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Ultrasensitive Point-of-Care Test for Tumor Marker in
Human Saliva Based on Luminescence-Amplification

Strategy of Lanthanide Nanoprobes

Shanyong Zhou, Datao Tu, Yan Liu, Wenwu You, Yunqin Zhang, Wei Zheng,
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The point-of-care detection of tumor markers in saliva with high sensitivity
and specificity remains a daunting challenge in biomedical research and
clinical applications. Herein, a facile and ultrasensitive detection of tumor
marker in saliva based on luminescence-amplification strategy of lanthanide
nanoprobes is proposed. Eu,0; nanocrystals are employed as bioprobes,
which can be easily dissolved in acidic enhancer solution and transform into a
large number of highly luminescent Eu* micelles. Meanwhile, disposable
syringe filter equipped with nitrocellulose membrane is used as bioassay
platform, which facilitates the accomplishment of detection process within 10
min. The rational integration of dissolution enhanced luminescent bioassay
strategy and miniaturized detection device enables the unique lab-in-syringe
assay of tumor marker like carcinoembryonic antigen (CEA, an important
tumor marker in clinic diagnosis and prognosis of cancer) with a detection
limit down to 1.47 pg mL~" (7.35 X 10~ m). Upon illumination with a
portable UV flashlight, the photoluminescence intensity change above 0.1 ng
mL~" (0.5 X 107" M) of CEA can be visually detected by naked eyes, which
allows one to qualitatively evaluate the CEA level. Moreover, we confirm the
reliability of using the amplified luminescence of Eu,0; nanoprobes for direct
quantitation of CEA in patient saliva samples, thus validates the practicality of
the proposed strategy for both clinical diagnosis and home self-monitoring of

1. Introduction

Cancer is one of the major causes of death
worldwide.l!l In the past decades, tremen-
dous efforts were devoted to the diagnosis
and therapy of this disease. Accurate and
sensitive assay of tumor markers at the early
stage is crucial to decrease the mortality
rate.?] Currently, human serum is the most
popular and intensively studied diagnostic
fluid for the detection of tumor markers.!*!
As an alternative, saliva, which is an eas-
ily accessible fluid, shows prominent poten-
tials for its bioapplication in early cancer
diagnosis. Saliva contains several biomark-
ers including protein, nucleic acid, elec-
trolytes, and hormones, providing impor-
tant information regarding both oral and
systemic health conditions.[*] The remark-
able advantage of salivary assay lies in the
safe and noninvasive collection of saliva,
which reduces the potential of cross con-
tamination among healthcare workers and
other patients.[®] Therefore, saliva is a near-
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perfect diagnostic fluid amenable to clinical
point-of-care (POC) applications.

Saliva contains ~99.5% water, in which
tumor markers are reported to express at
concentration much lower than those in human serum.(®! There-
fore, it remains challenging to realize sensitive and selective sali-
vary analysis. Hitherto, several strategies like enzyme-linked im-
munosorbent assay, radioimmunoassay, microarrays, or chro-
matography have been proposed for the assay of tumor markers
in saliva.l’l However, due to the extremely low abundance of tu-
mor markers in saliva, the sensitivity or reliability of these tech-
niques is not satisfactory. To address these concerns, it is quite de-
sirable to develop ultrasensitive detection strategy for reliable and
rapid assay of tumor markers in saliva. Luminescent bioassay has
been proposed as an effective strategy in tumor diagnosis because
of its good compatibility with the clinic analytical platforms.!®!
Specifically, fluorescence intensity change can be used to qual-
itatively or quantitatively determine the level of tumor markers
in saliva as well as other fluids. Nevertheless, the low photolumi-
nescence (PL) intensity of bioprobes and the interference of aut-
ofluorescence may severely deteriorate the detection sensitivity
and hamper the practicality in salivary assay. To this regard, more
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Scheme 1. Schematic illustration of CEA detection in saliva. Eu,O; NCs and disposable syringe filter equipped with nitrocellulose membrane are
employed as nanoprobes and bioassay platform, respectively. The whole assay can be carried out within 10 min, including incubation, labeling, and
washing procedures, which allows both quantitatively time-resolved (TR) and qualitatively visual detection of CEA.

and more emphasis has been exerted on developing highly effi-
cient luminescent nanoprobes to achieve better sensitivity. Lan-
thanide (Ln**)-activated probes, exhibiting many unique advan-
tages including high physicochemical stability, low toxicity, nar-
row emission bands, and long PL lifetime, have attracted consid-
erable interest.’! To circumvent the low absorption coefficient of
Ln** ions, organic ligands with large absorption cross sections
are utilized to coordinate with Ln3* ions, which can enhance
Ln** luminescence via the antenna effect.'% Such Ln** chelates
are widely employed in dissociation-enhanced lanthanide fluo-
roimmunoassay (DELFIA) of different analytes.['!l As a poten-
tially superior alternative to conventional Ln** chelates, Ln**-
doped inorganic nanocrystals (NCs) containing thousands of
Ln** ions can be explored as probes in an effort to significantly
increase the labeling ratio of Ln** per analyte. After introduc-
ing the acidic enhancer solution, the initial weakly luminescent
Ln**-doped inorganic NCs are dissolved to release Ln** ions fol-
lowed by coordination with sensitization ligands, resulting in a
large number of highly luminescent Ln** micelles. Therefore,
the limit of detection (LOD) can be markedly improved. Such
dissolution-enhanced signal amplification strategy is thus ex-
tremely promising for assay of trace amount of tumor markers
in saliva.

Nowadays, most of the luminescent bioassays are carried out
via homogeneous or heterogeneous mode under laboratory con-
ditions where expensive instrumentation and trained personnel
are required."”l Homogeneous bioassay is usually a liquid-phase
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assay which can be performed through simple “mix-and-read”
procedures. But the detection sensitivity is critically limited by the
energy transfer efficiency between the donors and acceptors.!3]
By contrast, heterogeneous bioassay exhibits the advantages of
high specific recognition and excellent LOD. Nevertheless, te-
dious separation and washing procedures are usually involved
in heterogeneous bioassay. To overcome the limitations of con-
ventional luminescent bioassays, the development of facile assay
formats with portable and easy-to-operate devices is of great value
to enable the patients themselves to monitor tumor markers at an
early stage.

Herein, we report a rapid, noninvasive, and ultrasensitive
POC test of tumor marker like carcinoembryonic antigen (CEA)
in saliva based on luminescence amplification strategy of lan-
thanide nanoprobes with disposable syringe filter as bioassay
platform (Scheme 1). Benefiting from the excellent dissolution
capability of Eu, O, in the enhancer solution, an extremely high
Eu’* labeling ratio to CEA is achieved, which thus result in an
LOD down to 1.47 pg mL™! (7.35 x 107> m) for CEA. PL inten-
sity change can be visually detected by naked eyes to qualitatively
evaluate the CEA level. Significantly, the whole detection process
is easy to operate within 10 min, which is much shorter than that
of traditionally clinical methods. Furthermore, we demonstrate
the feasibility and reliability for both qualitatively and quantita-
tively determining the level of CEA in patient saliva samples, thus
revealing the great promise of the proposed strategy in early POC
diagnosis of cancer.

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 1. a) Schematic illustration for the synthesis of Eu, O3 NCs. b) TEM and c) HRTEM images of the as-prepared Eu,O; NCs. d) XRD pattern of the
as-prepared Eu,0; NCs. The vertical lines represent the standard pattern of cubic-phase Eu,0; (JCPDS No. 34-0392).

2. Results and Discussion

Eu, 0, NCs were synthesized from europium acetate precursors
via thermal decomposition route in the solvents of oleic acid
(OA), oleylamine (OAm), and 1-octadecene (ODE, Figure 1a).['*]
To improve the yield of Eu,0; NCs, sodium pyrophosphate was
used as mineralizer. The as-prepared spherical Eu,0; NCs were
highly uniform and monodisperse with average diameter of 5.4
+ 0.5 nm (Figure 1b). The corresponding high-resolution trans-
mission electron microscopy (HRTEM) image displays a clearly
observed lattice spacing of 0.31 nm, which is well coincident
with the (222) plane of cubic-phase Eu, O, (Figure 1c). The struc-
ture of the as-prepared sample was also characterized by pow-
der X-ray diffraction (XRD) analysis (Figure 1d). All the diffrac-
tion peaks can be indexed to cubic-phase Eu,O; (JCPDS No. 34-
0392) without other phases, demonstrating the high purity of the
as-synthesized Eu, O, NCs. Energy-dispersive X-ray spectroscopy
(EDX) analysis indicated the existence of Eu and O in the ob-
tained NCs (Figure S1, Supporting Information).

To render the hydrophobic Eu,0; NCs hydrophilic, we modi-
fied the surface of OA-capped NCs with polyacrylic acid (PAA) via
ligand exchange (Figure 2a).["*] The obtained PAA-capped Eu, 0,
NCs were highly monodisperse in water (Figure 2b). The zeta po-
tential of the PAA-capped Eu, 0, NCs was measured to be —39.11
mV (Figure S2, Supporting Information). The successful capping
of PAA on the surface of NCs was further verified by the appear-
ance of carboxyl bands in the Fourier transform infrared (FTIR)
spectrum (Figure S3, Supporting Information). To investigate the
dissolution behavior of Eu,0; NCs, enhancer solution (pH 2.3)
containing f-NTA, Triton X-100, and tri-n-octylphosphine oxide
(TOPO) was added to the aqueous solution of Eu,0; NCs, where
B-NTA exhibits high affinity and sensitizing ability with Eu3*.11%]
The Eu, 0, @PAA NCs went through a rapid dissolution process
in the acidic enhancer solution (Figure 2c). Correspondingly, the
PL signal experienced a gradual increase upon addition of the
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enhancer solution within 3 min (Figure 2d). With increasing the
concentration of Eu, 0, NCs, the final solution exhibited stronger
PL signal.

Figure 2e displays the characteristic emission spectrum of
PAA-capped Eu,0; NCs in aqueous solution. The emission
peaks can be ascribed to the *Dy—’F; (J = 1, 2, 3, and 4) tran-
sitions of Eu** upon excitation at 275 nm. In the correspond-
ing excitation spectrum by monitoring the emission at 613 nm, a
broad O?~—Eu’* charge transfer absorption from 230 to 310 nm
was observed, which is typical for Eu**-doped oxide hosts. The PL
lifetime of °D, was measured to be 0.08 ms (Figure 2f). After ad-
dition of the enhancer solution, the resulting solution displayed a
broad excitation band peaking at 340 nm and intense sharp emis-
sions originating from the °D,—’F, , transitions of Eu** (Fig-
ure 2e). The PL lifetime of °D,, for Eu** micelles (8-NTA-Eu**—
TOPO complexes) was measured to be 0.73 ms (Figure 2f), which
allows for temporal discrimination from short-lived (~ns) back-
ground fluorescence.['’] Additionally, the absolute luminescence
quantum yield of Eu** micelles was measured to be as high as
45.8%, indicating that (NTA),e(TOPO), can act as effective light-
harvesting antenna and transfer energy to numerous Eu®* ions
released from Eu,0; NCs (Figure 2g).*®8 As such, the dissolved
Eu, 0, NCs in the enhancer solution emitted bright red light un-
der irradiation with a 365-nm UV lamp, in sharp contrast to the
weak emission from Eu,0; NCs dispersed in aqueous solution
(inset of Figure 2e). Specifically, the PL intensity increased by
approximately three orders of magnitude after the Eu,0; @PAA
NCs dissolved in the enhancer solution.

By utilizing the superior PL emission, we explored these Eu, 0,
NCs for the detection of CEA, which is one of the most widely
used broad-spectrum tumor markers.[*] Since Martin reported
the presence of trace amounts CEA in human saliva,?°! more
and more efforts unraveled that the level of CEA in human saliva
may reflect the state of human health, and the sudden rise of
CEA signify the presence of tumor.?!l More importantly, it was

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. a) Schematic illustration for the synthesis of PAA-capped Eu,O3 NCs and Eu**micelles. TEM images of PAA-capped Eu,O; NCs dispersed
in b) aqueous solution and c) the enhancer solution. d) Time-dependent PL signal enhancement behavior of Eu,O; NCs with different concentrations
in enhancer solution. e) Excitation (left) and emission (right) spectra of PAA-capped Eu,03; NCs dispersed in phosphate buffered saline (PBS) solution
and the enhancer solution, respectively. Insets show the PL photographs of PAA-capped Eu,0; NCs dispersed in PBS solution (left) and the enhancer
solution (right) upon excitation at 365 nm. f) PL decays of PAA-capped Eu,03; NCs dispersed in PBS solution and the enhancer solution, respectively.
g) Schematic energy level diagram showing the §-NTA sensitized PL of Eu3*. ET means energy transfer, S; and T, indicate the first excited singlet state

and first excited triplet state of f-NTA, respectively.

revealed that the concentration of saliva CEA in patients with
oral-maxillofacial cancer was higher than that in healthy peo-
ple, demonstrating the significance of saliva CEA for identifica-
tion of malignant cancer.!?”l The PAA-capped Eu,0; NCs can be
easily connected to CEA polyclonal antibodies (PcAb) by amida-
tion reaction via NHS/EDC coupling method.[?}] The zeta poten-
tial of PcAb-conjugated Eu,0, NCs was found to be —28.29 mV
(Figure S2, Supporting Information). The antibody labeling con-
centration was determined by Coomassie Brilliant Blue method
using Bradford kit,**) which indicated that the mass ratio of
PcAb/Eu,0, was 48 pg mg~! (Figure S4, Supporting Informa-
tion).

The proposed luminescence-amplification method allows for
a remarkably enhanced sensitivity and noticeably background-
free signal even for relatively low concentrations of analyte. In
our work, disposable syringe filter equipped with nitrocellulose
membrane was employed as bioassay platform. Nitrocellulose
membrane has the homogeneous porous structure with high sur-

Adv. Sci. 2021, 8, 2002657

2002657 (4 of 7)

face area (Figure 3a), which is suitable for loading and enriching
of biomolecules. Note that CEA monoclonal antibody can bind
tightly on the nitrocellulose membrane, owing to the strong elec-
trostatic interaction between the nitrocellulose and the hydropho-
bic parts of antibody (Figure 3b).[?°] To avoid nonspecific adsorp-
tion of other biomolecules, nitrocellulose membrane was then
blocked with 2% bovine serum albumin (BSA) in PBS solution
(pH 7.4).

The homogeneous porous structure of nitrocellulose mem-
brane also facilitates the passing through of the unreacted
biomolecules and dissolved NCs. As such, all the assay processes
can be carried out within 10 min, including incubation, label-
ing, and washing procedures (Movie S1, Supporting Informa-
tion), which is ideal for high-throughput assay of tumor mark-
ers in clinical analyses or POC tests. To quantitatively determine
the level of CEA, the PL signal was measured on a spectrome-
ter under the TR detection mode (Figure 4a). Upon excitation
at 365 nm, red emission from Eu** micelles was found to be in

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. a) Scanning electron microscopy (SEM) image of nitrocellulose membrane, which indicates the homogeneous porous structure with high
surface area. b) Schematic illustration for the interaction mechanism between the carbonyl groups of antibody and the nitrate groups of nitrocellulose
membrane.
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Figure 4. a) TR emission spectra of Eu, O3 NCs in the enhancer solution with gradient CEA concentrations. b) Calibration curve for the CEA and BSA assay
based on integrated TR emission intensity of Eu,O3; NCs. Inset: the linear range of the integrated TR emission intensity versus the CEA concentration
(0.006-5 ng mL™"). c) Fluorescence photographs of sample with different CEA concentration upon 365 nm illumination. Fluorescence photographs
indicating the standard color cards of CEA standard concentration detected by Eu,05 NCs and commercial Eu3*-DTTA DELFIA kit are displayed at
the left and right side, respectively. d) Selectivity investigation for the detection of CEA against other interfering analytes. The concentration of each
substance was as follows: K* and Ca?*: 10 x 10~3m; Na*: 160 x 1073m; alpha-fetoprotein (AFP), prostate cancer antigen (PSA), peroxidase (POD),
lysozyme (LZM), amylase (AMS), and trypsin (TRY): 1 x 107®m; CEA: 1 x 10~'?m. Error bars represent the standard deviations of three independent
experiments.

a gradient increase with increasing the CEA concentration. The  change above 0.1 ng mL~! (0.5 X 1072 m) of CEA can be visually
integrated PL intensity increased linearly with CEA concentra-  identified according to the fluorescence photographs of standard
tion from 0.006 to 5 ng mL~! (Figure 4b). The LOD,?%! defined  color card, which enables qualitative evaluating CEA concentra-
as the concentration that corresponds to three times the stan-  tions by naked eyes (Figure 4c). By contrast, based on commercial
dard deviation above the signal measured in the control experi-  Eu*"-DTTA DELFIA kit, the PL intensity change even up to 20 ng
ment by replacing CEA with BSA under otherwise identical con-  mL~! of CEA cannot be visually distinguished.

ditions (Figure S5, Supporting Information), was determined to To evaluate the specificity of the assay, we examined the in-
be 1.47 pg mL™! (7.35 X 1071 m, Figure 4b). Such an LOD repre-  fluence of other possible interfering analytes. The control ex-
sents more than one order of magnitude improvement than that ~ periment was performed by replacing CEA with carbohydrates,
of the CEA assay based on Ln3* chelates.[””] Moreover, upon illu-  proteins, metal ions, and other tumor markers under otherwise
mination with a portable 365-nm UV flashlight, the PL intensity ~ identical conditions. It was observed that the emission signals in
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Figure 5. a) Calibration curve for the CEA assay in synthetic saliva based on Eu,0; NCs through TRPL assay. b) Correlation of CEA values measured
using Eu,0; NCs and commercial Eu3*-DTTA DELFIA kit for 20 human saliva samples. c) Correlation of CEA values between saliva and serum samples
from 33 volunteers, measured by Eu,05 NCs based bioassay system. d) Mean CEA levels (ng mL™") in serum and saliva samples of healthy people and
oral cancer patients, respectively. All the saliva and serum samples were diluted ten times with 0.1 m PBS (pH 7.4) for the assay. Three independent
experiments were carried out to yield the average value and deviation. The experiments involving human subjects were approved by the Animal Ethics

Committee of Fujian Medical University.

control groups were negligibly weak, while for CEA, it resulted in
intense fluorescence emission (Figure 4d). Such an exclusively
intense fluorescence signal is ascribed to the antibody-antigen
binding specificity in the experimental group, confirming the
high specificity of the proposed system for CEA detection.?®]

It should be noted that high specificity of the proposed system
favors the assay of CEA in complex biological fluids like saliva.
The calibration curve for the salivary CEA concentration, which
was obtained based on synthetic saliva through TRPL assay, dis-
plays an excellent linear dependence from 0.05 to 10 ng mL™!
(Figure 5a and Figure S6, Supporting Information). Based on this
calibration curve, we determined the concentration of CEA in 20
human saliva samples (Table S1, Supporting Information). The
determined CEA concentrations were compared with those mea-
sured based on commercial Eu**-DTTA DELFIA kit. As indicated
in Figure 5b and Table S1 (Supporting Information), the CEA lev-
els derived from Eu,O; nanoprobes are in good accordance with
those measured by commercial kit. The correlation coefficient be-
tween these two methods was calculated to be as high as 0.988,
indicating that the proposed assay system is as reliable as that of
commercial kit.

Furthermore, we compared the CEA concentrations in serum
and saliva from 22 cases of oral cancer patients and 11 cases
of healthy people (Table S2, Supporting Information). As dis-
played in Figure 5c¢, the linear correlation coefficient of CEA
level between saliva and serum samples was determined to be
0.899, suggesting that CEA levels in saliva are well correlated with

Adv. Sci. 2021, 8, 2002657
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those measured in serum from the identical person. The results
demonstrated that the CEA levels of saliva samples are much
lower than that of serum samples from both cancer patients and
healthy people (Figure 5d). The mean value of saliva CEA in 11
healthy individuals was found to be 0.89 + 0.51 ng mL™!, which
is lower than that of serum samples (2.19 + 0.72 ng mL™!). Our
results also verified that the CEA levels were markedly higher for
patient samples than that of the healthy individuals. Specifically,
the CEA levels were determined to be 11.87 + 6.36 and 38.81 +
20.02 ng mL™! in saliva and serum samples of cancer patients,
respectively (Table S2, Supporting Information).

Finally, we investigated the analytical accuracy and precision of
our method by determining coefficient of variation (CV) and re-
coveries. Increasing amounts of CEA were added to two human
saliva samples with different initial CEA concentrations. It was
found that the CVs of all assays are lower than 7% and the recov-
eries are in the range of 92-106% (Table S3, Supporting Infor-
mation). Both parameters well meet the acceptance criteria (CVs
< 15%; recoveries in the range of 90-110%) set for bioanalytical
method validation.[?l These results demonstrate unambiguously
the feasibility and reliability for monitoring the level of tumor
markers in saliva.

3. Conclusion

In conclusion, we have developed a unique lab-in-syringe strat-
egy for the assay of tumor marker like CEA in human saliva

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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using amplified luminescence of Ln**-nanoprobes. This strategy
brings together the advantages of the dissolution-enhanced lumi-
nescence amplification for significantly improving the detection
limit, and the facile assay procedures with disposable syringe fil-
ter for circumventing the cumbersome steps of traditional bioas-
say approaches. Particularly, by dissolving Eu,O; NCs in the g-
NTA-containing enhancer solution, three orders of magnitude
amplification of the PL signal from the dissolved NCs was real-
ized. As a result, an excellent detection ability of CEA in saliva
with an LOD of 1.47 pg mL™! (7.35 X 10~° M) was achieved.
The CEA levels detected in human saliva samples agreed well
with those measured by commercial Eu**-DTTA DELFIA kit, in-
dicating the assay’s reliability with a correlation coefficient of
0.988. More importantly, by virtue of the excellent luminescence-
amplification strategy, the PL intensity change can be visually
identified above 0.1 ng mL™! (0.5 x 1072 M) of CEA by naked
eyes to qualitatively evaluate the CEA levels in saliva. The whole
detection process is easy to operate within 10 min, which is highly
beneficial for cancer diagnostics by the ordinary people at home.
Thus, we anticipate that such a general strategy can be applied for
in vitro POC bioassay of a variety of disease markers, which may
accelerate the exploitation of lanthanide nanoprobes in versatile
diagnostic and therapeutic applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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