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Enhanced long-lasting luminescence nanorods for ultrasensitive detection
of SARS-CoV-2 N protein
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ABSTRACT Persistent luminescence nanomaterials can re-
main luminescence when the light source is turned off, which
exhibits promise in biosensor and bioimaging fields since they
have the ability to completely eradicate tissue auto-
fluorescence. Although significant progress has been made in
the persistent luminescence biosensing, there is still a dearth
of long-afterglow detection platform with low limit of detec-
tion (LOD) and high sensitivity. Herein, Zn2GeO4:Mn, Cr
persistently luminescent nanorods (PLNRs) with superior
persistent luminescence and long afterglow time were devel-
oped. The addition of Cr3+ manifestly improves persistent
luminescence intensity and afterglow duration through
creating a deep defect trap. Then the biosensors were con-
structed by combining the Zn2GeO4:Mn,Cr PLNRs-antibody
and Fe3O4 magnetic nanoparticles (MNPs)-antibody for nu-
cleocapsid protein detection based on electrostatic attraction.
The LOD value for nucleocapsid protein realizes as low as
39.82 ag/mL, which is much lower than the previously re-
ported persistent luminescent-based biosensors. Accordingly,
the low detection sensitivity is attributed to fluorescence re-
sonance energy transfer. In addition, high specificity is also
achieved. Therefore, the as-prepared Zn2GeO4:Mn,Cr persis-
tently luminescent materials can act as the promising candi-
date in biosensors applications. This strategy provides
effective guidance for the development of biosensing plat-
forms with high sensitivity and specificity.
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nucleocapsid protein, high sensitivity

INTRODUCTION
Biomedical diagnosis and treatment techniques play vitally
important role in early diagnosis treatment and prediction,
evaluation and healthcare fields [1–4]. Biosensors have been
applied in the detections of cancer, virus, bacteria and so on [5–
8]. One of the underlying challenges of biosensors is the lack of
effective point-of-care detection approaches. Thus, the rapid-
speed and definitive detection approach is important for bio-
sensor applications. The usual detection methods include com-
puted tomography (CT), viral culture, reverse transcription-
polymerase chain reaction (RT-PCR) and enzyme-linked
immunosorbent assay (ELISA) [9–12]. CT scan involves multi-
ple X-ray scans of the patient’s body at different angles to pro-

duce cross sectional images, which belongs to a non-invasive
tool [13]. The disadvantage of CT for virus detection is the low
specificity, detection sensitivity and accuracy [14,15]. RT-PCR is
a standard technique for virus diagnostic, but it requires tedious
sample pretreatment, highly trained operation staff, costly
instruments and prolonged processing time [16,17]. ELISA is a
rapid detection method that is established by a solid-phase
enzyme immunoassay, but the relatively low sensitivity and the
need for high-quality sample preparation limit its applications
[18]. Hence, the development of new detection methods is a
crucial issue in the further study.
Fluorescence analysis technique has been considered as one of

the most powerful approaches in biosensor applications [19,20].
Fluorescence probe is the indispensable component in fluores-
cence analysis technique. Commonly, fluorescence probes con-
tain organic dyes, quantum dots, and up-conversion
nanoparticles (UCNPs) [21–30]. Nevertheless, the above fluor-
escence probes cannot completely avoid the background fluor-
escence signals.
Persistently luminescent material is known as “a legendary

luminous pearl”, exhibiting bright luminescence for few seconds
to several days when stopping excitation light sources. The
persistent luminescence is mainly caused by the stored excitation
energy in trap energy levels [31]. Persistent luminescence per-
formance can efficiently achieve autofluorescence-free, leading
to the improvement of detection accuracy in biosensor appli-
cations [32,33]. To date, some persistently luminescent materials
have been reported with excellent persistent luminescence
intensity and long-lasting persistent time, like green SrAl2O4:
Eu2+, Dy3+ (>30 h), blue CaAl2O4:Eu2+, Nd3+ (>10 h), Near
infrared (NIR)-emitting Zn3Ga2Ge2O10:Cr3+ (>10 h) and red
Y2O2S:Eu3+, Mg2+, Ti4+ (>5 h) [34–37]. In order to achieve
potential applications in biosensors, the particles size and shape
of the persistently luminescent materials were further optimized
by tuning the synthesis approaches. For instance, Zn2GeO4:Mn2+
(ZGO:Mn) persistently luminescent nanorods (PLNRs) were
prepared with green emission based on hydrothermal method
[38,39]. ZnGa2O4:Cr3+ nanospheres with NIR persistent lumi-
nescence were successfully obtained through hot injection
methods [40,41]. Previously, the persistent nanomaterials were
reported to achieve potential applications in disease biomarker
detection, such as SARS-CoV-2 and bacteria [42–44]. Although
significant progress has been made in particle size and shape of
persistently luminescence materials, the persistent luminescence
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intensity and afterglow time still require further optimization.
The underlying relationship between persistent luminescence
and localized structure is unclear. Besides, the detection sensi-
tivity of biosensor based on persistently luminescent materials
should be further improved.
In this manuscript, we design ions co-doping strategy by

introducing Cr3+ in ZGO:Mn PLNRs, achieving improved per-
sistent luminescence and longer afterglow time. The underlying
luminescence enhancement mechanism is attributed to the
introduction of deep defect trap. The biosensors was constructed
by combining the Zn2GeO4:Mn,Cr PLNRs-antibody and Fe3O4
magnetic nanoparticles (MNPs)-antibody for nucleocapsid
protein (N protein) detection based on electrostatic attraction,
realizing low detection of limit (LOD) of 39.82 ag/mL. The
proposed strategy can provide guidance for the development of
highly sensitive and specific biosensor devices.

EXPERIMENTAL SECTION

Materials
Zn(NO3)2·6H2O, Cr(NO3)3·9H2O, HNO3 (68%), and ammonium
hydroxide (28%) were purchased from Sinopharm group.
MnCl2·4H2O, GeO2, (3-aminopropyl)triethoxysilane (APTES),
N,N-dimethylformamide (DMF), and 2-(N-morpholino) etha-
nesulphonic acid (MES) were purchased from Aladdin. NaOH
was purchased from Macklin. 1-(3-Dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride (EDC, >98%), N-hydro-
xysuccinimide (NHS, >98%), and Fe3O4-SiO2-COOH magnetic
nanoparticles (MNPs) were purchased from TCI. N protein,
antibody1 and antibody2, bovine serum albumin (BSA), and
human serum albumin (HSA) were purchased from Beyotime
Biotechnology. All chemicals were used as received without
further purification.

Preparation of ZGO:Mn and Zn2GeO4:Mn,Cr PLNRs
ZGO:Mn and Zn2GeO4:Mn,Cr were prepared by a hydrothermal
method, which was the same with the reported reference [38].
Firstly, 2 mol/L Zn(NO3)2, 0.5 mol/L MnCl2, 0.1 mol/L
Cr(NO3)3, and 1 mol Na2GeO3 solutions were pre-formed. In
detail, Zn(NO3)2 solution was prepared by 5.9502 g Zn(NO3)2·
6H2O with 10 mL deionized water, MnCl2 solution was prepared
by completely dissolving 0.9895 g MnCl2·4H2O into 10 mL
deionized water, Cr(NO3)3 solution was prepared by totally
dissolving 0.200 g Cr(NO3)3·9H2O with 5 mL deionized water,
and Na2GeO3 solution was prepared by dissolving 1.0464 g
GeO2, and 0.7994 g NaOH into 10 mL deionized water. Sec-
ondly, 1 mL Zn(NO3)2, 500 μL HNO3, 10 μL MnCl2, and 50 μL
Cr(NO3)3 were added into 20 mL H2O with vigorous stirring.
Then 1 mL Na2GeO3 was dropwise added into the above solu-
tion, companied with an immediate generation of white pre-
cipitate. Next, 1 mL ammonium hydroxide was slowly added
into the above to adjust the pH value of 9–10. Finally, the
mixture was transferred to a Teflon-lined autoclave and reacted
at 200°C for 10 h in oven. The obtained ZGO:Mn and Zn2GeO4:
Mn,Cr samples were collected after centrifugation and washed
with deionized water.

Surface functionalization of Zn2GeO4:Mn,Cr PLNRs
Zn2GeO4:Mn,Cr sample was first functionalized with amino
grounds (PLNRs-NH2). 0.2 g Zn2GeO4:Mn,Cr PLNRs was uni-
formly dispersed in 8 mL DMF, and then 1 mL APTES was

dropwise added into the above reaction under thoroughly stir-
ring. The above solution was constantly stirring at 80°C for at
least 12 h. The resultant solution was then washed with DMF for
two times to totally remove the extra APTES. After that, the
PLNRs-NH2 was dispersed in 8 mL DMF again, 0.2 g succinic
anhydride was slowly added, and the resultant solution was
vigorous stirring at 60°C for 24 h. After sufficient reaction, the
product (Zn2GeO4:Mn,Cr PLNRs-COOH) was washed with
water/ethanol mixture (1:1) for 2 times, and finally dispersed in
1 mL deionized water.

Functionalization of Zn2GeO4:Mn,Cr PLNPs-COOH and Fe3O4
MNPs with antibody
Briefly, 500 μL EDC (100 mg/mL) and 750 μL NHS
(100 mg/mL) were dropwise added into 500 μL Zn2GeO4:Mn,Cr
PLNRs-COOH solution (0.5 mol/L) with adequately stirring for
30 min at room temperature. Meanwhile, 25 μL EDC
(100 mg/mL) and 37.5 μL NHS (100 mg/mL) were added in
500 μL Fe3O4 MNPs (5 mg/mL) under stirring for 30 min at
room temperature. Then, the above two solution were cen-
trifuged. Next, the two precipitates were dispersed into 500 μL
MES solution (pH = 5), respectively. 49.71 mg antibody 1 and
63.41 mg antibody 2 were added into PLNRs and MNPs solu-
tions with incubation for 15 h, respectively. The resultant pro-
ducts were washed with deionized water, and then 2% BSA was
added for blocking 30 min. At last, the centrifuged products
were dispersed in deionized water.

RESULTS AND DISCUSSION
ZGO:Mn PLNRs was the popular candidate in biosensor and
bioimaging fields due to the uniform morphology and bright
green light emission and afterglow. In order to further improve
the photoluminescence and persistent luminescence, ion co-
doping strategy was designed. Cr3+ was co-doped in ZGO:Mn
PLNRs. Fig. 1a shows the absorption spectra of ZGO:Mn and
ZGO:Mn,Cr PLNRs, with strong absorption in the region of
200–350 nm. Obviously, the absorption intensity of ZGO:Mn,Cr
is much higher than that of ZGO:Mn, indicating that the ionic
co-doping strategy can remarkably improve the absorption
intensity in near-ultraviolet (n-UV) region. Under n-UV light
excitation, both samples exhibit broad-band green light at
534 nm that is ascribed to 4T1→6A2 electron transition of Mn2+
(Fig. 1b). It is noted that the spectral shape and position keep
unanimous with and without Cr3+. Fig. 1c shows the persistent
luminescence spectra after the removal of 360 nm laser. It is
observed that the co-doping of Cr3+ can largely enhance the
persistent luminescence intensity of about 40 folds without any
spectral shape and position changes. In addition, the shape and
position of persistent luminescence is consistent with that of
photoluminescence.
Fig. 1d presents the persistent luminescence decay curves of

ZGO:Mn and ZGO:Mn,Cr. The intensity of both samples
exhibits sharply decreasing tendency at the first dozens of sec-
onds then presents a slowly decreasing trend. Significantly, a
favorably slower decay is observed with the co-doping of Cr3+
ions, of which the decay time to 0.1% of the initial intensity
equals to 80 and 13 s for ZGO:Mn,Cr and ZGO:Mn, respectively.
The above result describes that the co-doping of Cr3+ can
remarkably improve the persistent luminescence intensity and
afterglow time. The design proposal of ion co-doping strategy is
also widely applied to enhance the luminescence performance in
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ZGO:Mn PLNRs materials, the corresponding enhancement
mechanism is similar [45–47].
In order to clarify the underlying mechanism of the improved

persistent luminescence intensity and afterglow time, we spec-
ulate the following schematic mechanism diagram (Fig. 2a, b).
Due to the similar ionic radius, Mn2+ substitutes in Zn2+ sites,
while Cr3+ prefers to occupy Ge4+ sites. Owing to the hetero-
valent substitution between Cr3+ and Ge4+, some extra negative
charge would be generated to maintain electroneutrality [48].
Therefore, the formed electron trap plays vital role in enhancing
persistent luminescence and afterglow time.
Fig. 2c presents the representative X-ray diffraction (XRD)

patterns of ZGO:Mn,xCr (0.5% ≤ x ≤ 4%) PLNRs. All the dif-
fraction peaks match well with the standard Zn2GeO4 (ICSD No.
68382), indicating that all ZGO:Mn,xCr (0.5% ≤ x ≤ 4%) PLNRs
materials crystallized in pure phases. As exhibited in Fig. 2d, the
photoluminescence excitation spectrum of ZGO:Mn,Cr contains
a broad band ranging from 250–400 nm with the maximum at
310 nm, which is in good line with the absorption spectra
results. Fig. 2e presents the persistent luminescence spectra of
ZGO host and ZGO:Mn,xCr (0.5% ≤ x ≤ 4%) PLNRs when pre-
irradiating with 360-nm laser for 3 min. It is noted that the
persistent luminescence spectrum of ZGO host is composed of a
weak broad emission band with the peak at 475 nm, further
providing an evidence that the bright green persistence is
ascribed to the electron transition of Mn2+. In addition, when
increasing Cr3+ doping concentration, the peak position and

shape of persistent luminescence maintain consistent, indicating
that the doping concentration of Cr3+ cannot affect the persistent
luminescence behavior. With increasing the Cr3+ concentration
from 0.5% to 4%, the persistent intensity first increases to the
maximum at 2%, then decreases beyond 2%. The varied per-
sistent luminescence intensity is caused by the trap depth
modulation through increasing Cr3+ doping concentration. In
order to analyze the persistence luminescence stability and
repeatability, the photoluminescence emission and persistent
luminescence spectra of ZGO:Mn,2%Cr PLNRs samples were
measured for 20 times (Fig. S1). The peak position errors of both
photoluminescence emission and persistent luminescence spec-
tra are 0.3%, indicating that the green light and persistent
luminescence are relatively stable.
According to the superior persistent luminescence property,

mild synthesis condition, and excellent luminescence/structure
stability, ZGO:Mn,Cr were employed for autofluorescence-free
biosensing. Since N protein is characterized by high expression
and is more prone to mutation, N protein is chosen as the
detection target, and the detection methods is based on highly
specific antigen-antibody response. The design and scheme of
the detection is illustrated in Fig. 3. The ZGO:Mn,Cr PLNRs
were functionalized with antibody 1, while Fe3O4 MNPs were
functionalized with antibody 2. Through incubation and mag-
netic separation process, the suspension can be divided into two
parts. Owing to the antigen-antibody reaction, the sandwich-
based immunoluminescence structure including ZGO:Mn,Cr, N

Figure 1 (a) Absorption spectra, (b) photoluminescence spectra, (c) persistent luminescence spectra and (d) normalized persistent luminescence decay
curves of ZGO:Mn and ZGO:Mn,Cr PLNRs.
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protein and Fe3O4 MNPs were concentrated (named as solution
II). The extra ZGO:Mn,Cr would disperse in suspensions
(named as solution I). The photoluminescence and persistent
intensity of solution I and II should vary with the change of N
protein concentration. As a result, the high-sensitive and specific
detection for N protein were achieved.
Fig. 4a exhibits the transmission electron microscope (TEM)

image of ZGO:Mn,Cr PLNRs. All particles crystallize in nanorod
morphology with the size of around 13.4 nm × 39.2 nm. The
high-resolute TEM (HRTEM) image shows clear lattice fringe, of
which the interplanar spacing is calculated to 0.71 nm, in good
accordance with (110) lattice plane. The above TEM result
matches well with the XRD data, which provides an efficient
evidence for the successful preparation of ZGO:Mn,Cr PLNRs.
Fig. S2a presents the single-particle morphology of the com-
mercially purchased Fe3O4@SiO2 MNPs, which exhibits regular
sphere with diameter of 700 and 30 nm SiO2 coating layer.
Before ZGO:Mn,Cr PLNRs were functionalized with antibody1,
the PLNRs materials were successively treated with amidogen
and carboxyl. Fig. 4c presents the zeta potential value during the
functionalized antigen-antibody reaction process. The as-pre-
pared ZGO:Mn,Cr PLNRs exhibit slightly negative potential
value of −1.54 mV, and then increase to 3.45 mV in PLNRs-
NH2. When the functional group was treated with carboxyl, the
zeta potential value of PLNRs-COOH decreases to −17.87 mV.
Finally, the PLNRs-antibody1 shows the lowest value of
−20.63 mV. The abovementioned consequence confirms that
PLNRs are successfully functionalized in each step. In addition,
the zeta potentials of Fe3O4 MNPs-antibody2 and N protein are
−8.48 and 4.11 mV, respectively. This result demonstrates that
the sandwich-based immunocomplexes can be stable owing to
the electrostatic attraction.

Fig. 4d presents the successful formation of sandwich-based
immunocomplexes based on the highly specific antigen-anti-
body reaction between N protein and the corresponding anti-
bodies. In order to clarify the practical detection ability of N
protein, we analyzed the morphology of control samples that is
composed of PLNRs-antibody1, Fe3O4 MNPs-antobody2 and
deionized water. Fig. S2b exhibits that PLNRs-antibody1 and
Fe3O4 MNPs-antobody2 are dispersive without any connection.
As exhibited in Fig. 4e, only ZGO:Mn,Cr PLNRs can be
observed. The above consequence demonstrates that the pro-
posal of the N protein detection is feasible. Although there is a
negligible decrease in both photoluminescence emission and
persistent luminescence intensity when the PLNRs sample was
functionalized with carboxyl and antibody, the spectral shape
and position maintained consistent. Fig. 4f presents the photo-
luminescence decay curves of ZGO:Mn,Cr before and after N
protein detection. Both decay curves can be well fitted with bi-
exponential model with the calculated average lifetime of 0.44
and 0.42 ms, respectively. The above result indicates that the
green light before and after N protein detection belongs to
characteristic Mn2+ emission.
Fig. 5a, b and Fig. S3 exhibit the photoluminescence emission

and persistent luminescence spectra. The autofluorescence from
400–475 nm is remarkable in photoluminescence emission
spectra when ZGO:Mn,Cr PLNRs sample were functionalized
with carboxyl or antibody1, which can seriously affect the
detection accuracy of N protein. Notably, no autofluorescence
was observed on persistent luminescence spectra, which only
contain one green emission band. In conclusion, the N protein
detection based on persistent luminescence spectra can effi-
ciently realize autofluorescence-free luminescence, further
increasing the detection accuracy and sensitivity. The response

Figure 2 (a) Schematic crystal structure diagram of ZGO host and the sites occupation of Mn, Cr in ZGO. (b) Schematic persistent luminescence
enhancement mechanism. (c) XRD patterns of ZGO:Mn,xCr (0.5% ≤ x ≤ 4%) PLNRs. (d) Photoluminescence excitation spectra of ZGO:Mn,Cr sample.
(e) Persistent luminescence spectra of ZGO host and ZGO:Mn,xCr PLNRs (0.5% ≤ x ≤ 2%).
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of the N protein detection was further tested. Firstly, the incu-
bation time was analyzed, of which the N protein concentration
was fixed at 1.56 fg/mL (Fig. S4). When ZGO:Mn,Cr PLNRs-
antibody1, Fe3O4 MNPs-antibody2 and N protein were incu-
bated for 3 min, the persistent luminescence was remarkably
decrease with quenching efficiency (QE) of about 51.8%. With
the increase of incubation time, the QE value slightly increases
to 75.1% at 60 min. The QE value is calculated with the fol-
lowing equation:

I I
IQE(%) = × 100% (1)control

control

where Icontrol represents the persistent luminescence intensity of
control sample without N protein, I is the persistent lumines-

cence intensity with varied N protein concentration. As shown
in Fig. 5c, the persistent luminescence intensity gradually
decreases with increasing N protein concentration. As antici-
pated, the QE value gradually increases from 20.7% to 70.2%
with increasing N protein concentration from 31.2 to
3120 ag/mL. This result indicates that the excellent detection
sensitivity for N protein. As shown in Fig. 5e, a good linear
relationship between persistent luminescence quenching and the
concentration of the added N protein is observed (R2 = 0.9345).
The detection of limit (LOD) is calculated as below:

S
bLOD = 3 a (2)

where Sa is the standard deviation of the response, and b is the

Figure 3 Schematic illustration of N protein detection by using ZGO:Mn,Cr PLNRs and Fe3O4 MNPs sandwich-based immunoluminescence assay.

Figure 4 (a) TEM and (b) HRTEM images of ZGO:Mn,Cr PLNRs. (c) Zeta potential values of bare and functionalized nanoparticles and N protein. TEM
images of sandwich-based immunocomplexes in (d) solution II and (e) solution I. (f) Photoluminescence decay curves of ZGO:Mn,Cr PLNRs and ZGO:Mn,Cr
PLNRs with N protein defection based on ZGO:Mn,Cr PLNRs and Fe3O4 MNPs immunoluminescence (λex = 300 nm, λem = 535 nm).
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slope of the linear fitting curve. Accordingly, the LOD of N
protein detection can achieve 48.48 ag/mL, which shows high
sensitivity. It is noted that Fe3O4 MNPs exhibit strong absorp-
tion in the region of 200–800 nm, which largely overlaps with
the persistent spectrum of ZGO:Mn,Cr PLNRs (Fig. S5). This
result demonstrates that the low LOD value is mainly attributed
to the fluorescence resonance energy transfer. To further con-
firm the repetition of the detection sensitivity, we repeated N
protein detection results for several times, the calculated LOD
values are in the region of 39.82–119.9 ag/mL (Table S1). The
above results confirm the good reproducibility of this detection
methods, further confirming the reliable design insight based on
ZGO:Mn,Cr PLNRs and Fe3O4 MNPs. Additionally, Table 1
exhibits some biosensors based on persistently luminescence
materials, demonstrating that our detection method shows sig-
nificant sensitivity.
Specificity is a paramount specification of the assay. A cross-

reaction analysis was executed to evaluate the analytical speci-
ficity of our proposed assay. As shown in Fig. 5f and Fig. S6, the

specificity detection was performed with N protein, S protein
and HSA target samples. The N protein target shows a QE of
73.5%, while spike protein (S protein) and HSA targets shows
QE values of around 1% and 13.8%. The above results indicate
that the ZGO:Mn,Cr PLNRs and Fe3O4 MNPs sandwich-based
immunoluminescence assay is highly specific for N protein
detection.
A useful and practical assay should be primarily tested with

human isolate sample to explore their potential for future
applications. The detection of inactivated SARS-CoV-2 virus
sample from people saliva was obtained from the Faculty of
Medicine, University of Hong Kong. Fig. S7 exhibits persistently
luminescence spectra and QE value by using ZGO:Mn,Cr PLNRs
and Fe3O4 MNPs for the clinical detection of SARS-CoV-2 virus
sample. With the addition of SARS-CoV-2 virus sample, the
persistent luminescence undoubtedly decreases. Then persistent
luminescence intensity gradually decreases with increasing N
protein concentration from 0.05 to 1 μL, of which the QE value
can be realized as high as 94.5%. The above results indicate that

Figure 5 Normalized (a) photoluminescence emission and (b) persistent luminescence spectra of ZGO:Mn,Cr PLNRs, PLNRs-COOH, and PHNRs-anti-
body1. (c) The persistent luminescence spectra in solution I with the increase of N-protein concentration. The (d) quenching efficiency and (e) corresponding
linear fitting for ZGO:Mn,Cr PLNRs. (f) Specificity of the sandwich assay by using N protein, S protein and HSA.

Table 1 The biosensor performance of the recently reported persistent biosensors

Materials Target LOD Range Ref.

Ca1.86Mg0.14ZnSi2O7:Eu2+,Dy3+ α-Fetoprotein 0.41 μg/mL 0.8–45 μg/mL [49]

ZnGa2O4:Cr3+ Glucose 0–500 μM 49.4 μM [50]

Zn2GeO4:Mn2+ Aflatoxin B1 0.29 pg/ mL
0.001–50 ng/mL [51]

Zn1.25Ga1.5Ge0.25O4:Cr3+,Yb3+,Er3+ Zearalenone 0.22 pg/mL

ZnGa2O4:Cr3+ L-Cys 2.2 nM 10 nM–5.5 μM [41]

ZnGa2O4:Cr3+ MicroRNA21 0.1 nM 0.1–10 nM [40]

Zn2GeO4:Mn2+ Ochratoxin A 3 pg/mL 0.01–10 ng/mL [2]

Zn2GeO4:Mn2+, Cr3+ N protein 39.82 ag/mL 31.2–3120 ag/mL This work
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the fabricated biosensor based on persistent luminescence have
promising applications in clinical sample detection. Besides, this
strategy can be well extended to the detection of other disease
biomarkers by choosing suitable antibodies and antigens.
Although the persistent luminescence detection has discernible
advantages of autofluorescence-free in the biosensor field, the
persistent luminescence stability requires a further calibration
for the future practical applications.

CONCLUSIONS
In summary, we design Cr3+ co-doping ZGO:Mn PLNRs, whose
the persistent luminescence intensity and afterglow time are
remarkably enhanced. The underlying persistent luminescence
enhancement mechanism is attributed to the generation of deep
electron trap via the co-doping of Cr3+. Since the as-prepared
ZGO:Mn,Cr samples exhibit bright persistent luminescence for
tens of minutes, a biosensor was constructed by combining
ZGO:Mn,Cr and Fe3O4 MNPs with the corresponding antibody
for N protein detection. This biosensor based on persistent
luminescence can significantly avoid the autofluorescence in the
reaction solution, leading to a low LOD value of 39.82 ag/mL.
Meanwhile, the designed biosensors display high specificity and
the potential in clinical target detection. Although great progress
has been achieved in persistent biosensors, some challenges
including persistent luminescence intensity calibration, persis-
tent luminescence stability and the fabrication of biosensors
need to be further studied. To conclude, this work provides a
general insight in designing biosensors based on persistent
luminescence materials.
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用于SARS-CoV-2 N蛋白超灵敏检测的增强型长余辉
发光纳米棒

魏忆1,2, 宋梦麟1,3, 李丽华1, 马颖瑾1, 老欣悦1, 刘源1, 李国岗2,
郝建华1*

摘要 长余辉发光纳米材料关闭光源仍能保持发光, 由于其能够完全
消除自发组织荧光, 在生物传感和生物成像领域展示了潜在应用前景.
尽管长余辉发光材料已经取得了较大的进展, 但仍缺少具有低检测限
和高灵敏度的长余辉检测平台. 基于此, 本文开发了具有优异长余辉和
超长余辉时间的Zn2GeO4:Mn,Cr纳米棒. 通过创建深缺陷, Cr3+的共掺
杂明显提高了余辉强度和余辉时间. 将Zn2GeO4:Mn,Cr-抗体和Fe3O4磁
性纳米粒子-抗体构建成生物传感器, 用于N蛋白检测. 获得的检测限可
低至 39.82 ag/mL, 远低于之前报道的长余辉发光生物传感器, 这归因
于荧光共振能量传递. 此外, 构建的长余辉生物传感器还实现了高检测
特异性. 因此, 所制备的Zn2GeO4:Mn,Cr长余辉发光材料可作为生物传
感器的候选材料. 该策略为开发具有高灵敏度和特异性的生物传感平
台提供了有效的指导.
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