at rt for 48
h.” For FeTHQ (CCDC ref. code: QAMDOB), 0.03 g of
THQ was dissolved in a solution consisting of 5 mL of DMF
and S mL of H,O, whereas 0.0969 g of FeSO,7H,0 was
dissolved in 10 mL of H,0O. The two solutions were combined
in a 20 mL scintillation vial, sonicated, and then kept in an
oven (DKN 302 Oven) at 80 °C for 12 h.'"” Cu-CAT-1 (CIF
file obtained from Zenodo®) was synthesized using a slightly
modified solvothermal method."" A 0.0750 g amount of
HHTP and 0.1050 g of copper(Il) trifluoroacetylacetonate
were dissolved in 10 mL of H,O. NMP (1 mL) was added to

this solution. The reaction mixture was heated in an oven at 85
°C for 12 h.

Additional synthesis of FeTHQ was attempted under various
conditions in order to optimize the particle size. Solvothermal
method was carried out with different synthesis time
conditions of 1, 3, 6, and 12 h. Microwave synthesis (Discover
SP Microwave, CEM Corporation) was also conducted
because they are known for yielding smaller crystals because
of the promotion of fast nucleation, therefore satisfying our
purpose.’” Solutions of 5 mL of THQ and FeSO,-7H,0 with
the same concentration as that used in the solvothermal
method were pipetted into a 40 mL microwave reaction vessel
and gently mixed through shaking. Fixed power method was
used with a total of 18 combinations of varying time and power
conditions.

After synthesis, the products were centrifuged at 4000 rpm
for 10 min, and the supernatant was discarded. Solvent
exchange was performed once in H,O and twice in EtOH
through vortexing. The powder was then dried in a 60 °C
vacuum oven for 3 h, which resulted in activation.

2.3. MOF Characterization. The structures of the
synthesized MOFs were elucidated by using X-ray diffraction
(Rigaku MiniFlex 600) and IR spectroscopy (PerkinElmer
Frontier FT-NIR). The particle size and morphology of each
MOF were observed by using SEM (Zeiss GeminiSEM 500).
In order to further characterize the microwave-synthesized
FeTHQ, TGA (Scinco) and SEM (TESCAN S$8000) analyses
were additionally conducted. PXRD results of the TGA
remnants were also investigated.

2.4. In Vitro Biocompatibility Test. The cytotoxic
activities of the synthesized MOFs and their precursors were
analyzed by using a WST-8 assay. Neural stem cells collected
from the subventricular zone of mice were cultivated in 96-well
plates supplemented with the NS medium. Particle suspensions
were prepared as a dilution series in N5 medium from 1 to 10
pug/mL. After treatment, the medium was replaced with the
original NS medium, and the cells were further incubated for
24 h in 5% CO, and 37 °C condition (Forma Series II water-
jacketed CO, incubator). The cytotoxicity was determined by
adding WST-8 reactant. A VersaMax microplate reader was
used for quantitative analysis of the cell viability. WST-8 Cell
Viability Assay Kit was purchased from Quanti-Max, and N5
medium was prepared in advance according to a previous
report."” Phosphate-buffered saline (PBS) was purchased from
GenDEPOT.

For the long-term biocompatibility test, we used Caco2 cells
(purchased from Korean Cell Line Bank), which are human
epithelial cells originated from the colon and commonly used
as model cells for human small intestinal enterocytes. The
frozen cell stock was thawed and directly plated in 96-well
plates. The next day, the medium was replaced with fresh
medium containing particles from 1 to 62 pug/mL with serial
dilution. WST-8 cell viability test was performed after 6 days of
incubation in particle containing medium. Culture medium
was Dulbecco’s Modified Eagle Medium supplemented with
10% fetal bovine serum (GenDEPOT), and penicillin/
streptomycin (Sigma).

2.5. Antioxidant Capability Analysis. In order to mimic
the intake pathway of the particles when ingested, 0.1 g of each
MOF powder was stirred in HCl(aq) set to pH 2 for 2 h.
Then, 1 mL of each of the solutions were collected in a 1.5 mL
E-tube. Centrifugation was conducted to separate the MOF
particles and supernatant. The remaining amount of the MOF
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Figure 2. PXRD results of synthesized SU-101, FeTHQ, and Cu-CAT-1 and their simulated graphs

suspension was also centrifuged and activated to obtain
pristine powders. The powder was then suspended in 30 mL
of a PBS buffer and constantly stirred at 200 rpm. At every 12
h interval, 1 mL of the suspension was pipetted and then
centrifuged to obtain the supernatant and powder. Particle size
distribution analysis using TEM and antioxidant effect analysis
with UV—vis spectroscopy (LAMBDA 365 UV—vis spectro-
photometer) was performed to comprehensively evaluate each
MOF’s antioxidant capability.

2.5.1. Particle Size Analysis. The powders obtained during
the initial pH 2 HCI suspension and each time interval in PBS
were subjected to PXRD and TEM particle counting in order
to qualitatively and quantitatively analyze the temporal change
in particle size distribution. TEM analysis (Hitachi TEM H-
7600) was performed on the powders and was combined with
particle size counting using Image] software.'* The size of 120
particles was measured from all samples.

2.5.2. Antioxidant Effect Quantitation. Oxygen radical
absorbance capacity (ORAC) assay is a method for
quantitatively measuring antioxidant activity with the dimen-
sion of ymol trolox ¢!, which indicates the effectiveness of the
antioxidant compared with the vitamin-based antioxidant
trolox. Alternatively, antioxidant activity can be measured
through ABTS assay, which also uses trolox as a standard
reference material with the final value represented as TEAC
(trolox equivalent antioxidant capacity).'> Therefore, we
performed an ABTS assay to calculate the TEAC value and
then converted it to the ORAC.

To quantify the antioxidant capacities of MOFs and their
precursor ligands, ABTS standard solution was prepared
according to prior research.'® Standard solutions of ellagic
acid, THQ, HHTP, and trolox were prepared and dissolved in

EtOH. All solutions were diluted 2-, 4-, and 8-fold. Ten uL of
each solution was mixed with 990 uL of ABTS standard in a
plastic cuvette, and the absorbance at 734 nm was measured.
All experiments were repeated three times to yield a calibration
curve having % inhibition as the y axis. After calculating the
ICy, value of the ligands and trolox, the TEAC value was
calculated according to eq 1. Finally, the TEAC value was
converted to the ORAC value according to eq 2.

IC,, of trolox

TEAC = ———
IC,, of sample (1)

TEAC
MW, 1,,(250.29 g mol ")

ORAC(umol trolox g ') =

)

Calibration curves of standardized PBS solutions of ellagic
acid, THQ, and HHTP were obtained through UV—vis
analysis after selecting a representative peak (204, 319, and 274
nm, respectively, for ellagic acid, THQ, and HHTP in pH 2
HCI; 276, 363, and 274 nm, respectively, for ellagic acid, THQ,
and HHTP in PBS). UV—vis analysis was performed on the
supernatant samples collected during the intake mimicking
suspensions. The absorbance values of the supernatants were
fitted into their respective calibration curves to determine the
amount of ligand expelled during each time period. The value
was then normalized to the ligand production per unit mass of
each MOF to yield the ORAC value of the MOFs.

2.6. Dynamic Light Scattering (DLS) Analysis. Both a
0.1 g amount of microwave-optimized FeTHQ and of
solvothemally synthesized FeTHQ were each immersed in
30 mL of PBS buffer solution and stirred constantly at 200
rpm. Two mL samples were collected every 24 h for 7 days.
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DLS analyzer (LS 13 320 particle size analyzer, Beckman
Coulter) was used to observe temporal changes in the particle
size distribution. We assumed that DLS analysis would yield
distribution results that exhibit particle behavior in the
suspension state.”

3. RESULTS AND DISCUSSION

3.1. MOF Synthesis. The synthesis of SU-101 resulted in
the production of a yellow powder, whereas the synthesis of
FeTHQ and Cu-CAT-1 resulted in black crystalline materials.
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Figure 3. IR graphs of SU-101, FeTHQ, and Cu-CAT-1 and their
catechol ligands ellagic acid, THQ, and HHTP.

3.2. MOF Characterization. The peaks derived from
PXRD analysis matched those of the previously reported
structures.”” "' (Figure 2). IR analysis showed a decrease in the
depth of the O—H stretch in the wavenumber range of 3000—
3500 cm™’, thereby proving the successful coordination of the
metal ions and the deprotonated hydroxyl groups of each
ligand (Figure 3). Rod-shaped crystals are observed in the
SEM image of SU-101 (Figure 4a). FeTHQ had aggregated
globular crystals, as shown in Figure 4b. Cu-CAT-1 showed
thin planar crystals (Figure 4c).

3.3. In Vitro Biocompatibility Test. The biocompatibility
of MOFs and their precursors is critical for antioxidant
applications. The WST-8 assay showed that all substances,
including metals, ligands, and MOFs, maintained over 100%
viability at concentrations up to 10 ug/mL. Considering that
cell viability is calculated by the ratio of absorbance, cases
where the percentage exceeded 100% are valid to be
considered as total survival. Therefore, SU-101, FeTHQ, and
Cu-CAT-1 were safe for in vivo use at concentrations of less
than 10 ug/mL (Figure 5).

In terms of long-term biocompatibility, the viability of
Caco2 cells after 6 days of incubation with each of the MOFs is
shown in Figure 6. Both SU-101 and FeTHQ demonstrated
over 60% cell survival at concentrations up to 62 pg/mL. In
contrast, the viability of Caco2 cells incubated with Cu-CAT-1
decreased progressively with increasing concentrations and
reached as low as 13% at the highest concentration tested. As
Mg-MOF-74, a MOF widely studied for drug delivery because
of its biocompatible nature, resulted in having an IC;, value of
40 pg/mL in a previous study,'® our result indicates that SU-
101 and FeTHQ are feasible long-term antioxidants.

100 nm EHT = 3.00kV
M 50.00 K X

Signal A = InLens Date: 1 Jul 2022
WD = 6.9mm ESBGridis= 0V

300 nm EHT = 3.00 kV
Mag= 20.00 K X

Signal A = InLens Date: 1 Jul 2022

WD = 49 mm

(c)

Figure 4. SEM image of synthesized MOFs: (a) SU-101, (b) FeTHQ,
and (c) Cu-CAT-1.

ESBGridis= 0V

3.4. Structural Degradation of FeTHQ Using PXRD.
Structural degradation is necessary for the release of the
antioxidant ligands. The PXRD results in Figure 8 show a
gradual decrease in the main peaks of FeTHQ over time, which
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Figure S. Cell viability results of MOFs and their precursors: (a) SU-
101, (b) FeTHQ, and (c) Cu-CAT-1.

almost loses its main peaks after 200 h. Cu-CAT-1 also showed
a decrease in the intensity of the main peaks, but the peaks
were still visible after 200 h. SU-101 showed no significant
decrease in the main peaks. Since degradation is proportional
to antioxidant release, we can assume that antioxidant effect
will take the sequence of FeTHQ > Cu-CAT-1 > SU-101.
3.5. ABTS Assay. The TEAC and ORAC values of each
ligand are given in Table 1. These values are in agreement with
the structures because HHTP has the most hydroxyl groups

1 3 7 15 31 62
Concentration (ug/mL)

Figure 6. Long-term biocompatibility results of synthesized MOFs.
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Figure 7. Comprehensive graph of 12 h interval of ORAC values of
MOFs. The initial green dots stand for the ORAC values quantified
when the MOFs were immersed in a pH 2 HCI solution for 2 h. The
subsequent dots indicate instances when the MOFs were suspended
in PBS solution.

with extended conjugation length, which remain stable even
after deprotonation. Ellagic acid has less conjugation compared
with HHTP, and THQ_ has the shortest conjugation length
with one arene group.

3.6. Antioxidant Capability of MOFs. 3.6.1. Particle Size
Distribution Analysis. Particles between 0.1 and 100 ym in
size, classified as microparticles (MPs), are absorbed in the
small intestine and accumulate in the liver within S h after
intake. MPs under 200 nm can pass through the liver and
circulate in the blood until a gradual breakdown to the
nanometer range enables filtration through the kidneys.
Particles larger than 1000 nm are absorbed at a very low rate
and mostly excreted.'” Therefore, our goal is to synthesize a
MOF between 200—1000 nm in size to ensure maximum
absorption and circulation within the body.

The MOFs showed a decrease in the average particle size
over time. SU-101 showed a significant reduction in particle
size with most particles being less than 300 nm in size, as
shown in Supplementary Figure 1b. FeTHQ showed a similar
decreasing tendency, albeit not as significant as SU-101
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Figure 8. PXRD graphs of MOF in PBS and pH 2 HCI solution
showing apparent structural degradation of FeTHQ compared with
SU-101 and Cu-CAT-1.

Table 1. TEAC & ORAC Values of Antioxidant Ligands

ellagic acid THQ HHTP
TEAC 2.03276 1.25473 4.03925
ORAC (umol trolox g™*) 8121.6 5013.1 16138

(Supplementary Figure 1d). Cu-CAT-1 contained a consid-
erable number of large particles compared with SU-101 and
FeTHQ (Supplementary Figure 1f).

3.6.2. UV-Vis Quantification. For SU-101, less than 15
ORAC equivalents of ellagic acid were expelled during each 12
h interval (Supplementary Figure 2a). Considering that there
are negative values of antioxidant production in some intervals
resulting in an average of 2.4 mol % of the ORAC, we can
assume that the release of ellagic acid from SU-101 is near 0.

In the case of FeTHQ, 4680 ORAC of THQ were emitted
during the 0—12 h interval. After that, an average of 332
ORAC of ligand was constantly produced every 12 h. During
the 2 h of FeTHQ in HCl, 727 ORAC of THQ were expelled
(Supplementary Figure 2b).

For Cu-CAT-1, 247 ORAC equivalent of HHTP was
released in the first 2 h in HCI, which was the highest amount
in all time periods. On the basis of this result, we assumed that
Cu-CAT-1 is unstable in an acidic environment. The material
showed an average of 8 ORAC releases in the following
intervals (Supplementary Figure 2c). The comprehensive
results of the antioxidant effects shown in Figure 7 align
with the predicted order in Figure 8.

3.7. Size-Optimal Synthesis of FeTHQ. Biocompatibility
tests showed that all three MOFs were suitable for biological
applications. Particle size distribution analysis determined that
SU-101 and FeTHQ had optimal sizes for absorption in the
body and an adequate circulation time. However, SU-101 did
not exhibit a significant antioxidant activity. Therefore,
FeTHQ was selected as the final candidate as a long-term
antioxidant MOF. Subsequent experiments were conducted to
optimize its particle size.

3.7.1. Solvothermal and Microwave Synthesis. Particle
size distributions of synthesized FeTHQ_ are presented in
Figure 9. Ironically, the solvothermal FeTHQs had smaller
average particle sizes than the microwave FeTHQ_series. In
contrast, the microwave FeTHQs had a smaller proportion of
crystals exceeding 1 um in diameter and a narrower
distribution in general.

The proportion of crystals less than 1 pm in diameter
according to different synthesis procedures were measured
(Supplementary Tables 1 and 2). For some of the microwave-
assisted methods, the product yield was insufficient for particle
size analysis. By selecting the combinations that resulted in
more than 99% of crystals under 1 ym, a total of seven cases
were chosen as FeTHQ candidates: 1 min at 100W, 10 min at
100 W, 30 s at 200 W, 30 s at 300 W, 1 min at 300 W, 5 min at
300 W, and 10 min at 300 W.

3.7.2. Characterization of FeTHQ Candidates. The PXRD
results of the microwave FeTHQs generally had a much lower
intensity than the solvothermally synthesized FeTHQ. This
could be explained by the fact that MOF crystals have a shorter
crystallization time when synthesized by using microwaves.
However, the main peaks of the microwave series matched
those of solvothermal FeTHQ (Supplementary Figure 3).

The IR results for the microwave series are shown in
Supplementary Figure 4. We focused on the degree of
lessening of the depth of the O—H stretch in the 3000—
3500 cm™' wavenumber range, which represents successful
coordination between the deprotonated hydroxyl groups and
metal ions. The 1 min at 300 W combination showed the
greatest reduction in the depth of the O—H stretch compared
with other methods. Considering the yield and PXRD intensity
results, this combination was selected as the final candidate.

The SEM images of synthesized FeTHQ_ are shown in
Figure 10. There is a clear particle size difference between the
two synthesis methods, which conflicts with the previous
particle size analysis results obtained using DLS in Figure 11.
We suggest that agglomeration of microwave-synthesized
FeTHQ occurs in suspension, which is explained in detail
later. Microwave FeTHQ had a uniform particle size in
contrast with the different sizes of solvothermal FeTHQ
crystals.

The TGA curves of solvothermal FeTHQ_ and microwave
FeTHQ showed similar tendencies (Supplementary Figure S).
Because the powder form size of the microwave FeTHQ
particles is smaller, a larger surface area would be in contact
with the heat source, thereby leading to accelerated
degradation and weight loss. However, the final weight
percentages of the two materials are almost the same (41.8%
for solvothermal FeTHQ, 39.8% for microwave FeTHQ).

The PXRD peaks of both solvothermal FeTHQ and
microwave FeTHQ remnants matched the simulated PXRD
peaks of the Fd3m-type Fe;O, (Supplementary Figure 6).

3.7.3. Farticle Size Distribution of Microwave FeTHQ and
Solvothermal FeTHQ. The particle size distribution of
solvothermal FeTHQ shifted to the right when it was stirred
in PBS, which indicated the presence of larger particles.
Strangely, there was little or no tendency to decrease in the
over time. In the case of microwave FeTHQ, each size
distribution had a wider range compared with the previous
dispositions even though the mode decreased continually. We
assume that cations present in PBS, such as sodium and
potassium, induce electrostatic screening, which causes
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Figure 9. Particle size distribution graphs of FeTHQ synthesized under various conditions. The first graph indicates the solvothermal-synthesized
FeTHQ in different times, and the subsequent graphs are the results of microwave-synthesized FeTHQ at varying times and power conditions.

agglomeration between the FeTHQ particles”® and leads to the
detection of larger particles (Figure 11).

4. CONCLUSION

Ellagic acid-based SU-101, THQ-based FeTHQ, and HHTP-
based Cu-CAT-1 were studied as effective antioxidants.
Considering the three criteria for an effective antioxidant,
optimal particle size, biocompatibility, and long-term effects,
FeTHQ proved to be an eligible antioxidant. FeTHQ _released
an average of 332 ORAC units of antioxidant capacity every 12
h interval, which surpasses the antioxidative capability of
common vegetables.”!

To discover the conditions for synthesizing FeTHQ_ with
optimal particle size, we conducted microwave-assisted
methods with different time and power conditions and
compared them with conventional solvothermal methods. As
a result, the solvothermal-synthesized FeTHQ_had a broader
size distribution but a smaller mode. In contrast, the
microwave-synthesized MOFs had a narrower distribution,
and 300 W conditions yielded the smallest crystals.
Considering the proportion of small crystals (<1 ym), along
with the PXRD and IR results, we concluded that 1 min at 300
W was the optimal condition for yielding the most “usable”
crystals: particles with adequate size to be absorbed in the
body without being excreted.

However, the introduction of particles over 200 nm in size
into Kupffer cells and the potential subsequent lysosomal

degradation presents a complexity that warrants further
investigation.”> The acidic environment of lysosomes may
affect the stability of FeTHQ and its antioxidant production,
thereby potentially having adverse effects on the cells. In that
sense, in vitro biocompatibility tests using Kupffer cells should
be conducted, as well as analysis of MOF stability in the
lysosomal environment to ensure not only the efficacy but also
the safety of FeTHQ as an antioxidant.

Nevertheless, the promising results of FeTHQ_ encourage
further exploration into its applications in the medical and
nutritional fields, which emphasizes the need for comprehen-
sive studies on its intake pathways and interactions within
biological systems. Future studies should aim to address these
concerns to pave the way for the development of safe and

effective long-term antioxidant therapies.
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Figure 10. SEM image of (a) solvothermal FeTHQ, 15000X; (b) microwave FeTHQ, 15000X; (c) solvothermal FeTHQ, 50 000x; and (d)

microwave FeTHQ, 50 000X.
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Figure 11. Particle size distribution change of solvothermal-synthesized FeTHQ_and microwave-synthesized FeTHQ over 7 days.
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