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Although diverse signal-amplified methods have been committed to improve the sensitivity of surface
plasmon resonance (SPR) biosensing, introducing convenient and robust signal amplification strategy into
SPR biosensing remains challenging. Here, a novel nanozyme-triggered polymerization amplification strat-
egy was proposed for constructing highly sensitive surface plasmon resonance (SPR) immunosensor. In
detail, Au@Pd core-shell nanooctahedra nanozyme with superior peroxidase (POD)-like activity was syn-
thesized and utilized as a label probe. Simultaneously, Au@Pd core-shell nanooctahedra nanozyme can
catalyze the decomposition of H,0, to form hydroxyl radicals (‘OH) that triggers the polymerization of
aniline to form polyaniline attaching on the surface of sensor chip, significantly amplifying SPR responses.
The sensitivity of SPR immunosensor was enhanced by nanozyme-triggered polymerization amplification
strategy. Using human immunoglobulin G (HIgG) as a model, the constructed SPR immunosensor obtains
a wide linear range of 0.005-1.0pug/mL with low detection limit of 0.106 ng/mL. This research provides
new sights on establishing sensitive SPR immunosensor and may evokes more inspiration for developing
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Nanozymes, nanomaterials with intrinsic enzyme-like activity,
have emerged to be a rapid-flourishing and diverse areas owing
to their high stability, low cost, controllable activity and durabil-
ity, which recuperates the limitations of natural enzymes utilizing
in the application from biosensor to therapeutics [1-4]. Numerous
nanomaterials with enzyme-like characteristics were investigated,
including metal oxides [5-8], metal sulfides [9,10], metal-organic-
frameworks [11-14], carbons [15-17] and noble metal [18-21] etc.
Nowadays, nanozymes have been mainly utilized in colorimetric
analysis [22,23], electrochemical sensing [24], chemiluminescence
immunoassay [25,26] as well as photoelectrochemical immunoas-
say [27,28]. It is desirable to exploit new type of nanozymes and
expand them to other biosensing fields. However, it is regrettable
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that nanozymes with intrinsic enzyme-like activities and optical
properties have rarely been exploited to construct surface plasmon
resonance biosensors.

Surface plasmon resonance (SPR), regarded as the promising
methods for real-time detection of analytes [29], has received great
interest attributed to its sensitivity, suitability as well as proper re-
generation of sensor surface, which is widely utilized in disease di-
agnosis via establishing immunoassay analysis [30-32]. Although,
a variety of efforts have been contributed to develop SPR im-
munosensor for quantifying biomolecules including biomarkers for
disease [33,34], the inadequate sensitivity of the SPR immunosen-
sor for extremely low concentration of biomolecules remains a
challenge [35,36]. In the previous researches, various signal ampli-
fication strategies have been developed to increase SPR detection
sensitivity including enzymatic amplification [37,38], atom trans-
fer radical polymerization amplification [39,40] as well as intro-
ducing nanomaterials-labelled signal probe [41]. Intriguingly, poly-
merization signal amplification methods have become very pop-

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



F Shi, G. Li, H. Zhu et al.

(
One-pot Goat anti-HIgG
s hydrothermal | (Aby)
90 °C, 48 h 4°C,6h
Au@Pd Au@Pd-Ab,
___________________________ cmm—m————
v v
(B) YoYo o JYIY Fesa Y LYivlyaY

1  ~ O R e e e e e \

SNfgs e |\

R \é’;’ | o I \OG,)'.
Fe/ser |3 o
T[S 15 '

/i A= |3 | ¢ 2 Q@ Ye
Sensor chip g < \_,;\r QIe; <
Ig | G Ye il tnt
. <] N —
Prism; 13 - —|
G x without polymerization | v
Incident light Reflected Iight!_ ___ __Tme(s) __ _ < O}’Y
i 9
)| Polyaniiine POD-like <
]

H,0,

Scheme 1. (A) Preparation of Au@Pd core-shell nanooctahedra nanozyme and
probe. (B) Schematic illustration of the sandwich immunoassay procedure of the
SPR immunosensor.

ular due to the great signal amplification for improving sensi-
tivity of SPR biosensors [42]. Nonetheless, the reported polymer-
ization reaction mainly relies on excitation of natural enzymes,
which has the shortcomings such as easy denaturation, instabil-
ity in extreme environment, high cost in preparation and purifi-
cation [43]. Moreover, the excitation polymerization process is rel-
atively complex. These factors restrict the further development of
the polymerization-induced signal amplification in SPR biosensor.
Therefore, it is of great significance to incorporate nanozymes with
polymerization strategy to fabricate efficient, highly sensitive and
convenient signal amplification for SPR biosensing.

HIgG is considered as an important serum disease marker for
diagnosis of several immune and chronic diseases. In this work,
using HIgG as analyte model, a nanozyme-triggered polymeriza-
tion amplification strategy was developed for constructing sen-
sitive SPR immunosensing based on Au@Pd core-shell nanoocta-
hedra nanozyme (Scheme 1). Secondary antibodies were loaded
on Au@Pd core-shell nanooctahedra nanozyme to prepare SPR la-
bel probe (Au@Pd-Ab,). The Au@Pd core-shell nanozyme shows
superior peroxidase (POD)-like activity, and can catalyze the de-
composition of H,O, to form hydroxyl radicals ("OH), inducing
the polymerization of aniline on the SPR chip to produce a re-
markable amplification and promoting the SPR detection sensitiv-
ity. The proposed strategy compensates the shortcoming of cur-
rent polymerization signal amplification methods and increases
the sensitivity of SPR biosensing for extremely low concentra-
tion of biomolecules. Taken together, this work proposed an effec-
tive nanozyme-triggered polymerization amplification strategy for
developing sensitive and convenient SPR immunosensing, which
holds potential promise and enlarges the scope of nanozymes in
biosensing.

The morphology and elemental composition of Au@Pd core-
shell nanooctahedra nanozyme were investigated in Fig. 1. As
can be seen from Figs. 1A and B, scanning electron micrographs
(SEM) and transmission electron micrographs (TEM) images exhibit
that Au@Pd core-shell nanooctahedra nanozyme with octahedral
core-shell structure possesses uniform size of 60nm. As shown
in Fig. 1C, the high-resolution TEM image of Au@Pd core-shell
nanooctahedra nanozyme exhibits two distinct fringes with spac-
ings of 0.235nm and 0.224nm, corresponding to the (111) plane
of Au and (111) facet of Pd, respectively, which preliminarily indi-
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Fig. 1. (A) SEM image and (B) TEM image of Au@Pd core-shell nanooctahedra
nanozyme. (C) High-resolution TEM image of Au@Pd core-shell nanooctahedra
nanozyme. (D-F) HAADF-STEM and corresponding element mapping images. (G-I)
Full XPS spectroscopy and high-resolution XPS spectra of Au@Pd core-shell nanooc-
tahedra nanozyme.

cates that Pd mainly distributes outside while Au scatters inside.
Figs. 1D-F demonstrate the high angle annular dark field scanning
transmission electron microscope (HAADF-STEM) and correspond-
ing element mapping images, declaring that the Au@Pd core-shell
nanooctahedra nanozyme contains Pd (Fig. 1E) as outer shell and
Au (Fig. 1F) element as inner core, which suggests the success-
ful synthesis of Au@Pd core-shell nanooctahedra nanozyme. En-
ergy dispersive X-Ray spectroscopy (EDX) and X-ray diffractome-
ter (XRD) were utilized to characterize the successful preparation
of Au@Pd nanozyme (Fig. S1 in Supporting information). X-ray
photoelectron spectra (XPS) measurement was conducted to in-
vestigate the valence states of Au@Pd nanozyme. Fig. 1G exhib-
ited a full XPS spectra of Au@Pd nanozyme, indicating the coex-
istence of Au and Pd. The high-resolution Au 4f spectra was de-
convoluted into two peaks corresponding to Au® 4f7, and Au®
4fs;,with binding energies at 83.61eV and 87.27eV, respectively
(Fig. 1H). The high-resolution Pd 3d spectra showed four peaks in
Fig. 11, including Pd® 3dsp, (334.97eV), Pd° 3d;j; (340.28eV), Pd%+
3dsp, (335.98€V) and Pd2+ 3d3), (341.24 V), suggesting that the Pd
species in Au@Pd nanozyme are mostly in the valence state of PdO.
The existence of few amounts of Pd2* can be attributed to the ab-
sorption of surface oxygen on the Pd surface of Au@Pd nanozyme,
further verifying the metallic state of the Pd shell and Au core [44].

3,3/,5,5’-Tetramethylbenzidine (TMB), regarded as typical chro-
mogenic substrate, has been utilized to investigate the POD-like
activity of Au@Pd core-shell nanooctahedra nanozyme. It can be
seen obviously from Fig. 2A that a strong absorption peak occurs at
652 nm belonging to the mixed solution of the TMB+H,0,+Au@Pd
core-shell nanooctahedra nanozyme (curve c¢) and exhibits ex-
tensive blue in inset, which can be explained by the genera-
tion of hydroxyl radicals (*OH) originated from H,0O, catalyzed
by the POD-like catalytic properties of Au@Pd core-shell nanooc-
tahedra nanozyme. On the contrary, there is no peak at 652nm
and no change of color exhibiting in the solution just contain-
ing TMB+H,0, (curve a) or TMB+Au@Pd+core-shell nanooctahe-
dra nanozyme (curve b), which is perfectly consistent with the
colorimetric photographs presented in the inset in Fig. 2A. As
shown in Fig. 2B, the electron paramagnetic resonance (EPR) spec-
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Fig. 2. (A) UV-vis spectra for characterizing POD-like activity: (a) TMB+ H,0, solution, (b) TMB+Au@Pd core-shell nanooctahedra nanozyme solution, (c) TMB+Au@Pd core-
shell nanooctahedra nanozyme+H,0, solution. (B) EPR spectra for verifying the generation of *‘OH. Steady-state kinetics analysis of Au@Pd nanozyme towards H,0, (C) and
TMB (E), and corresponding double-reciprocal Lineweaver-Burk plots of H,0, (D) and TMB (F), respectively.
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Fig. 3. (A) UV-vis spectroscopy of (a) Ab,, (b) Au@Pd core-shell nanooctahedra
nanozyme, (c) Au@Pd- Ab,. (B) XPS spectroscopy of Au@Pd (a) and Au@Pd-Ab,(b).
(C) SEM image of Au@Pd-Ab,. (D) TEM image of Au@Pd-Ab,.

tra showed the characteristic spectrum of ‘OH with a four-line
spectrum of 1:2:2:1 intensity, which can confirm the generation
of *OH catalyzed by Au@Pd core-shell nanooctahedra nanozyme
with the presence of H,0,. According to the Lambert-Beer the-
ory and Michaelis-Menten equation, the steady-state kinetics pa-
rameters of Au@Pd nanozyme towards H,0, and TMB was calcu-
lated. The steady-state kinetics curves and corresponding double-
reciprocal plots for HyO, and TMB were exhibited in Figs. 2C-F,
and the Ky, and Vpax of H,O, and TMB for Au@Pd nanozyme were
listed in Table S1 (Supporting information). The lower Ky repre-
sents the higher enzyme affinity to the substrate, and the higher
Vmax suggests higher catalytical performance. As shown in Table
S1 (Supporting information), the prepared Au@Pd nanozyme pos-
sesses lower Ky, value and higher Vyax versus H,O, and TMB in
comparison with HRP and other nanozymes. All the above experi-
mental phenomenon demonstrates that Au@Pd core-shell nanooc-
tahedra nanozyme is of superior POD-like activity. The excellent
POD-like activity can be ascribed to the synergistic effect of Au and
Pd elements, as well as the special structure of Au@Pd with Au as
core and Pd as shell.

The preparation of nanozyme probe plays crucial role in con-
struction of sensitive SPR immunoassay. As illustrated in Figs. 3A-
D, the successful formation of Au@Pd-Ab, probe was confirmed via
UV-vis spectra, XPS spectra, SEM and TEM images. It can be seen

from Fig. 3A that there is an obvious characterization adsorption
peak of protein at 279 nm attributed to secondary antibody (Ab,)
(curve a). In addition, a weak adsorption peak of Au@Pd core-shell
nanooctahedra nanozyme presented at 550 nm (curve b) belongs
to adsorption of Au. Satisfactorily, two characterization adsorption
peaks of protein and Au@Pd core-shell nanooctahedra nanozyme
were observed at 279 nm and 550 nm separately, which can be at-
tributed to protein and Au@Pd core-shell nanooctahedra nanozyme
depicted in curve c, suggesting that Ab, is immobilized on Au@Pd
core-shell nanooctahedra nanozyme successfully. In Fig. 3B, com-
pared to Au@Pd nanozyme (curve a), XPS spectra of Au@Pd-Ab,
(curve b) exhibits a characteristic peak at 229.48 eV corresponding
to S 2s, which can be attributed to S species of cysteine residues
in proteins. Figs. 3C and D show the SEM and TEM images of
Au@Pd core-shell nanooctahedra nanozyme modified antibodies. It
can be observed that antibody-loaded Au@Pd core-shell nanoocta-
hedra nanozyme shows different morphology in comparison with
unmodified Au@Pd (Figs. 1A and B), and there are some aggrega-
tions of Au@Pd core-shell nanooctahedra nanozyme owing to the
immobilization of Ab,. These results indicate the successful prepa-
ration of Au@Pd nanozyme probe.

Taking advantage of the good interaction of Staphylococcal pro-
tein A (SPA) and Fc fragments of IgG molecules, SPA was utilized
to functionalize the sensor chip to effectively immobilize antibod-
ies. As illustrated in Scheme 1B, SPA, Rabbit anti-HigG (Ab;) and
BSA were injected in sequence to fabricate the sensing surface
accompanying with washing via PBS after each injection. As de-
scribed in Fig. 4, a system of control experiments for detecting
HIgG was designed to elucidate the feasibility of the fabricated SPR
immunosensor. In the absence of Au@Pd-Ab,, Ab, was injected to
interact with HIgG, which exhibits a weak shift of SPR signal of
0.0313° with the addition of mixture containing aniline and H,0,
(Fig. 4A). Replacing 1.0pg/mL HIgG with 0.01 mol/L PBS, Au@Pd-
Ab, and mixture were introduced in sequence leading a SPR signal
shift of 0.0432°, which can be attributed to the polymerization of
aniline catalyzed by the surviving Au@Pd-Ab, (Fig. 4B). In the pres-
ence of Au@Pd-Ab, but without the mixture of aniline and H,0,,
the resonance angle showed an apparent shift of 0.1017° owing to
the combination of HIgG and probe (Fig. 4C). As desired, the res-
onance angle presented a remarkable shift of 0.4536° compared
to Fig. 4C, which is ascribed to the POD-like activity of Au@Pd-
Ab, for catalyzing the polymerization of aniline with the exis-
tence of H,0, to form the second signal amplification based on
the immune reaction between HIgG and probe (Fig. 4D). Moreover,
SEM images of bare Au chip, formation of polyaniline catalyzed by



F Shi, G. Li, H. Zhu et al.

°
(=2}
©

]

6938

N PBS FBS
o ) B
2696 5696 L I o
© @ asa PES  PBS anline+Hy0p
8 694 © 69.44 Au@?drl\hz
€ e
< @©
< 69.2 C 69.2
o o
8 @
& 69.0 & 69.01 Aby
5000 10000 15000 20000 5000 10000 15000 20000
ime (s) Time (s)
2 698{C m‘as T 105D
o o
D69.6 pas PBSPBS| T’) 70.24
% PBS %
Au@Pd-Ab.

g 69.4] u@Pd-Ab, o 699

(&)
= € 69.6
8692 o anlinesHy0,
] L S 6934

5000 10000 15000 20000 5000 10000 15000 20000

Time (s) Time (s)

Fig. 4. The feasibility of the constructed SPR immunosensor. (A) Injecting 1.0 pg/mL
HIgG and Ab, with the mixture of aniline and H,0,; (B) adding 0pg/mL HIgG and
Au@Pd-Ab, with the mixture of aniline and H,0,; (C) in the presence of 1.0 pug/mL
HIgG and Au@Pd-Ab, with the absence of aniline and H,0,; (D) in the presence of
1.0 pg/mL HIgG, Au@Pd-Ab,, aniline and H,0,.

Au@Pd core-shell nanooctahedra nanozyme with the presence of
H,0, on the Au chip surface were studied in Fig. S2 (Supporting
information) showed smooth Au surface, while Fig. S2B (Support-
ing information) presented different morphology with long band
shape with sharp needle-like polymers appearing on the Au chip
surface, which demonstrates the formation of polyaniline. In ad-
dition, NMR-spectra were also conducted to verify the formation
of polyaniline catalyzed by Au@Pd nanozyme (Fig. S3 in Support-
ing information). The polymerization reaction triggered by Au@Pd
nanozyme probe can be illustrated as follows. The O-O bond of
H,0, breaks to form ‘OH in the catalysis process of H,0, catalyzed
by Au@Pd nanozyme with POD-like activity. Then, the generated
-OH oxidized the amino groups in aniline to form radicals that
can interact with other aniline molecules to activate polymeriza-
tion of aniline to generate polyaniline. In general, benefiting from
the above experimental results, the proposed nanozyme-induced
signal amplification strategy in SPR immunosensor was proven to
work.

The proposed nanozyme-triggered polymerization amplification
strategy for signal amplification was utilized to design SPR im-
munosensor to determine HIgG under optimal condition (Fig. S4
in Supporting information). It can be observed from Fig. 5A, the
resonance angle shifts apparently with the elevation of the con-
centration of HIgG, which is attributed to the signal enhancement
from the polymerization of aniline catalyzed by POD-like activity of
Au@Pd-Ab, probe. An evident linear relationship of resonance an-
gle shifts versus the concentration of HIigG was presented in Fig. 5B
and the constructed immunosensor possesses a wide linear range
of 0.005-1.0 ug/mL with low detection limit of 0.106 ng/mL, which
is much lower than that of other reported SPR sensors (Table S2 in
Supporting information).

As shown in Fig. 5C, the resonance angle shifts were recorded
with the respective injection of HIgG (1.0 pg/mL), CEA (25U/mL),
CA15-3 (30U/mL), CA125 (25U/mL) and PBS, which explored the
anti-interference property of the fabricated immunosensor. It is ob-
vious that the addition of HIgG leads to a more conspicuous reso-
nance angle shift than that of other antigens, which is consistent
with the anticipation. The resultant results suggest that fabricated
immunosensor has high specificity for determination of target ana-
lytes. The reproducibility was evaluated by recording the resonance
angle shift of the same sensor chip that was rinsed with NaOH for
regeneration several times. It can be seen from Fig. 5D that SPR
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Fig. 5. (A) The sensorgram of different concentration (from a-g) of HIgG detected
via SPR immunosensor. (B) The calibration curve of the proposed strategy for HIgG
determination. (C) SPR response of 1.0ug/mL HIgG, 25U/mL CEA, 25U/mL CA125,
30U/mL CA15-3 and blank solution for studying the selectivity of the fabricated
SPR immunosensor. (D) SPR response of the proposed immunosensor after being
used several times for investigating the repeatability of the immunosensor.

signals have no significant change. The SPR signals are 431.5 m°,
426.1 m°, 415.9 m°, 440.2 m°, 421.5 m° within the five-time detec-
tion and the relative standard deviation was calculated to be 2.0%,
which demonstrates that the proposed immunosensor shows ex-
cellent repeatability.

For assessing the applicability of the designed strategy for
HIgG in clinical samples, recovery experiments were performed by
spiking HIgG at various concentrations into serum samples with-
out any treatments. Ethical approval was obtained from the Ethics
Committee of Northern Jiangsu People’s Hospital. In addition, writ-
ten informed consent was obtained from all the participants prior
for this study. HIgG with different concentrations of 0.10pg/mlL,
0.50pg/mL, 1.00 pg/mL was mixed with three serum samples sep-
arately. As described in Table S3 (Supporting information), there
was good consistence between the added and detected values of
HIgG contents, and the range of recovery rates were calculated
about 96.3%-106.4%, demonstrating no significant interference in
clinical samples. In general, the proposed SPR immunosensor with
good reproducibility and reliability based on Au@Pd-Ab, probe
can be exploited to determine HIgG in human serum quantita-
tively. To sum up, the constructed SPR immunosensor has the
advantages of high sensitivity, low detection limit, and low sample
consumption, as well as good specificity and reproducibility, and
good practicality.

In conclusion, a highly sensitive SPR immunosensor was fab-
ricated based on a nanozyme-triggered polymerization amplifica-
tion strategy. Au@Pd core-shell nanooctahedra nanozyme was sim-
ply synthesized and shows excellent POD-like activity, which was
further exploited to immobilize secondary antibodies as SPR la-
bel probe. More attractively, Au@Pd nanozyme with intrinsic POD-
like activity can catalyze H,0, to "OH, which triggered the poly-
merization of aniline to form polyaniline, greatly enhancing the
sensitivity of SPR immunosensor. Moreover, taking HIgG as model,
the nanozyme signal-amplified SPR immunosensor shows excellent
analytical properties for determining HIgG. The proposed strategy
compensates the shortcoming of current signal amplification meth-
ods such as the use of natural enzymes and relatively complex am-
plifying process. This research provides new sights on establishing
sensitive SPR immunosensor for biomarkers and may evokes more
inspiration for developing signal amplification methods based on
nanozymes in biosensing fields.
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