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ABSTRACT

Nanozymes offer superior stability and resistance to deactivation while mimicking the catalytic activity of natural
enzymes, thereby expanding their applications across various fields. However, the development of nanozymes
with both high catalytic activity and good biocompatibility remains a significant challenge. In particular, bio-
compatible nanozymes are highly desirable for immunoassays and biological detection. In this work, a series of
nanozymes were prepared using bovine serum albumin (BSA) as a template and hemin as the catalytic active
component. By activating the carboxyl groups of hemin, we compared the catalytic activities of nanozymes pre-
pared by directly adding native BSA with those prepared using dBSA, obtained after spin-induced denaturation
of BSA. Encapsulation of hemin by dBSA not only alleviated hemin aggregation and inactivation in aqueous so-
lution but also enhanced its peroxidase-like activity through a confinement effect. As a result, the dBSA-hemin
nanozymes efficiently catalyzed the luminol-H, 0O, system, producing stable glow-type chemiluminescence. Tak-
ing advantage of the excellent catalytic activity of these nanozymes, a chemiluminescence immunosensor was
developed using the nanozymes as signal labels for the detection of CA15-3. The constructed immunosensor
exhibited a wide linear response range from 0.001 to 100 U/mL and a low detection limit of 0.0003 U/mL at
a signal-to-noise ratio of 3. These results demonstrate that the use of simple materials and preparation methods
remains highly promising. Moreover, the integration of self-assembly with confinement effects provides a new

strategy for designing efficient nanozyme systems.

1. Introduction

Chemiluminescence Immunoassay (CLIA) is a highly sensitive and
specific analytical technique widely used in clinical diagnosis, environ-
mental monitoring, food safety, and other fields [1-7]. This technology
is based on the principle of the immune response, where complexes are
formed by binding antigens with specific antibodies, triggering chemical
reactions that produce light signals. The intensity of the optical signal is
directly proportional to the concentration of the target substance in the
sample. Through appropriate signal detection and analysis, the content
of the target substance can be accurately measured. Compared to tra-
ditional immunoassay methods, such as enzyme-linked immunosorbent
assay (ELISA), CLIA offers higher sensitivity, a wider detection range,
and lower background interference. It is particularly suitable for low-
concentration analysis and the detection of complex samples [8,9]. En-
hancing the intensity of chemiluminescence (CL) signals is a key factor
in improving the sensitivity of CLIA. With the emergence of new lumi-
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nescent materials and advancements in signal enhancement technology,
the application prospects of CLIA in disease biomarker detection, drug
monitoring, pathogen detection, and other fields are expanding [10-12].

Nanozymes are nanomaterials that exhibit enzyme-like activity [13].
Compared to traditional enzymes, they offer distinct advantages such
as structural stability, maintain activity under extreme conditions, and
ease of preparation and functionalization. These properties have made
nanozymes a research hotspot in biocatalysts, medical diagnostics,
and environmental protection [14-17]. The catalytic mechanism of
nanozymes typically relies on their specific nanoscale structural fea-
tures. A key factor influencing the catalytic performance of nanozymes
is the confinement effect. This effect arises from spatial constraints at the
nanoscale, leading to unique physicochemical properties distinct from
those of bulk materials. Notably, the confinement effect can enhance
catalytic activity by increasing the frequency of reactant interactions,
thereby improving reaction efficiency. Furthermore, it plays a crucial
role in modulating electronic conductivity and optical characteristics
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[18-201, making it highly relevant for applications in catalysis, sensing,
and targeted drug delivery [21-23]. For instance, in nano catalysts, the
confinement effect can increase the frequency of reactant interactions,
thereby improving catalytic efficiency [24].

Hemin exhibits peroxidase-like properties and serves as the active
centre of the hemoglobin family. Due to its ability to catalyse the de-
composition of peroxides and mimic the functions of traditional perox-
idases, it shows significant potential for applications in fields such as
biocatalysts, sensing, and immune detection [25-29]. However, hemin
has poor solubility in aqueous solutions and is prone to oxidation and
self-decomposition. At high concentrations or under inappropriate con-
ditions, it tends to aggregate into inactive dimers or other polymers,
which catalytic efficiency greatly reduced. To address these challenges,
effective modification of hemin to enhance its water solubility, stabil-
ity, and catalytic activity has become an important research focus [30].
Bovine serum albumin (BSA) plays a crucial role in nano-enzyme and
catalysis research, offering advantages such as stability and biocompat-
ibility. BSA is rich in functional groups, including sulfhydryl (-SH) and
amino (-NH,) groups, which can bind to the surface of nanomateri-
als to enhance the dispersion and stability of nano-enzymes and pre-
vent nanoparticle agglomeration. Additionally, BSA influences the ad-
sorption and dissociation of substrates on the surface of nano-enzymes
through the confinement effect, thereby improving the catalytic reaction
rate.

In this work, a series of nanozyme with peroxidase-like activity were
prepared by changing the state of BSA using hemin as the catalytic
group. The first method involved activating the carboxyl group of hemin
and then directly adding BSA to encapsulate the hemin, resulting in the
preparation of BSA-Hemin nano gels (BH NGs). The second method in-
volved adding denatured BSA (dBSA) after activating the carboxyl group
of hemin to encapsulate the hemin, resulting in the preparation of dBSA-
Hemin nano particles (dBH NPs). By studying the peroxidase-like activ-
ity and CL signal intensity of BH NGs and dBH NPs, it was confirmed
that dBH NPs, prepared by encapsulating hemin with dBSA, exhibit bet-
ter catalytic performance compared to BH NGs. This improvement is at-
tributed to the outer protein protective layer and the confinement effect
on hemin. Compared to BH NGs obtained by directly coupling hemin
onto BSA protein scaffolds, the catalytic performance of dBH NPs is
nearly twice that of BH NGs. The successful preparation of dBH NPs
not only addresses the issues of hemin aggregation and deactivation in
aqueous solution, but also exhibits significantly higher catalytic activity
than both free hemin and BH NGs due to the confinement effect. Based
on the excellent catalytic performance of the prepared material, it was
applied to CL immunoassay, resulting in the construction of a glow-type
CL immunosensor. This sensor successfully detected the disease marker
CA15-3 rapidly and sensitively, achieving highly satisfactory results.

2. Experimental section
2.1. Materials and apparatus

The materials and apparatus used are mentioned in Supporting In-
formation.

2.2. Preparation of BSA-Hemin nano gels (BH NGs)

The preparation of BH NGs was carried out with slight modifications
based on the previous work of Dong et al. [31]. First, 8 mg of hemin
was added to 9 mL of sodium hydroxide (NaOH) solution (0.01 M)
and stirred continuously at 800 rpm. Subsequently, 97.31 mg of 1-
(3-Dimethylaminopropyl)-3-ethylcarbodiimide (EDC) and 58.72 mg of
N-hydroxy succinimide (NHS) were added and stirred for 1 h. Then,
9 mL of a 40 mg/mL bovine serum albumin (BSA) solution was added
to the mixture and stirred at 37 °C for 12 h. The resulting solution was
then dialyzed for 24 h using a 3000 Da dialysis bag to remove NaOH,
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unreacted hemin, and other impurities. Finally, the product was freeze-
dried, and the resulting powder was dispersed in phosphate-buffered
saline (PBS) solution (0.01 M, pH 7.4) and stored in a refrigerator at
4 °C for future use.

2.3. Preparation of dBSA-Hemin nano particles (dBH NPs)

The preparation of dBH NPs was carried out with slight modifica-
tions based on the work of Li et al. [32]. First, 20 mL of an 8 mg/mL
BSA solution was prepared, to which 7.2 g of urea and 11.68 mg of
ethylene diamine tetraacetic acid (EDTA) were added, and the mixture
was stirred at 25 °C for 20 min. Next, 0.1 mL of a 0.1 M dithiothreitol
(DTT) solution was added and stirred under nitrogen for 30 min. The
prepared dBSA solution was then dialyzed in ultrapure water using a
3000 Da dialysis bag for 12 h. The carboxyl groups on the hemin were
activated by dissolving 8 mg of hemin in 4 mL of 0.1 M NaOH solution,
followed by the addition of 77.6 mg of EDC and 37.6 mg of NHS, and the
activation process was carried out. Subsequently, 4 mL of a 4 mg/mL
dBSA solution was added to the activated hemin solution and stirred at
37 °C for 2 h, followed by dialysis using a 3000 Da dialysis bag for 24 h.
Finally, the product was freeze-dried, and the resulting powder was dis-
persed in PBS solution (0.01 M, pH 7.4) and stored in a refrigerator at
4°C.

2.4. Chemiluminescence (CL) signal test

The specific procedure for CL signal testing is as follows. First, 10 pL
of 40 mM luminol and 10 pL of 100 mM hydrogen peroxide (H,0,)
were added to 970 pL of 0.1 M NaOH solution and stirred for 15 s.
Then, 10 pL of BSA, hemin, BH NGs, or dBH NPs (typically at a hemin
concentration of 1 pg/mL) was added and mixed thoroughly. Finally,
the CL signal intensity was measured using a microplate reader. For
CL kinetic testing, the CL signal was measured at different time points
(every 30 s).

2.5. Reactive oxygen scavenging test

The procedure was the same as for the CL signal test, except that in
the solution to be tested, 10 uL of different concentrations of free radical
scavengers, including thiourea (-OH), p-benzoquinone (0O, ), and tryp-
tophan (10,), was added. The CL signal intensity was measured using
a microplate reader. For CL kinetic testing, the CL signal was measured
at different time points (every 30 s).

2.6. Preparation of dBH NPs-Ab,

First, 0.8 mg of EDC and 0.4 mg of NHS were added to 8 mL of a
10 pg/mL dBH NPs solution. The mixture was incubated with shaking
at 25 °C for 30 min to activate the carboxylic acid groups on the surface
of the dBH NPs. Then, 400 pL of a 100 pug/mL secondary antibody (Ab,)
solution was added. Due to the presence of amino groups on the surface
of the Ab,, covalent bonds can form through dehydration condensation
reactions. Additionally, since the outer layer is coated with BSA, non-
specific adsorption can be prevented to a certain extent, eliminating the
need to block non-specific sites with BSA. The solution was incubated
with shaking at 4 °C for 6 h and stored in a refrigerator at 4 °C.

2.7. Construction of a CL immunosensor for the detection of CA15-3

First, 100 pL of a 1 pg/mL primary antibody (Ab;) solution was
added to the bottom of a 96-well microtiter plate and incubated at 4 °C
for 12 h. Subsequently, 100 pL of a 1% BSA solution was added and
incubated at 25 °C for 1 h. Then, 100 pL of different concentrations of
CA15-3 antigens was added to the wells and incubated at 37 °C for 1 h.
Finally, 100 pL of dBH NPs-Ab, conjugate was added for a sandwich
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Scheme 1. Schematic representation of the preparation process of BH NGs and dBH NPs.

immunoassay and incubated at 25 °C for 1 h. After these steps, the mod-
ified 96-well microtiter plate was washed three times with PBS solution.
At this point, the construction of the CL immunosensor was completed.
Next, 10 pL of a 40 mM luminol solution and 10 uL of a 100 mM H,0,
solution were added to 980 pL of 0.1 M NaOH solution and mixed well.
Then, 200 pL of the luminescent substrate solution was added to each
well. CL kinetics were tested using a microplate reader.

3. Result and discussion
3.1. Characterisation of BH NGs

BH NGs were synthesized using BSA as a protective layer and hemin
as a catalytically active substance (Scheme 1), and their morphology
was characterized by transmission electron microscopy (TEM) and dy-
namic light scattering (DLS). As shown in Figs. 1(a)(b), the BH NGs
were spherical particles, with hemin exhibiting peroxidase-like activity
on the inside and a protein layer formed by BSA on the outside. Addi-
tional TEM images of BH NGs can be found in Fig. S1. The inner part of
the gel displayed a distinct vesicle structure. As shown in Fig. 1(c), the
hydrodynamic diameter of the BH NGs obtained from DLS analysis was
151 + 23 nm, which is slightly larger than the particle size observed
in the TEM image. This discrepancy may be due to the volume reduc-
tion of the sample after drying. The successful synthesis of BH NGs was
confirmed by the UV-vis spectra shown in Fig. 1(d), which exhibited
characteristic peaks of BSA and hemin at 260 and 394 nm, respectively.
Furthermore, as shown in Fig. 2(d), the ¢-potential of BSA alone was
—22.07 + 0.96 mV, while the ¢-potential of BH NGs after hemin loading
was —8.06 + 0.96 mV. The change in ¢-potential not only demonstrates
the successful synthesis of BH NGs but also indicates that hemin is not
exclusively bound to the inside of the BSA; some hemin molecules are
bound to the outside. In conclusion, the successful synthesis of BH NGs
highlights that the amino acid residues on the surface of BSA proteins
can serve as active sites to bind directly to certain substances, enabling
protection or loading.

3.2. Characterisation of dBH NPs

After verifying that BSA can directly encapsulate hemin to improve
its water solubility, we found that the protein structure of BSA has signif-
icant steric hindrance, preventing it from tightly encapsulating hemin.
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Therefore, dBSA was first prepared by unwinding BSA, and dBH NPs
were subsequently synthesized by encapsulating hemin with denatured
dBSA chains through biomimetic assembly. From the TEM images in
Figs. 2(a)(b), it can be observed that dBH NPs are regular spherical par-
ticles with a uniform size distribution. Additional TEM images of dBH
NPs can be found in Fig. S2. The interior of the dBH NPs consists of
tightly bound hemin, which is encapsulated by a hydrophilic protein
layer formed by dBSA, thereby improving the water solubility of hemin.
Meanwhile, the confinement effect caused by dBSA encapsulation al-
lows the protein layer to act as a barrier, reducing the contact rate with
the substrate, thereby enhancing the catalytic effect and prolonging the
catalytic duration. As shown in Fig. 2(c), the particle size of dBH NPs
obtained through DLS analysis is 115 + 10 nm, which is smaller than
that of BH NGs and demonstrates a more uniform volume distribution.
As shown in Fig. 2(d), the {-potential of pure BSA is —22.07 + 0.96 mV,
while the {-potential of dBSA after unwinding is +5.52 + 1.35 mV, in-
dicating that dBSA exposes positively charged binding sites upon denat-
uration. The dBH NPs, prepared by combining dBSA with hemin, have
a negatively charged surface with a ¢-potential of —17.04 + 1.26 mV,
indicating good stability. As shown in Fig. 2(e), the UV-vis spectra of
dBH NPs exhibits distinct absorption peaks at 280 and 394 nm, corre-
sponding to the characteristic peaks of dBSA and hemin, respectively.
Additionally, as shown in Fig. 2(f), the obtained dBH NPs include the
typical characteristic peaks of hemin and BSA. The stretching vibration
peaks at 2810 and 3440 cm™! correspond to -C-H and -NH, groups,
respectively. Notably, the characteristic peak near 1710 cm™!, caused
by the bending vibration of -C=0-OH in the hemin structure, disap-
peared and was replaced by a typical -CO-NH bending vibration peak
observed at 1620 cm™!. In summary, the successful preparation of dBH
NPs demonstrates that dBH NPs are synthesized through covalent bond-
ing.

3.3. Examination of peroxidase-like activity

In order to investigate the catalytic activity of the prepared materials
and determine whether there is a significant improvement in catalytic
efficiency compared to using hemin alone, the peroxidase-like activity of
BH NGs and dBH NPs was studied using 3,3’,5,5’-tetramethylbenzidine
(TMB) as a substrate. As shown in Fig. 3(a), a schematic diagram il-
lustrates the reaction between dBH NPs, H,O,, and TMB. The initial
state of TMB is a colourless and transparent solution. Upon oxidation,
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Fig. 1. (a)(b) Transmission electron microscopy (TEM) images of BH NGs; (c) Dynamic light scattering (DLS) analysis of BH NGs; (d) UV-vis spectra of BH NGs,
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oxTMB appears blue or blue-green, with characteristic absorption peaks
located at 375 and 650 nm, respectively. The absorption peaks at 375
and 650 nm, detected by UV-vis spectra, can be used to verify the ac-
tivity of peroxidase-like enzymes. As shown in Fig. 3(b), when TMB
and H,0, were used as reaction substrates, the synthesized BH NGs
and dBH NPs exhibited excellent peroxidase-like activity compared to
hemin alone. However, during the preparation of BH NGs, some hemin
may bind to the surface of BSA and come into direct contact with the
substrate, which significantly affects its catalytic efficiency. For dBH
NPs, the dBSA obtained from BSA unwinding provides more binding
sites, which allows more hemin to be encapsulated. Additionally, dBSA
not only produces a confinement effect on hemin but also forms a pro-
tective protein layer, delaying the contact rate with the substrate and
thus improving the catalytic effect. Therefore, at the same concentra-
tion, dBH NPs exhibit better catalytic effects than BH NGs. Similarly,
the same conclusion can be drawn from the enzyme kinetics curve of
the absorption spectrum over time, indicating that dBH NPs have supe-
rior peroxidase-like activity, as shown in Fig. 3(c).

3.4. Examination of the catalytic properties of CL

After examining the activity of peroxidase-like enzymes, the inten-
sity of the CL signal generated by catalysis was tested using the luminol-
H,0, system as the luminescent substrate. As shown in Fig. 4(a), hemin
alone has a significant enhancing effect on CL, while dBSA, like BSA, has
no catalytic effect on the CL reaction. When hemin is encapsulated with
BSA, the three-dimensional network structure inside BH NGs effectively
controls the diffusion of luminol and H,0,, thereby slowing down the
chemical reaction process. Although the initial intensity of its CL slightly
decreases compared to hemin, it exhibits excellent persistence and pro-
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duces relatively sustained CL. After testing the CL performance of dBH
NPs, as expected, the protein protective layer and confinement effect
generated by the encapsulation of hemin by dBSA greatly enhanced the
intensity of the CL signal, enabling dBH NPs to generate strong and per-
sistent CL signals. Finally, the CL spectra of the prepared materials were
tested, as shown in Fig. 4(b). The luminescence signals were all at a
wavelength of 425 nm, indicating that the generated CL originated from
the reaction between luminol and H,0,. The synthesized BH NGs and
dBH NPs acted only as catalysts and did not affect the luminescence
wavelength.

3.5. Examination of reactive oxygen scavenging mechanisms

In the luminol-H, 0, system, the mechanism of CL is that a catalyst
with peroxidase-like activity catalyses the decomposition of H,O, to
produce reactive oxygen species, which can oxidize luminol. After oxi-
dation, luminol emits blue light. Reactive oxygen species include three
forms: hydroxyl radicals (-OH), superoxide ions (O, ), and singlet oxy-
gen (10,). To investigate their roles in the CL substrate solution, free
radical scavengers thiourea (‘OH), 1,4-Benzoquinone (O, ), and tryp-
tophan (10,) were added to the solution simultaneously for mixing. Ex-
cess scavengers were used to ensure the complete removal of reactive
oxygen species during the reaction, as shown in Fig. 5(a). As shown
in Figs. 5(b)(c)(d), based on the linear relationship between the con-
centration of scavengers and their scavenging efficiency, it is demon-
strated that all three reactive oxygen species play important roles in
the chemical reaction. As the concentration of the scavenger increases,
the scavenging efficiency also improves. The procedure for calculating
scavenging efficiency is described in Supporting Information S4. Mean-
while, through the CL kinetics curve, as shown in Fig. S3, it is observed
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bars indicate standard deviations, n = 10).

that the removal of reactive oxygen species reduces the intensity of CL
but does not affect its persistence. From this, it can be inferred that the
catalytic mechanism of dBH NPs in the luminol-H,0, system primar-
ily involves promoting the decomposition of H,O, to generate reactive
oxygen species (‘OH, O, ", and !0,), thereby enhancing CL. This finding
is consistent with previous reports.

3.6. Optimisation of testing conditions for CL immunosensors

To achieve the best detection performance of the constructed CL im-
munosensor, the reaction conditions during detection were optimized.
In the luminol-H,0, luminescent system, the pH value is an important
factor affecting the luminescence intensity. First, the reaction pH was
optimized, as shown in Figs. S4(a)(d). When the pH was greater than 9,
the CL kinetics curve exhibited good persistence, and under the condi-
tion of pH 13, the luminescence intensity reached its maximum. Thus,
pH 13 was chosen as the optimal testing condition. Next, the concen-
tration of H,O, was optimized, as shown in Figs. S4(b)(e). When the
H,0, concentration increased to 100 mM, the CL intensity reached its
maximum. Therefore, 100 mM was selected as the optimal testing con-
dition. Finally, the effect of different luminol concentrations on the CL
signal was tested. As shown in Figs. S4(c)(f), as the luminol concentra-
tion increased, the CL signal gradually rose and reached its maximum
value at 40 mM. Beyond this concentration, the CL intensity decreased.
Therefore, 40 mM luminol was selected as the optimal testing condition.

3.7. Detection of CA15-3 by CL immunosensor

As shown in Scheme 2, CL immunosensor was constructed through
layer-by-layer modification. Under optimized experimental conditions,
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the constructed CL immunosensor was used to detect CA15-3 at differ-
ent concentrations. As shown in Fig. 6(a), with an increase in CA15-
3 concentration, the number of dBH NPs bound to the microplate in-
creases, resulting in a gradual increase in the CL signal. The CL signal
intensity at 60 s was selected as the standard for quantitative analy-
sis. As shown in Fig. 6(b), there is a linear relationship between the
logarithm of CA15-3 concentration and the CL intensity of the im-
munosensor within the range of 0.001-100 U/mL, which increases
as the CA15-3 concentration rises. The linear regression equation is
Y =1.091X + 6.795, where Y represents the CL signal intensity, X is the
logarithm of the CA15-3 sample concentration, and R% = 0.997. The de-
tection limit for CA15-3 was calculated to be 0.0003 U/mL (S/N = 3).
Compared to previously reported immunodetection methods (as summa-
rized in Table 1), the analytical method established in this study offers
a lower detection limit, a wider detection range, and a shorter analysis
time, making it a highly effective analytical method.

3.8. Examination of the specificity and stability of CL immunosensors

BSA, neuron-specific enolase (NSE), alpha-fetoprotein (AFP), and
carcinoembryonic antigen (CEA) were selected as interfering substances
for the specific testing of the constructed CL immunosensor (interfer-
ing substance concentrations: BSA: 10 mg/mL, NSE: 10 pg/mL, AFP:
10 pg/mL, and CEA: 10 pg/mL). As shown in Fig. 7(a), no significant
CL signal was observed when detecting these interfering substances in-
dividually. In contrast, the CL signal obtained when detecting CA15-3
alone was strong. However, when all interfering substances were mixed
with 1 U/mL CA15-3 for detection, the CL signal obtained was similar to
that when detecting CA15-3 alone, demonstrating that dBH NPs used as
markers for CL immunosensors exhibit good specificity. Subsequently,
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Fig. 6. (a) CL kinetic curves of the CL immunosensors using dBH NPs as CL markers at different concentrations of CA15-3 (0.001-100 U/mL); (b) Calibration curves
for the logarithmic values of CL intensity relative to CA15-3 concentration (Reaction conditions: 0.1 M NaOH, pH 13.0, luminol: 40 mM, H,0,: 100 mM, error bars

indicate standard deviations, n = 3).

Table 1

Comparison between this study and other reported sensors for detecting CA15-3.
Method Linear range (U/mL)  Detection limit (U/mL)  References
Electrochemiluminescence 0.012-120 0.0013 [33]
Electrochemiluminescence 0.05-120 0.014 [34]
Electrochemical 0.05-200 0.17 [35]
Electrochemical 1-150 0.3 [36]
ELISA 0.1-160 0.04 [37]
CL 0-250 0.035 [38]
CL 0.001-100 0.0003 This work
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Fig. 7. (a) Examination of the specificity of the CL immunoassay sensor; (b) Examination of storage stability. (Error bars indicate standard deviations, n = 3).

the storage stability of dBH NPs was tested, as shown in Fig. 7(b). The
CL signal was tested over a period of 60 days, and compared with the
initial signal, it decreased by only 1.8%. Finally, the repeatability of the
experiment was examined. The RSD was 0.89% and 0.91% by intra- and
inter-batch tests, as demonstrated in Fig. S5. These results indicate that
the method has a relatively good degree of repeatability. Therefore, it
can be concluded that dBH NPs have good storage stability as markers
for constructing CL immunosensors.

3.9. Real sample test

In addition, enzyme-linked immunosorbent assay (ELISA) was used
as a reference method to verify the precision and accuracy of the pro-
posed method. As shown in Table S1, the recoveries of the proposed
method for the detection of CA15-3 ranged from 101% to 103%, with
RSDs ranging from 1.6% to 2.0%. The calculated F-values were all lower
than the critical value (Fj g5, 4, 4 = 6.39). In addition, the maximum cal-
culated t-value was 1.53, which was lower than the critical value. These
results indicate that the proposed CL immunosensor has good accuracy
and precision, demonstrating its potential for clinical detection.

4. Conclusion

In summary, this work utilized BSA as a template and hemin as a
catalytic substance to prepare nanozymes with peroxidase-like activity.
BH NGs and dBH NPs were synthesized by modifying the state of BSA.
By analysing the peroxidase-like activity and CL signal intensity of BH
NGs and dBH NPs, it was confirmed that dBH NPs, prepared by en-
capsulating hemin with dBSA, exhibited superior catalytic performance
compared to BH NGs. This enhancement was attributed to the outer
protein protective layer and the confinement effect on hemin. A CL im-
munosensor was developed based on the outstanding performance of
dBH NPs, utilizing these nanozymes as signal markers for the rapid and
sensitive detection of CA15-3. By establishing a relationship between
CA15-3 concentration and CL signal intensity, the constructed CL im-
munosensor demonstrated an excellent linear response in the range of
0.001-100 U/mL, with a detection limit of 0.0003 U/mL (S/N = 3).
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