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The co-assembly of amino acids or proteins with active small molecules to prepare biomimetic nanozymes

offers a promising strategy for designing novel nanozymes. However, a significant challenge in nanozyme

catalysis is the low activity at physiological pH, particularly for oxidase-like and peroxidase-like nanozymes.

In this study, we successfully synthesized three biomimetic nanozymes (His@Hemin, Fe-His@Hemin, and
Mn-His@Hemin) via the co-assembly of amphiphilic amino acids and hemin. Among these, the spherical
Fe-His@Hemin exhibited superior peroxidase-like and catalase-like catalytic activities even in neutral pH

systems. Free radical capture experiments revealed that Fe-His@Hemin, as a peroxidase-like nanozyme,

generated three reactive oxygen species (O,'~, O, and ‘OH), and as a catalase-like nanozyme

produced oxygen during the catalytic process. This excellent catalase activity enabled in situ oxygen

generation, which facilitated the oxidation of glucose oxidase within the system, providing a new
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strategy for one-step analysis of glucose and H,O,. The detection limits for glucose and H,O, were as

low as 0.25 uM and 0.16 uM, respectively, with linear ranges of 0.5-400 uM for glucose and 0.25-120

DOI: 10.1039/d6ra00649c

rsc.li/rsc-advances determination in human serum.

1 Introduction

Natural enzymes are mainly proteins with catalytic activity,
which exist in organisms and nature, catalyze various
biochemical reactions with high efficiency and specificity under
mild conditions, and maintain the metabolism of organisms.*
However, due to the high cost of natural enzymes, their vari-
ability and inactivation in non-mild environments, researchers
have been constantly developing stable and high-performance
artificial enzymes to make up for their disadvantages.*® Nano-
zyme, as a kind of artificial enzyme, has been widely used in
bioimaging, biochemical sensing, protein detection and
biomedical therapy due to its excellent enzyme-like activity,
high stability, flexibility in structural design and good
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uM for H,O,. The glucose sensors demonstrated reliable and reproducible results for glucose

biocompatibility.”® In recent years, inspired by the active
structure of horseradish peroxidase (HRP), biomimic nano-
zymes prepared by the co-assembly of amino acids or proteins
with active small molecules provide a feasible strategy for the
design of novel nanozymes.""™™ Zhang's group® synthesized
Hemin@BSA@ZIF-8 by encapsulating the hemin chloride/
bovine serum albumin (BSA) co-assembly in zeolite imidazole
ester skeleton structural material (ZIF-8). ZIF-8 encapsulation of
Hemin@BSA not only improves the peroxidase activity of the
biomimetic nanozyme, but also effectively prevents its decom-
position or inactivation under harsh environments. Liu's
group’” mimicked the coordination structure of the metal
porphyrin ring in natural peroxidase, and used metal-organic
framework (MOF) material ZIF-8 as the precursor to design and
synthesize a high-activity single atom nanozyme containing
a Zn porphyrin structure. Through a series of experiments, it
has been confirmed that the single atom Zn in the porphyrin
structure of Zn is the key to its enzyme-like activity. However,
most nanozymes display optimal catalytic activity exclusively
within acidic to weakly acidic conditions; when the pH of the
catalytic environment is increased to neutral (pH 7.0-8.0), the
catalytic activity of the nanozymes decreases, which limits their
application in the field of biological/chemical sensing.**-*°
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Glucose is our body's source of energy. The level of glucose in
our blood is linked to our health. In the current glucose
biosensors, the detection process of nanozymes is generally
divided into two steps.** Firstly, Glucose oxidase (GOx) cata-
lyzes to generate H,O, in neutral buffer solution; secondly,
peroxidase in acid buffer solution to induce color substrate to
produce color signal. Yue's group** successfully detected
glucose content in human blood using PtS, nanosheets at pH
5.0. Dong's group® synthesized 3D GH-5 nanoparticles and
successfully established a glucose colorimetric sensor by a two-
step method at pH 4.0. However, there are some defects in the
practical operation and analytical performance of the two-step
method for glucose detection. First, the pH of the reaction
conditions in the first and second steps are different, which
makes the actual operation process cumbersome. In addition,
the reaction time is increased in the two-step method, which
reduces the sensitivity of the detection system.**>* Therefore,
the current strategy is to develop and design a novel nanozyme
to detect glucose in a physiological environment by one-step
method.

In this work, we successfully synthesized three biomimetic
nanozymes (His@Hemin, Fe-His@Hemin, and Mn-
His@Hemin) using an amphiphilic Fmoc-histidine and Heme
co-assembly strategy. These nanozymes exhibit excellent
peroxidase-like (POD-like) and catalase-like (CAT-like) activities
and significantly broaden the pH working range of other
nanozymes. Among them, Fe-His@Hemin demonstrates supe-
rior catalytic performance under physiological conditions. In
glucose detection, the dual-enzyme characteristics of Fe-
His@Hemin provide complementary advantages in the cata-
lytic process. Specifically, its CAT-like activity catalyzes the
conversion of H,0, to O,, and the in situ generated O, promotes
the oxidation of glucose by GOx, thereby accelerating the reac-
tion. As a result, the combination of Fe-His@Hemin and GOx
establishes a one-step colorimetric method for glucose detec-
tion at physiological pH. This method is faster, simpler, and
more sensitive than the traditional two-step approach. Addi-
tionally, this sensor has been successfully applied to glucose
detection in both buffer solutions and human blood samples.

2 Materials and methods

2.1. Synthesis of His@Hemin

First, 24 uM Fmoc-histidine and 2.4 uM hemin were dissolved
in 240 pL of DMSO. Then the above DMSO solution was added
drop by drop to 5760 uL deionized water, stirred for 10 min.
Next, the pH value of solution was adjusted to 7.0 with 1 M
NaOH solution. Finally, the precipitation was collected by
centrifugation and washed with water for 3 times.

2.2. Synthesis of Fe-His@Hemin

The preparation of Fe-His@Hemin was like that of His@Hemin
synthesis. First, 24 pM Fmoc-histidine and 2.4 pM hemin were
dissolved in 240 uL. DMSO. Then the above DMSO solution was
added drop by drop to 5760 pL FeCl; (24 puM) solution, stirred
for 10 min. Next, the pH value of solution was adjusted to 7.0
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with 1 M NaOH solution. Finally, the precipitation was collected
by centrifugation and washed with water for 3 times.

2.3. Synthesis of Mn-His@Hemin

The preparation of Mn-His@Hemin was like that of His@He-
min synthesis. First, 24 pM Fmoc-histidine and 2.4 uM hemin
were dissolved in 240 uL, DMSO. Then the above DMSO solution
was added drop by drop to 5760 puL MnCl, (24 pM) solution,
stirred for 10 min. Next, the pH value of solution was adjusted to
7.0 with 1 M NaOH solution. Finally, the precipitation was
collected by centrifugation and washed with water for 3 times.

3 Results and discussion

3.1. Construction and characterization of Fe-His@Hemin

Biomimic Fe-His@Hemin were synthesized by self-assembly
using iron metal ions, amino acids and hemin. The trans-
mission electron microscope (TEM) and scanning electron
microscopy (SEM) image (Fig. 1la and b) shows the sphere
morphology of Fe-His@Hemin had a relatively uniform spher-
ical structure and the diameter of the particle was about 50-
120 nm. The EDS mapping (Fig. 1c) clearly shows the presence
of Fe, confirming that Fe is successfully incorporated into the
nanozyme. The Powder X-ray Diffraction (PXRD) analysis
provides crucial insights into the crystalline nature of materials
(Fig. 1d). In this case, the absence of distinct diffraction peaks
in the PXRD pattern suggests that the synthesized nanoparticles
do not possess a long-range ordered crystal lattice structure.
Instead, they exhibit an amorphous state, characterized by
a disordered atomic arrangement. The Fourier transform
infrared (FTIR) spectra (Fig. 1e) exhibit characteristic peaks at
1654 cm ™' (amide I, C=0 stretching) and 1540 cm ' (amide II,
N-H bending) for both Fe-His@Hemin and His@Hemin,
evidencing the successful co-assembly of Fmoc-histidine and
hemin. Additional peaks at 1260 cm ™~ * (Fe-O) and 869 cm ™ (Fe-
N) are observed in Fe-His@Hemin, further confirming Fe
coordination. X-ray photoelectron spectroscopy (XPS) analysis
was performed to study the elemental composition and surface
oxidation states of Fe-His@Hemin. The survey spectrum
(Fig. 2a-d) showed the Fe-His@Hemin has four elements, Fe, C,
O, N. As shown in Fig. 2b, the binding energy of 713.7 eV
corresponds to Fe 2p;, of Fe**, which is attributed to the
presence of Fe*" in Fe-His@Hemin. The peak at 724.6 eV is
derived from Fe**, which may be due to the presence of a hemin
active center of Fe*'/Fe*'. The binding energy of the N 1s
spectrum (Fig. 2¢) of Fe-His@Hemin at 399.1 eV is mainly
related to Fe-N bonds.?® The binding energy of C 1s (Fig. 2d) is
located at 284.5 eV, which is mainly related to C-N. The
hydrodynamic diameters of Fe-His@Hemin and His@Hemin
were measured to be 110 £ 12 nm and 95 £ 10 nm, respectively,
in PBS (pH = 8.0) (Fig. S1 and S2). Both samples exhibited
excellent colloidal stability, with polydispersity indices (PDI)
remaining below 0.18 in PBS (pH = 8.0). Furthermore, no
aggregation was observed over a 24-hour incubation period at
25 °C. The content of iron in the inductively coupled plasma
optical emission spectrometry (ICP-OES) test Fe-His@Hemin

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Characterization of Fe-His@Hemin nanozymes. TEM (a), SEM (b) and EDS mapping (c) image of Fe-His@Hemin (d) the PXRD charac-
terization of Fe-His@Hemin nanozymes (e) FTIR spectra of His@Hemin and Fe-His@Hemin.

was 0.49 + 0.03 mg per g composite, which was greater than the
content of iron in hemin and His@Hemin (0.22 £ 0.02 mg pre g
composite), indicating that there were two forms of Fe in the
biomimetic nanozyme: iron in hemin and exogenous Fe®".

3.2. Peroxidase-like activity of Fe-His@Hemin

The peroxidase-like activity of Fe-His@Hemin was investigated
using several typical substrates, including TMB, OPD, and
ABTS. In the presence of H,0,, these colorless substrates were
oxidized to form colored products, confirming the peroxidase-
like activity of Fe-His@Hemin (Fig. 3a). Among these
substrates, TMB was selected for further experiments due to its
optimal color development time, better linearity, higher sensi-
tivity, and stability of the chromogenic product under the
experimental conditions. Fig. 3b demonstrates that in the
absence of H,0,, Fe-His@Hemin alone could not oxidize TMB
without H,0,, which indicates that Fe-His@Hemin plays the

© 2026 The Author(s). Published by the Royal Society of Chemistry

role of a peroxidase-like mimic in the catalytic reaction between
TMB and H,0,.

To evaluate the peroxide-like activities of Fe-His@Hemin, we
compared the enzyme-like activities of hemin nanomaterials
with different metals (Mn-His@Hemin and His@Hemin)
(Fig. S3). When hemin was loaded with histidine, the absor-
bance was lower. However, the absorbance increased signifi-
cantly when metal ions were continued to be loaded, among
which Fe-His@Hemin had the highest catalytic activity. To
support our claim regarding the superior catalytic activity of Fe-
His@Hemin over Mn-His@Hemin, the morphology of Mn-
His@Hemin was characterized by TEM (Fig. S7). The image
reveals that Mn-His@Hemin exhibits a nanoparticulate aggre-
gate structure with particle sizes ranging from approximately 80
to 150 nm, which is larger and more aggregated compared to
the smaller, more dispersed Fe-His@Hemin nanoparticles. This
morphological difference likely contributes to a reduced

RSC Adv, 2026, 16, 28131-28140 | 28133
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Fig.2 Elementand valence state analysis of Fe-His@Hemin. (a) XPS survey spectrum. High-resolution XPS spectra of the (b) Fe 2p, (c) N 1s, (d) C

1s for Fe-His@Hemin.

Absorbance (a.u.)

T T T T T T T T
400 450 500 550 600 650 700 750 800
Wavelength (nm)

Fig. 3

14

— Fe-His@Hemin+TMB

T™MB
Fe-His@HemintTMB+H0,
TMB+H,0,

1.2

1.0
0.8
0.6
0.4

0.2

Absorbance (a.u.)

0.0

N

800

-0.24

500 550 600 650 700 750

Wavelength (nm)

Investigate the peroxidase-like activity of Fe-His@Hemin. (a) UV-vis spectra of ABTS, OPD, and TMB oxidized byFe-His@Hemin (Inset: photo-

graphs of the oxidation reaction of ABTS, OPD and TMB by Fe-His@Hemin). (b) Typical absorption spectra of TMB, TMB + H,O,, TMB + Fe-His@Hemin,
TMB + H,O,+ Fe-His@Hemin at 652 nm (conditions: 0.3 mM TMB, 6 pg per mL Fe-His@Hemin, 0.1 M Tris—HCl buffer pH 8.0, 10 min and 25 °C).

accessible surface area for substrate binding and electron
transfer in Mn-His@Hemin, thereby rationalizing its lower
peroxidase-like activity. This indicated that the introduction of
metal ions enhanced the enzyme-like catalytic activity of
nanomaterials. Furthermore, the 3D microsphere structure of
Fe-His@Hemin increased the effective catalytic sites, thus
improving the catalytic activity of nanozyme. Like the properties
of horseradish peroxidase (HRP), the peroxidase-like properties
of Fe-His@Hemin depend on pH, temperature, H,O, concen-
tration, and the usage of nanozyme. As shown in Fig. 4a, the pH
range of the three nanozymes is 3-9. The activity of the three

28134 | RSC Adv, 2026, 16, 28131-28140

nanozymes is low in acidic solution, and the catalytic activity is
the highest at near neutral (pH 8.0), which is different from the
optimal catalytic pH (3.5-5.0) of peroxide-like nanozymes re-
ported previously. This unique behavior can be attributed to
several synergistic factors rooted in the material's composition
and dual-enzyme characteristics. First, the specific coordination
environment of Fe** within the Fe-His framework modulates
the electronic properties of the hemin center and histidine
residues, stabilizing the active site and extending its operational
pH range into slightly alkaline conditions. At pH 8.0, key
functional groups (e.g., the imidazole of histidine) are in

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The influence of different reaction conditions on peroxidase-like activity of Fe-His@Hemin. Effect of (a) pH and (b) temperature on the
activity of Fe-His@Hemin, Mn-His@Hemin, His@Hemin; (c) effect of catalyst dosage on the activity of Fe-His@Hemin + H,O, + TMB system;
(d) effect of H,O, concentration on the activity of Fe-His@Hemin + H,O, +TMB system. The error bars are the standard deviation of the third

parallel sample.

a deprotonated state, which enhances their electron-donating
ability to the Fe*" center, thereby promoting substrate (H,O,
and TMB) binding and catalytic turnover. Second, the inherent
CAT-like activity of Fe-His@Hemin plays a crucial synergistic
role at this pH. The CAT-like activity converts a portion of the
H,0, back to O,. This in situ regenerated O, can be instantly
reused by GOx in detection assays, accelerating the overall
reaction flux and thereby ensuring a high net production rate of
H,0, for the peroxidase-like (POD-like) cycle.

Thus, the concurrent enhancement of both POD-like and
CAT-like activities at pH 8.0, driven by the favorable coordina-
tion chemistry and reaction dynamics, underpins the superior
catalytic performance of Fe-His@Hemin under physiological-
relevant conditions.

Fig. 4b demonstrates that within the temperature range, the
catalytic activity of the three nanozymes decreased with the
increase of temperature. Fe-His@Hemin has a good catalytic
activity of more than 80% at 25-35 °C. According to the inves-
tigation results, Fe-His@Hemin was selected as the follow-up
experimental investigation material. The catalytic activity of
nanozyme increases with the increase of nanozyme concentra-
tion. Based on maintaining solubility and stability, the optimal
concentration is selected as 6 ug mL ™" (Fig. 4c). Fig. 4d inves-
tigates the effect of H,0, concentration on the catalytic activity.
The activity increases with H,O, concentration up to a certain
point, after which it plateaus or slightly decreases due to
potential substrate inhibition. As a result, the optimum

© 2026 The Author(s). Published by the Royal Society of Chemistry

catalytic conditions for: pH 8.0, temperature 25 °C, catalyst
concentration 6 pg mL ™.

3.3. Catalase-like activity Fe-His@Hemin and double
enzyme activity catalytic mechanism

In addition, we found that in the alkaline catalytic environment
at room temperature, small but dense bubbles appeared in the
reaction solution, indicating that Fe-His@Hemin could catalyze
H,0, to produce O,, confirming its CAT-like property. The
experimental results are shown in Fig. S4. Within the pH range
investigated, the bubbles of the reaction solution increased with
the increase of pH. When pH was 8.0, the bubbles produced by
the centrifugal tube were the most. Fe-His@Hemin shows
highest activity at pH 8.0. This unique pH profile is attributed to
the synergistic effect of its dual-enzyme activities (POD-like and
CAT-like), which are both enhanced at this pH (Fig. 4a). Then,
we compared the amount of oxygen produced by Fe-
His@Hemin with that produced by His@Hemin using a di-
ssolved oxygen analyzer (Fig. S4b).Under the same reaction
condition, the oxygen produced by Fe-His@Hemin was twice
that by His@Hemin, indicating that the addition of iron
significantly enhanced the CAT activity of the nanozyme.The
dual-enzyme characteristics of Fe-His@Hemin can be explained
by the specific coordination environment of the Fe** ions within
the nanozyme structure. The presence of Fe** creates a unique
electronic environment that modulates the electronic proper-
ties of the hemin and histidine residues, facilitating catalytic

RSC Adv, 2026, 16, 28131-28140 | 28135
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activities at a broader pH range, including slightly alkaline
conditions. At pH 8.0, the CAT-like activity generates O,. In
a detection cascade involving GOx, this in situ generated O, is
recycled to drive the oxidation of glucose, thereby accelerating
the net production of H,0,, which in turn supplies the POD-like
activity. This synergistic effect results in higher overall catalytic
efficiency compared to acidic conditions. The dual-enzyme
characteristics of Fe-His@Hemin create a synergistic cycle in
the glucose detection cascade, rather than a simple competition
for H,0,. The intended mechanism is as follows: in the one-step
assay, GOx first oxidizes glucose, consuming dissolved O, and
generating H,0,. The CAT-like activity of Fe-His@Hemin then
comes into play not by producing H,0,, but by converting
a portion of this enzymatically generated H,O, back into O, and
H,O. This in situ regenerated O, is immediately available for the
GOx reaction, effectively creating an intrinsic O,-recycling
loop.This loop is crucial because it addresses a common limi-
tation in oxidase-based detection systems: the depletion of di-
ssolved O,, which can slow down the GOx reaction. By recycling
O, from the H,0, intermediate, the CAT-like activity prevents
O, from becoming a limiting factor, thereby accelerating the net
production rate of H,O, by GOx. Consequently, the overall flux
of the cascade is increased. The POD-like activity, operating in
parallel, then utilizes this efficiently and continuously gener-
ated H,0, pool to oxidize TMB, producing the colorimetric
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readout. Thus, the CAT-like and POD-like activities function
synergistically: the former drives the substrate (O,) regeneration
to fuel the H,0,-producing step, while the latter efficiently
converts the accumulated H,0O, into a detectable signal.

To explore the catalytic mechanism of Fe-His@Hemin with
double enzyme activities, the effects of different free radical
trapping agents on the reaction system were selected, and the
types of reactive oxygen species (ROS) generated during the
catalytic process were studied. Different concentrations of p-
benzoquinone, NaN; and thiourea were used as trapping agents
for 0,"7, '0,, and "OH, respectively.**** The experimental
results showed that the addition of three trapping agents to the
reaction system inhibited the color development of the system,
indicating that there were three ROS (0,"~, '0,, and ‘OH) in the
system, and thiourea had obvious inhibition effect in the same
concentration of trapping agents, indicating that the main ROS
species in the system was 'OH (Fig. S5). Therefore, based on the
above results, it can be inferred that the catalytic mechanism of
Fe-His@Hemin in a neutral solution with pH 8.0 is as follows:
under neutral conditions, Fe-His@Hemin can catalyze H,O, to
produce "OH in the system, which shows the catalytic properties
of Fe-His@Hemin POD-like enzymes. At the same time, because
Fe-His@Hemin has the property of CAT-like, H,0, in the system
can be decomposed into O,, and the generation of in situ O, can
further produce ROS.

b
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Fig.5 Kinetic studies of the POD-like experiment of Fe-His@Hemin, Mn-His@Hemin, His@Hemin. (a) 0.3 mM TMB with different concentrations
of H,0O,. (c) 1 mM H,O, with different concentrations of TMB. (b) and (d) Double reciprocal of (a) and (c), respectively. The error bars are the

standard deviation of the third parallel sample.
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3.4. Kinetic analysis and reaction mechanism of Fe-
His@Hemin

Subsequently, steady-state kinetic experiments were performed
for the further evaluation of peroxidase-like properties for Fe-
His@Hemin, Mn-His@Hemin and His@Hemin. After being
fitted by Lineweaver-Burk plots (Fig. 5), the Michaelis-Menten
constant (K;,,) and maximum initial velocity (Vinay), tWo impor-
tant parameters in enzyme catalysis, are summarized in Table
S1 (see SI). Lower K, values always reveal that the proposed
nanozymes have a much higher affinity to the corresponding
substrate. Notably, Fe-His@Hemin exhibits a significantly lower
K, for H,O, compared to many reported nanozymes, indicating
a substantially higher affinity for this primary substrate. This
value is also lower than that of natural HRP (3.7 mM), under-
scoring the efficient substrate binding facilitated by the unique
Fe*' coordination environment in our material. Furthermore,
the calculated Vi, for Fe-His@Hemin is among the highest
listed, demonstrating its superior catalytic turnover capability.
The combination of a low K, (high affinity) and a high Viax
clearly substantiates the claim that Fe-His@Hemin possesses
distinct advantages, particularly in terms of catalytic efficiency
and substrate affinity under neutral conditions, over a range of
previously developed peroxidase-mimicking nanomaterials.
The results in Fig. 5 showed that compared with Mn-
His@Hemin and His@Hemin, Fe-His@Hemin has a smaller
K., and the higher V... With H,0, as the substrate, K,,, of Fe-
His@Hemin is only one fifth of that of His@Hemin. For TMB
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as substrate, the V.« of Fe-His@Hemin is about twice that of
Mn-His@Hemin and His@Hemin, indicating that the hemin
after the addition of iron improves the affinity of substrate H,0,
and the catalytic activity of enzymes. Thus, Fe-His@Hemin has
enhanced peroxidase-like activity, which can be attributed to its
unique Fe®* coordination geometry and its well-dispersed
spherical morphology in aqueous solution. Compared with
the previously reported peroxide-like nanomaterials, the mate-
rial Fe-His@Hemin has obvious advantages and has good
application prospects in practical catalysis.

3.5. Detection of H,0, and glucose using the Fe-
His@Hemin

The detection of H,0, is essential in many fields such as life
activities, medical diagnosis, industrial and agricultural
production and environmental monitoring. Therefore, it is of
great significance to establish a simple, fast, highly sensitive
and visual detection of H,0, without any complex instruments.
The colorimetric sensor of H,O, was established under the best
conditions by utilizing the double enzyme properties of Fe-
His@Hemin. The UV-vis spectral curve of H,0, (0.25-120 pM)
at 652 nm was detected in Fig. S6. With the increase of H,0,
concentration in the system Fe-His@Hemin-TMB, the absor-
bance value A also increases continuously (A = A — Ay, A and 4,
refer to the absorption value of H,0, at 652 nm in the system
with and without H,0,, respectively), and there is A good linear
relationship between 4 and H,O, in the range of 0.25-120 pM

Absorbance (a.u.)

|
S
[

0 50 100 150 200 250 300 350 400

Glucose (uM)

Fig. 6 Sensitivity research of glucose colorimetric sensing platform based on Fe-His@Hemin. (a) The spectra of the sensing system with different
glucose concentrations; (b) the linear relationship between absorbance (A) and glucose concentrations from 0.5-400 pM; (c) photographs of the
colorimetric response to different glucose concentrations (0.5-400 uM). The error bars are the standard deviation of the third parallel sample.
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(Fig. S6b). The linear equation is AA = 0.00582 [H,0,] (uM) +
0.01601 (R* = 0.99879). The detection limit was 0.16 pM.
According to the 3a/k rule, the detection limit of H,0, is 0.16
uM. Compared with other colorimetric methods for the detec-
tion of H,O, (Table S2), the colorimetric method adopted in this
study has higher sensitivity and lower detection limits.

In the actual clinical test, the glucose content in the blood
and urine is an important indicator of the diagnosis of human
health. Most of the reported nanozymes used the activity of
POD-like simulated enzymes to establish glucose colorimetric
biosensors under acidic conditions (pH 3.5-4.5). The detection
mechanism is as follows: first, glucose oxidase can quantita-
tively catalyze glucose to produce H,0,; subsequently, under the
action of nanozyme, H,0, catalyzes the color development of
the substrate leading to changes in the system solution (steps 1
and 2). However, the optimal catalytic pH of glucose oxidase is
neutral, and the peroxidase activity of most nanozymes often
shows the best catalytic performance under acidic conditions.
Therefore, the simple and rapid quantitative detection of
glucose has practical significance in potential biomedical
applications.

C¢H20¢(glucose) + O, + H,O GO CsH,07(gluconic acid)
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Based on the advantages of self-replenishing oxygen in Fe-
His@Hemin systems with good POD-like and CAT-like activi-
ties under neutral conditions, we established a one-step efficient
visual glucose biosensor. The experimental results are shown in
Fig. 6, the result shows the ultraviolet-visible spectral curve of
glucose (0.5-400 uM) detected at 652 nm. As the concentration of
glucose increases, the absorbance of the solution gradually
increases. The Glucose concentration showed an excellent linear
correlation (R* = 0.9949)between 0.5 uM and 400 uM (Fig. 6b),
and the linear regression equation was A = 0.00374 [Glucose]
(uM) + 0.0035C (R* = 0.9949). Fig. 6¢c visually demonstrates the
color gradient corresponding to the glucose concentration range.
The concentration of glucose in the sample can be directly and
quickly judged by the intensity of the color of the solution.
According to the 3o/k rule, the glucose detection limit (LOD) is
0.25 pM. Compared with most reported glucose detection
sensors (Table S3), the method reported in this paper has a wider
linear range, high sensitivity, and low detection limit, which can
have a good prospect in clinical diagnosis.

3.6. Application of the glucose sensor

Fe-His@Hemin stability was evaluated by measuring relative
activity every 5 days at 1 month of storage at room temperature.
The experimental results are shown in Fig. 7a. The catalytic
activity of Fe-His@Hemin remains above 90%, which proves
that the nanomaterial has good stability. In addition, to verify

e e
°N %
2 S

Absorbance (a.u.)
=
=

Fig.7 The stability of Fe-His@Hemin. (a) The long-term stability of Fe-His@Hemin; (b) the selectivity analysis for glucose detection with different
sugars (0.4 mM glucose, 4 mM fructose, maltose, arabinose, xylose, galactose; (Inset) the picture of the corresponding samples). The error bars

are the standard deviation of the third parallel sample.

Table 1 Determination results of glucose in human serum samples

Sample Found in sample (uM) Spiked (uM) Found+SD (uM) Recovery (%) RSD (%)

1 36.89 100.00 136.35 + 1.28 98.2 1.3
200.00 237.73 + 1.84 101.9 1.8
300.00 336.91 + 2.99 99.76 2.7

2 33.29 100.00 132.85 4+ 1.13 99.5 1.1
200.00 233.87 + 2.28 102.6 1.5
300.00 331.91 + 3.14 96.7 1.9
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that the sensor established in this paper has good selectivity for
glucose, we selected fructose (4 mM), maltose (4 mM), arabi-
nose (4 mM), xylose (4 mM), galactose (4 mM) and glucose (0.4
mM) for comparison. As shown in Fig. 7b, the solutions with
high concentrations of fructose, maltose, arabinose, xylose, and
galactose showed no obvious color changes, while the solutions
with only 0.4 mM of glucose were significantly bluer. The results
show that the colorimetric sensor has high selectivity for
glucose and can be further applied in biomedicine, biological
detection and biotechnology.

According to the American Diabetes Association and WHO
criteria, the clinical cut-off for random (non-fasting) blood
glucose is 11.1 mmol L' (=200 mg dL ') for diabetes diag-
nosis and 7.8 mmol L™ (=140 mg dL ') for impaired glucose
tolerance. In healthy individuals, fasting plasma glucose is
<6.1 mmol L' (=110 mg dL'). Because our colorimetric
signal plateaus when glucose =400 pM, the response deviates
from linearity beyond this point. When undiluted human
serum samples (original glucose =5-7 mmol L™ ") were assayed
after a 50-fold dilution, the measured concentration after dilu-
tion fell between 100-140 puM, well within the linear range (0.5-
400 pM). Therefore, the upper limit of 400 uM does not
compromise quantification in routine clinical use. After the
recommended 50-fold dilution, the expected glucose concen-
tration in diluted serum is 100-140 puM, which lies comfortably
inside the validated linear window. Recovery tests at three
spiking levels (100, 200, 300 uM) yielded 96.7-102.6% with RSD
<2.7% (Table 1), confirming that the 0.5-400 pM range is
appropriate for accurate glucose quantification in human
serum with the described dilution protocol.

4 Conclusion

In summary, a novel bionic nanomaterial with double enzyme
properties Fe-His@Hemin has been prepared in this paper.
Because of the synergistic action of peroxidase and catalase, Fe-
His@Hemin has achieved high efficiency in the catalytic
process of TMB. Compared with HRP enzyme, Fe-His@Hemin
has higher affinity for H,O, and TMB substrates. At the same
time, we constructed a colorimetric sensor for H,O, and
glucose. The linear ranges of H,0, and glucose were 0.25-120
uM and 0.5-400 uM, respectively, and the detection limits were
0.16 uM and 0.25 pM, respectively. The sensor has high sensi-
tivity and selectivity, good recovery rate, and can be used in
future biological analysis and clinical diagnosis.
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