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rties of iron oxide nanoclusters
and their application as a colorimetric glucose
detection probe†

Dahyun Bae, Minhee Kim and Jin-sil Choi *

Nanozymes have attracted attention owing to their distinct catalytic capabilities and potential applications,

being advantageous compared to natural enzymes in terms of storage and cost efficiency. In this study, we

investigated the enzymatic properties of iron oxide nanoclusters (IOCs) formed through the clustering of

small nanoparticles. Our findings reveal that the enzymatic activity of IOCs is enhanced as their size

increases. Additionally, we demonstrated that the size of the unit particles within IOCs is highly

dependent on the nucleation environment, which is a crucial factor in determining the overall size of the

IOCs. Importantly, the surface area of IOCs is more closely related to the size of the individual unit

particles rather than the entire cluster. Smaller unit particle sizes within IOCs resulted in an increase in

nanocluster size, thereby augmenting the specific surface area. The optimal IOC exhibited superior

stability under various conditions and a broader range of reactivity compared to natural enzymes, making

it a promising probe material for point-of-care tests across diverse environments. Furthermore, its

effectiveness as a glucose detection probe was demonstrated, highlighting its potential for practical

applications. The remarkable enzyme-like efficacy of IOCs not only enhances their utility in on-site

detection technologies but also establishes them as a versatile detection probe.
Introduction

Nanozymes, a class of articial enzymes based on nano-
particles, have emerged as promising alternatives for natural
enzymes for various applications. Natural enzymes have been
applied to sensor systems and chemical synthesis procedures
owing to their remarkable catalytic efficiency and specicity,1

however, they exhibit limitations such as low yield, expensive
purication processes, and instability in diverse environments.2

Nanomaterials offer a promising solution to these challenges
owing to their distinctive physicochemical properties, robust
functional characteristics, adjustable catalytic capabilities,
precise structural compositions, resilience to harsh conditions,
ease of modication, excellent stability, and suitability for large-
scale production.3–6 Based on this, the attention of researchers
has been drawn to design optimal nanozymes for wide appli-
cations of nanozymes in various biological systems including
sensing.7 For example, metal–organic framework (MOF)-on-
MOF nanozymes, which integrate multiple anisotropic MOFs
into a single unit, offer increased active sites, thereby enhancing
ngineering, Hanbat National University,

nbat.ac.kr

ation (ESI) available: Material
al, TGA, XRD, and XPS of IOCs and
with different concentration. See DOI:

the Royal Society of Chemistry
catalytic activity due to their heterogeneous components and
diverse structures.8–11 Consequently, MOF-on-MOF nanozymes
present a novel signal amplication strategy for electro-
chemiluminescence bioassays, paving the way for practical
clinical applications of MOFs in ultrasensitive immunoassays.
Doping of metal into carbon nanostructure can improve their
enzymatic activity to allow sensitive detection of various targets
in colorimetric sensor platforms.12,13 Single-atom nanozymes
can exhibit higher catalytic efficiency and selectivity due to
maximized atom utilization.14,15 In this context, nanozymes
exhibit immense potential for applications in biosensing, bio-
imaging, and therapeutic interventions for various
diseases.4–6,16–18 Therefore, studies have focused on developing
diverse nanozymes, including those based on metal oxides,
metal nanoparticles, carbon dots, and ferritin, all of which
exhibit high enzyme-like activities.4,6,17,19–21

Fe3O4 nanoparticles have demonstrated intrinsic enzyme-
mimetic activities similar to those of natural peroxidases
despite being traditionally regarded as biologically and chemi-
cally inert.16,17,22–26 In biomedical applications, iron oxide
nanoparticles are used as sensor probes or therapeutic agents to
catalyze the decomposition of H2O2 into highly reactive
hydroxyl radicals or scavenge reactive oxygen species (ROS).27,28

Efforts to enhance the catalytic performance of iron oxides have
focused on the formation of complexes with carbon-based
materials or other oxides, resulting in improved enzyme-like
activities across diverse pH levels.19,21,29,30 The peroxidase-like
RSC Adv., 2025, 15, 4573–4580 | 4573
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activity of bare Fe3O4 nanoparticles is attributed to their
exposed surfaces, enabling efficient catalytic degradation of
microplastics and facilitating easy recovery of the Fe3O4 surface
coating.31,32 In addition, the catalytic efficacy of iron oxide is
inuenced by its exposed facets, with particles exhibiting highly
exposed [110] facets demonstrating a superior enzymatic
activity.33–35 The incorporation of Co into Fe3O4 NPs has been
explored to enhance the multi-enzymatic activity of nanozymes
and improve their therapeutic efficacy.36 In terms of nano-
particle size, smaller nanoparticles have been reported to
exhibit enhanced enzymatic activities.22,37,38 Among the various
shapes of Fe3O4 nanoparticles, including nanoclusters, nano-
owers, nanodiamonds, octahedral or triangular plates, and
dodecahedral shapes, cluster spheres exhibit exceptional
peroxidase-like activity.33–35 Nonetheless, further research is
required to elucidate the factors inuencing the enzymatic
properties of nanozymes, thereby expanding their potential
applications in various elds. Specically, although iron oxide
nanoclusters (IOCs) have demonstrated superior enzymatic
activity, the factors that enhance their activity remain unex-
plored. Thus, future investigations should focus on optimizing
the performance of IOCs as nanozymes, thereby unlocking their
full potential for diverse applications.

In this study, we investigated the size-dependent enzyme-like
activities of IOCs. By examining the factors contributing to size
dependency, we elucidated the advantages conferred by the
clustered structure in enhancing enzymatic performance.
Furthermore, we compared the enzymatic activity of IOCs to
that of natural enzymes, such as horseradish peroxidase (HRP),
under various environments to reveal their advantages over
natural enzymes. Moreover, the optimized IOCs were proven to
be efficient as colorimetric probes for glucose detection appli-
cations. This investigation provides essential insights into the
structural advantages that inuence enzyme-like properties and
paves the way for the development of commercially available
probes capable of replacing natural enzymes.
Experimental section
Reagents

All the reagents are listed below and were used as received without
any purication: iron(III) chloride hexahydrate (97%, Sigma-
Aldrich), ethylene glycol (99.5%, Samchun), sodium hydroxide
(Duksan), anhydrous sodium acetate (NaOAc, Duksan), PAA
(M.W.: 2000, 50% aqueous solution, Across Organics), sodium
citrate dihydrate (99.0%, Daejung), anhydrous citric acid (99.5%,
Samchun), anhydrous sodium phosphate dibasic (99.0%, Sam-
chun), sodium bicarbonate (99.5%, Duksan), anhydrous sodium
carbonate (99.0%, Samchun), hydrogen peroxide (34.5%, Sam-
chun), TMB (TCI), HRP (Sigma-Aldrich), anhydrous dimethyl
sulfoxide (99.8+%, Alfa Aesar), anhydrous dextrose (99.5%, Sam-
chun), and glucose oxidase (GOx) from Aspergillus niger (Type VII,
Sigma-Aldrich).
4574 | RSC Adv., 2025, 15, 4573–4580
Equipment

The size of IOCs was analyzed via Cold Type FE-SEM (S-4800,
Hitachi High Technology, Japan) and FE-TEM (200 kV Cs,
HITACHI HF5000, Hitachi High Technology, Japan). The
hydrodynamic sizes and surface charges of IOCs were measured
using a Zetasizer (ZSU3200; Malvern Panalytical, UK). XRD
(SmartLab, Rigaku, Japan) analyses were performed to deter-
mine the crystal structures of IOCs. The absorbance of IOCs was
measured using a plate reader (Multimode Microplate Reader,
SpectraMax M2e, Molecular Devices). XPS (K-Alpha+, Thermo
Fisher Scientic, Waltham, MA, USA) was used to analyze the
oxidation states of IOCs. The quantity of polymer coating of
IOCs was determined via TGA (TGA-DSC 1 STARe, Mettler-
Toledo, heating rate: 10 °C min−1, atmosphere: nitrogen gas).
The specic surface areas of IOCs were measured using the BET
theory (BELSORP-miniII, BEL Japan, Inc).
Synthesis of IOCs

IOCs were synthesized via a modied solvothermal method
described in our previous work.30,32 For the synthesis of
IOCs_30, 100, and 200, FeCl3$6H2O (0.68 g), PAA (0.293 g),
NaOH, NaOAc, and EG (10mL) were mixed and heated to 160 °C
for 30 min, followed by maintenance at 160 °C for 1 h under an
inert atmosphere. NaOH : NaOAc was added in ratios of 1 : 2, 1 :
5, and 0 : 1 to IOCs 30, 100, and 200, respectively. The reactants
were then transferred to a solvent-heated reactor and allowed to
react at 200 °C using an autoclave for 10 h. The resulting
mixture was dissolved in water and was separated by removing
the supernatant aer centrifugation and acetone addition.
IOC_400 was obtained under similar synthetic conditions as
IOC_200, with the addition of more PAA (0.586 g) and EG (30
mL).
Peroxidase-like activity of IOCs

The peroxidase-like activity of IOCs was measured using TMB as
the substrate. IOCs (30 mg Fe per mL) and H2O2 (100 mM) were
added to a buffer solution (citrate buffer, pH 4, 10 mM),
following the addition of TMB (3.12mM). The absorbance of the
resulting solution was measured at 652 nm. The enzymatic
activity of IOCs was compared to that of HRP under various pH
values from 2.0 to 8.0, H2O2 concentrations (0.1–300 mM), and
temperatures (40, 50, and 70 °C).
Kinetic analysis

Kinetic analyses of IOCs and HRP were performed using TMB
and H2O2 as substrates. IOCs (30 mg Fe per mL) or HRP (1 ng
mL−1) were added to a buffer solution (citrate buffer, pH 4, 10
mM). When H2O2 was used as the substrate, IOCs or HRP were
added at concentrations ranging between 2.5–400 and 0.2–
7.5 mM, respectively, followed by the rapid addition of TMB
(3.12 mM). When TMB was used as the substrate, 100 mMH2O2

was used for IOCs, whereas 10 mM H2O2 was used for HRP,
followed by rapid addition of 0.5–6mMTMB. The absorbance of
the resulting solution was measured at 652 nm.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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The apparent kinetic parameters were calculated using the
Michaelis–Menten equation, eqn (1).

V ¼ ð½S�VmaxÞ
ð½S� þ KmÞ (1)

where V is the initial velocity, Vmax is the maximum reaction
velocity, [S] is the substrate concentration, and Km is the
Michaelis constant. The Lineweaver–Burk plot, which is the
linear regression curve of the relationship between 1/V and 1/
[S], can be obtained by inverting the Michaelis–Menten equa-
tion to eqn (2).

1

V
¼ Km

Vmax

1

½S� þ
1

Vmax

(2)

In the plot of 1/V vs. 1/[S], the ordinate and abscissa intercepts
represent the inverse of Vmax and −1/Km, respectively. The Km

and Vmax values were estimated from the intercepts.
Detection of glucose using the colorimetric system

Glucose was detected via a colorimetric assay using IOCs as the
detection probe. First, GOx (1 mg mL−1) and glucose (0.05–4
mM) were mixed in a phosphate buffer (pH 7.4, 10 mM) and
incubated at 37 °C for 30 min. The total volume of the reaction
solution is 100 mL. Next, IOCs (100 mg Fe per mL) and the buffer
solution (citrate buffer, pH 4, 10 mM) were added to an incu-
bated solution. TMB (3.12 mM) was added rapidly, and the
resulting solution reacted at 40 °C. The absorbance of the
solution was measured at 652 nm.
Results and discussion

IOCs with four different sizes were synthesized using a sol-
vothermal approach based on our previous work.39 The
Fig. 1 SEM images of (a) IOC_30, (b) IOC_100, (c) IOC_200, and (d)
IOC_400.

© 2025 The Author(s). Published by the Royal Society of Chemistry
solvothermal method was a well-known approach for mass
production.40,41 Polyacrylic acid (PAA) was introduced to facili-
tate the entanglement of individual nanoparticles, promoting
cluster formation while stabilizing the nanoparticle surfaces,
resulting in IOCs with negative surface charges in pH 3 to 8
(Fig. S1†). The size of each IOC was determined to be 22.9,
118.1, 197.7, and 387.3 nm based on SEM analysis, indicating
samples IOC_30, 100, 200, and 400, respectively (Fig. 1a–d). The
hydrodynamic sizes of IOC_30, 100, 200, and 400 are 59.52,
92.89, 197.6, and 267.2 nm, respectively (Fig. S2†). The hydro-
dynamic sizes of IOCs closely match the sizes observed in SEM,
indicating their stable dispersion in aqueous solution without
aggregation. PAA content in IOCs was quantied via thermog-
ravimetric analysis (TGA), revealing a consistent value of 15 wt%
for all IOCs, except for IOC_30, which exhibited the smallest
PAA proportion (5 wt%, Fig. S3†). Sharp X-ray diffraction (XRD)
peaks indicated a crystalline magnetite structure (Fig. S4†).
Furthermore, X-ray photoelectron spectroscopy (XPS) revealed
that IOCs contained both Fe2+ and Fe3+ ions, conrming
a magnetite structure (Fig. S5†). Therefore, IOCs of various sizes
were successfully obtained.

The activities of IOCs of various sizes were investigated to
evaluate the factors inuencing the enzymatic effects of IOCs.
All IOCs were examined for their enzymatic activity at the same
concentration via mixing with 3,30,5,50-tetramethylbenzidine
(TMB), and H2O2, and the color changes of the reaction solution
were observed (Fig. 2a and b). As the particle size increased, the
color changed to blue and becamemore pronounced. According
to the changes in absorption at 652 nm over time, IOC_400
Fig. 2 (a) Schematic of the color changes through TMB oxidation by
IOC. (b) IOC size-dependent color changes at 5 min and absorption
intensities at 652 nm for an indicator solution containing IOCs (30 mg
Fe per mL), H2O2 (100 mM), TMB (3.12 mM) and pH4 buffer solution at
room temperature. Km and Vmax values were obtained using (c and d)
H2O2 and (e and f) TMB as a substrate, respectively.

RSC Adv., 2025, 15, 4573–4580 | 4575
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exhibited the most signicant increase among the tested IOCs
(Fig. 2b). The enzymatic effects of IOCs were further assessed by
comparing their Km and Vmax values using H2O2 and TMB as
substrates (Table S1†). In both cases, larger nanoclusters dis-
played lower Km and higher Vmax values, indicating a stronger
enzymatic effect (Fig. 2c–f). The IOC exhibits a higher Kcat,
dened based on the number of particles, compared to other
reported Fe3O4-based nanozymes. In addition, IOCs showed
higher enzymatic activity compared to single-core iron oxide
nanoparticles with a diameter of 5 nm (SIO) (Fig. S6†). Addi-
tionally, larger nanoclusters exhibited higher Kcat values in both
cases, indicating stronger enzymatic efficiency (Table S1†).
Contrary to the common notion that smaller nanoparticles have
higher enzyme-mimetic effects, our study revealed different
observations.22,33,34,37

We hypothesized that the higher enzymatic properties of
larger nanoclusters can be attributed to: (a) a higher ratio of
oxidizable Fe2+ ions within the nanoclusters, and (b) an
increased surface area. The surface coating ligand of IOCs, PAA,
does not contribute to their enzymatic activity (Fig. S7†) and
their different portion in IOCs (Fig. S3†) may not be a factor for
their enzyme activity. First, the Fe2+ to Fe3+ ratio of each IOC was
determined by measuring the peak area of each component via
X-ray photoelectron spectroscopy (XPS). All IOCs comprised
a similar ratio of ferrous ions among the total iron ions
(approximately 30–35%), which is consistent with the ratio of
Fig. 3 (a) Surface area of IOC by size as measured via BET. (b) Grain
size of IOC calculated using the Scherrer equation based on FWHM of
the XRD peaks. TEM image of grains of (c) IOC_30, (d) IOC_100, (e)
IOC_200, and (f) IOC_400.

4576 | RSC Adv., 2025, 15, 4573–4580
Fe3O4 (Fig. S5e†). Therefore, the ratio of Fe2+ over Fe3+ in IOCs
does not explain their size-dependent phenomena. Next, the
surface area of IOCs was determined via Brunauer–Emmett–
Teller (BET)measurements (Fig. 3a). Interestingly, the larger the
IOC, the higher its specic surface area; IOC_400 exhibited the
highest specic surface area. In addition, the size of the unit
grains in IOCs was determined by the full width at half
maximum (FWHM) of the XRD peaks, supporting the size-
dependent surface area (Fig. 3b). The grain sizes of IOC_30,
100, 200, and 400 were calculated as 12, 9, 7, and 5 nm,
respectively, using the Debye–Scherrer equation and consid-
ering the half-width maximum of the XRD peak. The grain sizes
of individual unit nanoparticles were assessed via high-resolu-
tion transmission electron microscopy (HRTEM). The sizes of
unit nanoparticles at the edge were measured as 9, 6, and 4 nm
for IOCs_100, 200, and 400, respectively (Fig. 3c–f), which is
similar to that determined based on FWHM of the XRD peaks
(Fig. S4†). In the case of IOC_30, the individual grains were
difficult to dene in the HRTEM images because all the unit
nanoparticles were attached as single crystals through oriented
attachment. Therefore, the high activity of IOC_400 originates
from the large specic surface area owing to the smaller grain
size of the unit nanoparticles.

This observation aligns with the LaMer theory, stating that
a weak basic environment results in slower nucleation and
particle growth rates (Fig. 4a).42–44 The hydroxide ions from the
base present in the reaction accelerate the formation and
growth of iron oxide nuclei nanoparticles, leading the size of
unit particles to increase. Conversely, the unit particle size
decreased for IOCs_30, 100, and 200, which were obtained by
increasing the ratio of NaOAc over NaOH. In the case of
IOC_400, synthesis involved the addition of a larger amount of
Fig. 4 (a) Schematics of IOCs formation. The size of primary particles
are governed by precursor formation velocity and determines the size
of whole size of IOCs. (b) Schematics of the active sites of ICOs with
different size of primary particles.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Km and (b) Vmax values of IOC_400 and HRP obtained using
H2O2 and TMB as a substrate. (c) H2O2 concentration-dependent
color changes and (d) absorption intensities at 652 nm at 30 min at
room temperature. pH-dependent color changes at 5 min and
absorption intensities at 652 nm of (e) IOC_400 and (f) HRP at room
temperature. Temperature-dependent color changes and absorption
intensities at 652 nm of (g) IOC_400 and (h) HRP at 10 min. All indi-
cator solution containing IOCs (30 mg Fe per mL) or HRP (1 ng mL−1),
TMB (3.12 mM), and pH 4 buffer solution. pH and temperature-
dependent color changes for an indicator solution containing 100 mM
or 10 mM H2O2.
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EG (i.e., solvent) and PAA compared to IOC_200. The diluted
conditions of the iron source and alkali slowed down the
conversion of the iron source to the precursors, resulting in the
formation of small unit particles in IOC_400.39,45,46 The presence
of PAA impeded particle growth at a certain stage and induced
particle clustering.47 The concentration of PAA remained rela-
tively consistent in all reactions, ensuring continued particle
clustering even with IOC_400. During the clustering stage, the
increased surface energy of the smaller nanoparticles facilitated
rapid expansion and the formation of larger clusters
(Fig. 4a).47–49 As reported in previous studies,50 IOCs possessed
regions with oriented attachment at their core because of their
densely packed structure. However, isolated unit nanoparticles
are dispersed on the surface of IOCs, which can directly expose
them to various substrates. Given that the overall size of IOCs
increases with the presence of smaller unit nanoparticles, the
formation of these unit nanoparticles is crucial in determining
the IOC size and their enzymatic activity (Fig. 4b). Small-size
unit nanoparticles can provide more active sites for the gener-
ation of hydroxyl radicals by decomposing hydrogen peroxide.51

These ndings elucidate the nuanced dynamics governing
nanocrystal growth and provide valuable insights for tailoring
IOC properties.

To assess their potential as substitutes for natural enzymes,
the activity of IOC_400, which exhibited the highest enzymatic
activity among IOCs, was compared with that of HRP under
various conditions. IOC_400 exhibited a linear increase in
absorbance with increasing concentration, and a noticeable
blue color was visible to the naked eye from a concentration of
30 mg mL−1. In comparison, HRP showed a deep blue color and
high activity even at a low concentration of 1 ng mL−1 (Fig. S8†).
In most studies, experiments are conducted based on the
concentration that shows the highest activity or where satura-
tion begins.52–55 The concentrations of IOC_400 and HPR were
determined to be 30 mgmL−1 and 1 ngmL−1, respectively, based
on their enzymatic activity at each concentration. Regarding the
affinity to substrates, IOC demonstrated a lower affinity for
H2O2 than HRP, whereas it exhibited a higher affinity for TMB
than HRP (Fig. 5a and b). The initial velocities of each material
were similar; however, their acceleration rates differed slightly
depending on the substrate (Fig. 5b). HRP exhibited a higher
enzymatic activity owing to its superior affinity for H2O2. Kcat

was calculated using each Vmax and the concentration of IOC or
HRP (Table S1†).16 The Kcat of IOC_400 is higher than that of
HRP when H2O2 and TMB are used as substrates (Table S1†).
While HRP has a single reaction pocket containing Fe
ions,17,51,56 a single IOC particle contains multiple active Fe
ions.51,56 Therefore, the enzyme activity based on whole IOC
particles as a unit overwhelms that of HRPs although Fe ion-
based enzyme activity of IOCs seems lower than that of HRPs.
IOCs not only exhibit higher activity than natural enzymes but
also offer signicant advantages in terms of cost-effectiveness
and stability. It is noteworthy that the enzymatic activity of
IOC increased with H2O2 concentration, whereas that of HRP
decreased aer a rapid increase in H2O2 concentration (Fig. 5c
and d). The low activity of HRP at high H2O2 concentrations was
attributed to the competitive formation of an inactive
© 2025 The Author(s). Published by the Royal Society of Chemistry
complex.57–59 In contrast, IOCs do not possess the inactivation
pathway, so their activity was not limited by H2O2 concentra-
tion. The activities of the two materials were also examined
under various pH conditions from 2 to 8. IOCs exhibited enzy-
matic activity over a wider pH range of 2–6, whereas HRP
exhibited activity in the pH range of 3–5 (Fig. 4e and f). The
thermostability of the enzyme was also examined by investi-
gating the effect of temperature on its activity. A signicant
decrease in HRP activity was observed over 40 °C, whereas IOC
maintained its activity even over 70 °C (Fig. 5g and h). When
IOCs were dispersed in an aqueous solution and stored under
ambient conditions, their activity remained for at least 3
months (Fig. S9†). In addition, regardless of the synthetic batch,
IOCs exhibited consistent enzyme activity (Fig. S10†). Therefore,
IOC demonstrated stable enzymatic activity under a wide range
RSC Adv., 2025, 15, 4573–4580 | 4577

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00047e


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

1/
22

/2
02

5 
12

:2
8:

58
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
of H2O2 concentrations, pH, and temperatures compared to
HRP, highlighting its versatility as a detection probe under
harsh conditions.

The potential of IOC_400 as a detection probe was examined by
employing IOC_400 for glucose detection. According to the World
Health Organization, the global diabetic population continues to
increase annually; therefore, novel glucose detection techniques
are needed. While various diagnostic techniques exist, such as
liquid chromatography-mass spectrometry, high-performance
liquid chromatography, heart rate measurements, and electro-
chemical methods, they present challenges such as high costs,
signicant power demands, and the requirement for specialized
equipment.60,61Our study highlights the potential of IOCs to detect
glucose levels, being promising for the care of diabetic patients. In
our experimental setup, glucose underwent oxidation to gluconic
acid via glucose oxidase (GOx), resulting in the production of
H2O2.Within the detection solution, IOC catalyzes the oxidation of
TMB with generated H2O2 via GOx, inducing a color change to
blue, thus enabling glucose detection (Fig. 6a). The intensity of
this blue color correlates with the concentration of glucose due to
the H2O2 concentration being directly proportional to the glucose
concentration. The gold standard for the diagnosis of diabetes
involves the measurement of blood glucose levels, where a fasting
blood glucose level of $126 mg dL−1 (6.99 mM) indicates
Fig. 6 (a) Schematic of glucose detection using the IOC nanozyme.
(b) Glucose concentration-dependent color changes and absorption
intensities at 652 nm at 5 min for an indicator solution containing TMB
(3.12 mM), IOC_400 (100 mg Fe per mL), and GOx at room
temperature.

4578 | RSC Adv., 2025, 15, 4573–4580
a disorder.62 The blood sample is diluted by adding indication
solution including H2O2, TMB, and buffer solution so that glucose
solution with 6.99 mM is diluted to 1.17 mM in the test solution.
Therefore, we conducted experiments within the nal glucose
concentration range of up to 4 mM in the assay solution,
considering the dilution factors (Fig. 6b). The color change in the
indicator solution occurred within 5 min of mixing and exhibited
distinct alterations with increasing glucose concentrations. The
plot of the absorption variation vs. glucose concentration exhibits
a linear increase in the absorption intensity within the range of 0.1
to 4 mM of glucose. The limit of detection (LOD) and quantica-
tion (LOQ) is calculated to be 0.252 mM and 0.763 mM, respec-
tively (Table S2†). Although the IOC still exhibits a relatively low
LOD compared to other studies, it is evident that colorimetric
readings can be signicantly inuenced by assay conditions or
volume (e.g., the length of the light source penetration path). In
this study,minimal sample volumes (17 mL, total assay volume 100
mL) were used for detection, which can enhance patient comfort.
Furthermore, considering the dilution of blood samples in the
indicator solution, IOCs provided accurate glucose concentration
information, demonstrating signicant potential for streamlined
diabetic care.
Conclusions

In this study, we aimed to reveal the fundamental enzymatic
activity of the IOC system and its potential as a colorimetric
sensor. The enzymatic process of IOC is intricately linked to the
size of its constituent nanoparticles, which enhance surface area
based on unit particle size rather than the overall size of the
nanoclusters. This remarkable enzymatic capability makes IOC
highly efficient for glucose detection, a pivotal aspect of diabetes
treatment. IOC, as a nanozyme, offers several advantages over
natural enzymes, including enhanced durability, cost-
effectiveness, and scalability for mass production. This study
demonstrated IOC's potential for glucose detection. While the
detection limit is relatively low, it meets diagnostic criteria for
diseases, enabling effective detection even with small sample
volumes. Additionally, IOC contains multiple active sites within
a single particle unit, contributing to a high Kcat value. This
implies that even with a single probe, IOC can deliver strong
signals in detection systems such as ELISA. Moreover, the
intrinsic separation capability of iron oxide can provide an
additional advantage, synergistically improving targeted detec-
tion by eliminating undesired residues and concentrating
probes. Functionalization with reactive groups (e.g., DNA,
peptides, antibodies) or structures (e.g., molecularly imprinted
polymers, MIPs) can further enhance target selectivity. Conse-
quently, IOC shows promise for broader applications, particu-
larly in strengthening detection capabilities for point-of-care
testing.
Data availability
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this study are available within the article and its ESI.†
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra00047e


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

1/
22

/2
02

5 
12

:2
8:

58
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Author contributions

Conceptualization, data curation, funding acquisition investi-
gation methodology, project administration, supervision: JC.
Writing – original dra, review & editing, formal analysis, vali-
dation, visualization: DB, MK, JC.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This work was supported by National Research Foundation of
Korea (NRF) grants funded by the Korean government
(2020R1A5A8017671 and 2023R1A2C1005091).
References

1 M. Kohri, Polym. J., 2014, 46, 373–380.
2 K. Chattopadhyay and S. Mazumdar, Biochemistry, 1999, 39,
263–270.

3 Y. Ouyang, M. P. O'Hagan and I. Willner, Biosens.
Bioelectron., 2022, 218, 114768.

4 M. Zandieh and J. Liu, Adv. Mater., 2023, 36, 2211041.
5 M. Bilal, N. Khaliq, M. Ashraf, N. Hussain, Z. Baqar, J. Zdarta,
T. Jesionowski and H. M. N. Iqbal, Colloids Surf., B, 2023,
221, 112950.

6 B. Jiang, L. Fang, K. Wu, X. Yan and K. Fan, Theranostics,
2020, 10, 687–706.

7 S. Shahraki, E. Vaziri, A. A. Saboury and K. Fan, Coord. Chem.
Rev., 2024, 517, 215937.

8 H. Zhu, P. Liu, L. Xu, X. Li, P. Hu, B. Liu, J. Pan, F. Yang and
X. Niu, Biosens, 2021, 11, 382.

9 R. G. Mahmudunnabi, F. Z. Farhana, N. Kashaninejad,
S. H. Firoz, Y.-B. Shim and M. J. A. Shiddiky, Analyst, 2020,
145, 4398–4420.

10 F. Zhao, L. Wang, M. Li, M. Wang, G. Liu and J. Ping, TrAC,
Trends Anal. Chem., 2023, 165, 117152.

11 C. Li, T. Hang and Y. Jin, Exploration, 2023, 3, 20220151.
12 W. Liu, L. Chu, C. Zhang, P. Ni, Y. Jiang, B. Wang, Y. Lu and

C. Chen, Chem. Eng. J., 2021, 415, 128876.
13 A. Lee, W. Kang and J. Choi, Nanomaterials, 2021, 11, 3046.
14 S. Zhang and X.-D. Zhang, Nano Biomed. Eng., 2024, 16, 1–27.
15 I. Zare, D. Choi, J. Zhang, M. T. Yaraki, A. Ghaee, S. Z. Nasab,

R. Taheri-Ledari, A. Maleki, A. Rahi, K. Fan and J. Lee, Nano
Today, 2024, 56, 102276.

16 A. D. Bokare and W. Choi, J. Hazard. Mater., 2014, 275, 121–
135.

17 L. Gao, K. Fan and X. Yan, Theranostics, 2017, 7, 3207–3227.
18 Y. Zhong, X. Tang, J. Li, Q. Lan, L. Min, C. Ren, X. Hu,
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