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The detection of cytokines plays an important role in clinical diagnosis and immune mechanism research
of chicken diseases. In this work, a novel and ultrasensitive chemiluminescent (CL) imaging array im-
munosensor was proposed to detect multiple chicken cytokines based on DNAzyme@CuS nanoparticles
(DNAzyme@CuSNPs) dual mimic enzyme signal amplification strategy. DNAzyme@CuSNPs owns excellent
peroxidase property, which was modified with second antibody (Ab,) to prepare DNAzyme@CuSNPs de-
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tection probe, and demonstrated high catalysis CL imaging signal due to synergistic catalysis. Chicken
interleukin-4 (ChIL-4) and chicken interferon-y (ChIFN-y) were used as model analysis samples, the
DNAzyme@CuSNPs-based CL imaging immunosensor achieved simultaneous and high-throughput detec-
tion of ChIL-4 and ChIFN-y with wide linear range of 10-3-10% ng/mL, and the detection limits are 0.41
pg/mL and 0.36 pg/mL, respectively. The multiplex chicken cytokines CL imaging array immunosensor
shows a high sensitivity, wide linear range, excellent specificity and acceptable stability. This research
opens dual mimic enzyme signal-amplified strategy to develop sensitive CL imaging immunoassay for

chicken diseases detection application.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Cytokines are highly active and multifunctional small molec-
ular polypeptides secreted by active cells, which mainly medi-
ate and regulate immune responses and inflammatory responses
[1]. Among all chicken cytokines, chicken interleukin (ChIL-4) and
chicken interferon gamma (ChIFN-y) are the most important cy-
tokines and have been extensively studied at present, which has
been proved to play vital roles in inflammation, rapid allergic reac-
tion, immunomodulatory properties and growth factors in chickens
[2-4]. Currently, determination of the two cytokines is mainly con-
ducted by biological methods, such as flow cytometry [5], in situ
hybridization [6] and reverse transcriptase polymerase chain re-
action [7], but these methods were hindered by high experimen-
tal cost and lack of accuracy [8-10]. Enzyme-linked immunoassay
has also been developed to detect ChIL-4 and ChIFN-y [11,12], but
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it was limited by single component detection and the insufficient
sensitivity. Therefore, it is essential to explore a sensitive multi-
component immunoassay with advantages of simplicity, rapidity
and accuracy for simultaneous detection of multiple chicken cy-
tokines.

Chemiluminescence (CL) imaging immunoassay, regarded as a
promising analysis strategy, has attracted extensive attention in
clinical diagnosis, food safety and life science owing to its multi-
component detection, high analysis sensitivity, simple device and
no scattered light interference [13-15]. Recently, CL immunoassay
was developed to detect chicken cytokines, and but only detect
one chicken cytokine in one assay turn. However, immune array
has the advantages of high detection throughput and fast analysis,
especially in integration, miniaturization and automation, makes
it become the mainstream trend of multicomponent determina-
tion [16-19]. However, traditional CL usually utilizes natural en-
zyme labels to obtain enhanced CL detection. The natural enzyme
molecules are suffered from poor stability and limited sources,
which hinder the further development of CL immunoassay [20-25].
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Scheme 1. Schematic of preparation of DNAzyme@CuSNPs signal probe (A) and CL
array immunosensor for detection of chicken cytokines of ChIL-4 and ChIFN-y (B).

In recent years, various peroxidase (POD) mimetics including
hemin, hemoglobin, porphyrin, hemin/G-quadruplex DNAzyme and
nanoparticles have been explored in immunoassay applications
[26-29]. The utilization of peroxidase mimetics with high catalytic
activity improves the sensitivity of immunoassay [30-32]. Since
the discovery of Fe3O4 nanoparticles (NPs) with inherent POD-
mimetic activity [33], considerable attempts have been devoted
to exploring nanomaterials with POD-like activity [34-36]. Vari-
ous nanomaterials, including noble metal, metal oxides, metal sul-
fide and carbon are introduced as peroxidase mimetics to apply
in bioanalysis [37-39]. Copper sulfide nanoparticles (CuSNPs) as
an important semiconductor material, has been explored as excel-
lent peroxidase mimetics for colorimetric and CL biosensing fields
[40,41]. Recently, CuSNPs have been reported as excellent peroxi-
dase mimetics for CL immunoassay application [42]. However, the
research about CuSNPs-based CL immunoassay is very few, and
the relatively low mimic catalytic activity of the CuSNPs limited
the further application. Moreover, DNAzyme has attracted consid-
erable attention in development of several sensitive biosensors due
to high catalytic ability [43,44]. However, the single peroxidase
mimetics show limited POD-like activity. So the design of compos-
ite peroxidase mimetics materials offer a new opportunity to gain
high catalytic ability.

Herein, DNAzyme was modified onto CuSNPs with carboxyl
functionalization to form DNAzyme@CuSNPs dual mimic enzyme
(Scheme 1A), which was explored as peroxidase mimetics probe
to develop ultrasensitive CL imaging array immunosensor for si-
multaneous detection of multiple chicken cytokines (Scheme 1B).
The DNAzyme@CuSNPs mimic enzyme probe shows high POD-
like activity, and significantly produced CL imaging signals due
to the synergistic effect, which remarkably enhanced the detec-
tion sensitivity. The enhancement of CL imaging signals was lin-
early related to concentration of the two cytokines with very wide
linear range and low detection limit. Compared to the previous
research, the proposed CL immunosensor possesses wider linear
range and much lower detection limit for ChIL-4 and ChIFN-y.
The constructed dual mimic enzyme-based CL imaging array im-
munosensor opens up a novel method, which can make up for the
shortcomings of the traditional CL immunosensor, and provides a
promising avenue for the development of sensitive multicompo-
nent CL immunoassay and clinical diagnosis of chicken diseases.

It is can be seen from the high-resolution transmission elec-
tron microscope (TEM) image (shown in the Fig. 1A), the prepared
carboxyl-functionalized CuSNPs have regular morphology and good
dispersion with uniform size of 6-8 nm. These features are favor-
able to load more DNAzyme and second antibodies (Ab,) to obtain
excellent dual mimic enzyme probe. The UV-vis spectra of CuS-
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Fig. 1. (A) High-resolution TEM image of CuSNPs. (B) UV-vis spectra of
DNAzyme@CuSNPs-Ab,. (C) CD spectra of DNAzyme@CuSNPs-Ab,. (D) CL imaging
signals of CuSNPs-Ab; (a), HRP@AuNPs-Ab, (b), and DNAzyme@CuSNPs-Ab, (c) for
detection of 0.1 ng/mL ChIL-4.

NPs and DNAzyme@CuSNPs-Ab, were utilized to verify the suc-
cessful immobilization of DNAzyme and Ab,. As shown in Fig. 1B,
there was no obvious absorption peak of CuSNPs at 260-280 nm.
While DNAzyme@CuSNPs-Ab, showed a clear absorption peak at
278 nm, which can be attributed to the characteristic absorption
of proteins. According to the obvious research, a typical paral-
lel G-quadruplex structure shows a positive peak (265nm) and a
negative peak (240 nm) [45]. Circular dichroism (CD) spectrum of
DNAzyme@CuSNPs-Ab, (Fig. 1C) shows a positive peak at 267 nm
and a negative peak at 242 nm, proving that DNAzyme is success-
fully modified on the surface of CuSNPs. These results indicate that
both DNAzyme and Ab, have been successfully modified on the
surface of CuSNPs.

In order to evaluate the catalytic property of the
DNAzyme@CuSNPs-Ab, probe, different label probes were in-
cubated on the same immune array for detection of 0.1 ng/mL
ChIL-4 via sandwich immunoreaction. As shown in Fig. 1D, the CL
imaging intensity of CuSNPs-Ab,, horseradish peroxidase@AuNPs-
Ab, (HRP@AuNPs-Ab,) and DNAzyme@CuSNPs-Ab, probes is 4222,
17,066 and 43,255, respectively. It can be significantly seen that
the DNAzyme@CuSNPs-Ab, signal probe designed in this work
produces the stronger CL signal than single CuSNPs-Ab, due to
its synergetic enzyme-mimic catalytic activity. Natural enzyme
HRP-coated AuNPs has been popular signal probe for biosensing
application due to excellent catalytic property [14]. Compared
with HRP@AuNPs-Ab, probe, DNAzyme@CuSNPs-Ab, signal probe
also shows much stronger CL signal, further confirming excellent
performance of dual mimic enzyme probe. In this research, the
dual signal amplification of the CL array immunosensor is realized
on the basis of dual mimic enzyme probe, which greatly improves
the sensitivity for two chicken cytokines detection.

Scanning electron microscope (SEM) and electrochemical
impedance spectroscopy were used to characterize construction of
the chicken cytokines array immunosensor. The glass slides were
functionalized with epoxy groups by silanization action, and then
printed with micropore array for capturing cytokines antibody. As
illustrated in Fig. 2A, the SEM image of epoxy group-treated ar-
ray slides show smooth and uniform surface. Compared to Fig. 2A,
Fig. 2B exhibits much rougher surface, which results from combi-
nation of antibody (Ab;) molecules onto the array slides. The elec-
tron transfer resistance is quantified by the semicircle diameter of
the Nyquist impedance spectrum. Fig. 2C shows the electrochem-
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Fig. 2. (A) SEM of epoxy group-modified slide. (B) SEM of Ab; modified array
slide. (C) Nyquist plots of EIS for bare GCE (a), Aby-chitosan/GCE (b), BSA/Ab;-
chitosan/GCE (c), ChIL-4/Ab;-chitosan/GCE (d), and DNAzyme@CuSNPs-Ab,/ChIL-
4/Ab; -chitosan/GCE (e).

ical impedance spectra (EIS) of different modified electrodes from
0.05kHz to 10kHz. Due to the gradual modification of molecules,
the impedance values of bare GCE (curve a) Ab;-chitosan/GCE
(curve b), and BSA/Ab;-chitosan/GCE (curve c) increased gradually
due to the hindrance of electron transfer, demonstrating the suc-
cessful fabrication of the CL array immunosensor. When the array
immunosensor captured ChIL-4 antigen, impedance value of the
ChIL-4/Ab-chitosan/GCE (curve d) further increased. After further
incubation with DNAzyme@CuSNPs-Ab, probe, it is worth noting
that the impedance value of DNAzyme@CuSNPs-Ab,/ChIL-4/Ab;-
chitosan/GCE (curve e) decreased obviously, which is owing to the
excellent conductivity of CuSNPs.

The kinetic behavior of the dual mimic enzyme catalytic CL re-
action of the cytokines array immunosensor was investigated in
this research. As seen in Fig. S1 in Supporting information, CL re-
action immediately was triggered after adding CL substrate, and
the CL intensity reached maximum value and then reduced af-
ter 1.0min. In addition, 80% of the maximum CL intensity can
be maintained at 300s. In order to achieve high sensitive detec-
tion, CCD imaging requires a longer exposure time to collect a
weaker CL intensity, thereby, the total time of CL dynamic inte-
gration needs 300s. The incubation time, a key constraint of the
entire immunoassay speed, was tested here. This experiment in-
cludes two-step incubation. The first step can be regarded as the
incubation of the Ab; and cytokine antigen to form a stable im-
mune complex. The second step is determined as immune complex
incubating with DNAzyme@CuSNPs-Ab, probe to form sandwich
immune complex. As shown in Fig. S2 (Supporting information),
taking ChIL-4 as an example, when adding 10 ng/mL ChIL-4 anti-
gen and DNAzyme@CuSNPs-Ab, probe on array immunosensor, the
CL imaging intensity increased correspondingly with the increase
of incubation time and two step-incubation tended to be stable at
25 min. It shows that the binding reaction of array immunosensor
to DNAzyme@CuSNPs-Ab, probe and cytokines antigen can reach
saturation in 25min and forming a stable sandwich immune com-
plex, so the two-step optimal incubation time selected as 25 min.

Under the optimal analysis conditions, the CL imaging inten-
sity increased with the increase of the concentration of ChIL-4
and ChIFN-y antigen (Fig. 3A), demonstrating a linear correla-
tion with CL imaging value versus logarithm of cytokines ana-
lyte concentration (Fig. 3B). The linear curves show linear ranges
of 10-3-102 ng/mL (R? =0.9949) and 10~3-102 ng/mL (R =0.9972)
for ChIL-4 and ChIFN-y, respectively. In addition, the detection
limits of the proposed chicken cytokines array immunosensor
for ChIL-4 and ChIFN-y was calculated to be 0.41 pg/mL and
0.36 pg/mL, which are far lower than the reported detection
limit 0.05ng/mL, 2 pg/mL, 3.2 pg/mL for ChIL-4 and 3 pg/mL,
2.9 pg/mL for ChIFN-y [2,14,42]. The high sensitivity of array im-
munosensor may result from the excellent POD-like activity of
DNAzyme@CuSNPs and dual mimic enzyme signal amplification
strategy. In addition, the dual mimic enzyme signal amplification
and multiplex immunoassay strategy can simultaneously detect
two or more samples, which greatly shortens analysis time and de-
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Fig. 3. (A) CL imaging signals for various concentration of ChIL-4 and ChIFN-y. (B)
Calibration curves for immunoassay of ChIL-4 (a) and ChIFN-y (b).
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Fig. 4. (A) Effect of addition of varying concentration of competing cytokine on CL
imaging intensity for immunoassay of 10.0 ng/mL ChIL-4 and ChIFN-y (a: blank so-
lution; b: 10ng/mL competing cytokine of ChIFN-y or ChIL-4; c: 10 ng/mL target
cytokine of ChIL-4 or ChIFN-y; d: 10ng/mL of ChIFN-y, IgG, BSA and ChIL-4). (B)
CL imaging signals of the array immunosensor after the storage of 0 d, 7 d, 14 d, 21
d and 28 d at the concentration of 10.0 ng/mL cytokine antigens.

tection cost, offering a sensitive, reliable, fast and high-throughput
immunoassay method for clinical diagnosis.

The cross-reaction between target analytes and non-specific an-
tibodies was studied in Fig. 4A. Taking ChIL-4 immune array mi-
cropore as a model, blank solution (column a), ChIFN-y (10 ng/mL,
column b), ChIL-4 (10 ng/mL, column c), and mixture (column d)
of ChIFN-y (10ng/mL), IgG (10 ng/mL), BSA (10 ng/mL), and ChIL-4
(10ng/mL) were added respectively into the immune array sensor.
As expected, the ChIL-4 immune array micropores only responded
to the target antigen ChIL-4 (column c) and the mixture containing
ChIL-4 antigen (column d) and exhibited strong CL signals. Con-
versely, there was weak CL signal with the addition of blank solu-
tion (column a) and ChIFN-y (10ng/mL) (column b) without pres-
ence ChIL-4. Similarly, ChIFN-y immune array micropore presents
similar phenomenon, which indicates the non-specific binding of
interfering antigens can be negligible. Taken together, every im-
mune micropore is independent and immune response only occurs
in the corresponding immune micropores, which can well avoid
the cross-reaction between the adjacent immune micropores.

The reproducibility of the chicken cytokine array immunosen-
sor can be evaluated by intra- and inter variation coefficients. The
variation coefficient of the intra-group can be determined by rela-
tive standard deviation (RSD) of the same sample detected repeat-
edly five times with the same immunosensor. The variation coef-
ficient of inter-group can be determined as RSD of the same sam-
ple detected parallelly with five different immunosensors. Herein,
ChIL-4 and ChIFN-y (1.0ng/mL) samples were applied, intra- and
inter variation coefficients of ChIL-4 were 2.2% and 5.8%. Intra
and inter variation coefficients of ChIFN-y were 2.3% and 4.5%.
These data indicate that the constructed chicken cytokines array
immunosensor possesses good detection reproducibility. Fig. 4B
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Table 1
The recovery experiments of CL array immunosensor for ChIL-4 and ChIFN-y
(n=5).

Sample Added (ng/mL) Detected (ng/mL) Recovery rate (%)
ChIL-4 ChIFN-y  ChIL-4 ChIFN-y  ChIL-4 ChIFN-y

1 0.0100 0.0100 0.0109  0.0092 109.00 92.0

2 1.0000 1.0000 1.0011  0.9682 100.10  96.82

3 10.0000  10.0000 9.5952  10.1470  95.95 101.47

presents the storage stability of the array immunosensor via de-
tecting the CL imaging signals of ChIL-4 and ChIFN-y by storing
array immunosensor in PBS solution at 4°C for 4 weeks. It can be
found that the CL imaging signal changes of ChIL-4 and ChIFN-y
on array immunosensor are less than 1.9% and 2.4%. The above
analysis shows that the immune sensing arrays have good repro-
ducibility and acceptable stability.

In order to investigate the accuracy and actual application value
of the CL imaging array immunosensor, recovery experiments were
carried out by adding standard ChIL-4 and ChIFN-y antigens to
clinical chicken serum samples (Table 1). The recovery values of
ChIL-4 and ChIFN-y were calculated, and the corresponding ranges
are 95.95%-109.0% and 92.00%—101.5%, respectively, illustrating
the applicability in practical serum sample.

In this work, a DNAzyme@CuSNPs dual mimic enzyme sig-
nal amplification probe strategy was proposed to develop a novel
and ultrasensitive chemiluminescent imaging array immunosen-
sor for detecting a variety of chicken cytokines. DNAzyme@CuSNPs
owns excellent peroxidase property, and was modified with sec-
ond antibody (Ab,) to prepare DNAzyme@CuSNPs-Ab, detec-
tion probe. Compared to the single CuSNPs and HRP labels,
DNAzyme@CuSNPs probe demonstrated much higher catalysis CL
imaging signal due to the synergistic catalysis action. Combining
excellent DNAzyme@CuSNPs mimic enzyme signal probe, the CL
imaging array immunosensor was successfully applied to detect
ChIL-4 and ChIFN-y, and exhibits a wide linear range, low detec-
tion limit and high throughput. Moreover, The chicken cytokines
array immunosensor also has high specificity, good accuracy, ac-
ceptable reproducibility and stability, indicating that the proposed
dual mimic enzyme signal-amplified strategy offer a promising
method to develop sensitive CL imaging immunoassay for chicken
diseases detection.
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