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Abstract

Upconversion nanoparticles (UCNPs) have achieved considerable success in protein sensing in vitro. And aptamer is one of
the most frequently used biomolecules to modify the nanoparticles for protein assay. However, the complicated process of
modifying UCNPs with DNA and the susceptibility of the phosphate groups of DNA backbone to adsorb on the surface of
UCNPs have limited their practical applications. To overcome these limitations, a modification-free fluorescent biosensor
based on polydopamine-coated upconversion nanoparticles (UCNPs@PDA) is proposed. It consists of UCNPs@PDA and
CEA aptamer-functionalized AuNPs (AuNPs-CEA aptamer). The CEA aptamer on AuNPs can be adsorbed onto the sur-
face of UCNPs@PDA due to the interactions of n—x stacking and hydrogen bonding, triggering the process of fluorescence
resonance energy transfer (FRET) from UCNPs@PDA to AuNPs-CEA aptamer. In the presence of CEA, the AuNPs-CEA
aptamer departs from UCNPs@PDA due to the stronger affinity of CEA with its aptamer. Therefore, the recovery of upcon-
version fluorescence can sensitively quantify the concentration of CEA. This biosensor provides a linear range from 0.1 to
100 ng/mL for CEA with a LOD of 0.031 ng/mL in an aqueous solution. In spiked human serum samples, the same linear
range is acquired with a slightly higher LOD of 0.055 ng/mL, demonstrating the great potential of the biosensor in practical
application.
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Introduction

Lanthanide-doped upconversion nanoparticles (UCNPs),
which generate anti-Stokes emission under near-infrared
excitation, can avoid the auto-fluorescence of background
and scattered light of biological samples [1-3]. These prop-
erties make UCNPs promising energy donors in the pro-
cess of fluorescence resonance energy transfer (FRET) [2].
A series of biosensors have been developed based on this
principle to detect metal ions [4], nucleic acids [5],proteins
and so on [6].
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Aptamer, a short single-stranded nucleotide obtained by
in vitro selection [7, 8], can act as recognition elements in
biosensing [9—11]. Aptamer can be easily tagged with fluo-
rescent dyes, drugs, and nanoparticles in biosensors [12—14].
Up to now, a variety of UCNPs-based protein biosensors
have been constructed with the use of aptamers [15, 16].
However, utilizing UCNPs in biosensing often requires com-
plex hydrophilic treatment because UCNPs are normally
synthesized in organic solvents and functionalized with
hydrophobic ligands [17]. Therefore, the results of detection
are inevitably influenced by the efficiency of conjugation
between UCNPs and aptamers. Although various coupling
methods have been proposed, there still exists a ceiling of
coupling efficiency which is currently being reported as less
than 10% [18]. Another major barrier is that the strong affin-
ity between lanthanide ions on the surface of UCNPs and
phosphate groups of DNA backbone [19], which impairs the
ability of the aptamer to recognize the target.

To overcome these problems, we herein developed a
modification-free strategy by coating UCNPs with a poly-
dopamine (PDA) shell. PDA is a reported polymer that can
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independently modify the surface of various nanomateri-
als [20]. One particular excellent feature of PDA molecule
is that it has abundant amino groups and catechol, which
makes it possible to be further functionalized with various
biomolecules on its surface [21]. More importantly, PDA
with a large number of aromatic groups can be assembled
with & electron-rich biomolecules, such as DNA, through the
interactions of n-x stacking and hydrogen bonding [22]. In
order to improve the efficiency of coupling between UCNPs
and aptamer, and to prevent the phosphate groups of DNA
backbone from binding directly with lanthanide ions on
the surface of UCNPs, we utilized the PDA-coated UCNPs
(UCNPs@PDA) to fabricate the biosensor to analyze carci-
noembryonic antigen (CEA), which is a critical protein play-
ing great roles in many kinds of cancer, especially colorectal
cancer [23].

Herein, UCNPs @PDA without modification is used as
the energy donor, and CEA aptamer-labled gold nanopar-
ticles (AuNPs-CEA aptamer) served as energy acceptor.
AuNPs, with a high molar extinction coefficient and easy
assembly with DNA, are usually used as efficient energy
acceptors in FRET biosensors [24, 25]. The AuNPs-CEA
aptamer complex were readily adsorbed onto the surface
of the UCNPs@PDA via the interactions of n—=n stack-
ing and hydrogen bonding, leading to quenching of the
upconversion fluorescence. In the presence of CEA, the
distance from UCNPs@PDA to AuNPs-CEA aptamer was
increased due to the stronger affinity between aptamer
and CEA, which blocked the FRET process and thus the
fluorescence of UCNPs recovered in a CEA concentration-
dependent manner.

Material and Methods
Materials

1-Octadecene and dopamine hydrochloride were acquired
from Aladdin Reagent, Ltd. (Shanghai, China). CEA was
obtained from Linc-Bio Science Co., Ltd (Shanghai,
China). The sulfydryl modified CEA aptamer (5’-SH-
AAAAAATACCAGCTTATTCAATT-3’) was purchased
from Sangon Biotechnology Co., Ltd. (Shanghai, China).
Fresh human serum samples were obtained from hospi-
tal. Other chemical reagents were purchased from Sinop-
harm Chemical Reagent Co., Ltd. (Shanghai, China). All
chemicals were of analytical grade or higher grade and
used without further purification. All aqueous solutions
used in this experiment were prepared by ultrapure water
(Mill -Q, Millipore, 18.2 MQ resistivity).
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Instrumentations

Transmission electron microscopy (TEM) images of UCNPs,
UCNPs@PDA and AuNPs were taken on Hitachi H-7000FA
at 75 kV. X-Ray Diffractometer (XRD) spectrum was
recorded with XPert Pro. UV—-vis spectra were recorded with
a UV-2550 spectrophotometer (Shimadzu, Japan). The upcon-
version luminescence spectra were acquired by a RF-5301
fluorophotometer (Shimadzu, Japan) using an external 980 nm
CW laser as excitation source (Beijing Hi-Tech Optoelectronic
Co., Ltd.).

Synthesis of UCNPs@PDA

Synthesis of UCNPs The NaYF,:Yb,Tm nanoparticles were
synthesized according to a co-precipitation method [26].
4.4 mL of oleic acid, 12.4 mL of 1-octadecene and 0.8 mmol
of Ln(oleate); were add into a three-necked flask with con-
stant stirring. After heating to 50° C, 10 mL of methanol
solution containing 2 mmol of NaOH and 3.2 mmol of NH,F
was added and allowed for reaction for 30 min. Under the
protection of argon atmosphere, the temperature was then
raised to 100° C. Until the residual methanol solution in the
flask was evacuated, the temperature was raised to 290° C
and kept for 90 min. Naturally cooling down to room tem-
perature, and centrifuging by adding ethanol to obtain a pre-
cipitate. A mixed solution of cyclohexane / ethanol at a ratio
of 1: 2 (v/v) was used to wash the precipitate for twice and
the product OA-UCNPs were dispersed in cyclohexane and
stored under 4° C.

Coat UCNPs with PDA The coating was conducted referring
to the literature [27]. 0.65 mL of Igepal CO-520 was added
to 10 mL of cyclohexane which contained 10 mg of OA-
UCNPs. 75 pL of 28 wt% ammonium hydroxide was added
into the mixture after stirring for 20 min, followed by soni-
cation for 15 min. After another stirring for 30 min, under a
rate of 3 pL. / min, 50 pL of 25 wt% dopamine hydrochloride
aqueous solution was injected into the mixture and stirred
for 1 h. Then ethanol was added to precipitate the nanopar-
ticles. Finally, after washing with ethanol and water for three
times by centrifugation (12,000 rpm, 15 min), the UCNPs@
PDA was dispersed in water.

Synthesis of AuNPs-CEA Aptamer

Synthesis of AuNPs The synthesis of AuNPs with the size of
about 13 nm was according to the literature [28]. 50 mL of
1 mM HAuCl, aqueous solution was added into a two-necked
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flask and heated to 140° C under stirring and reflux. 5 mL of
38.8 mM trisodium citrate solution was quickly injected into
the boiling solution and the mixture was kept for reaction
for 15 min under reflux. The mixture was filtered through
a 0.22 pum sterile syringe filter after naturally cooling down
to room temperature. According to the literature [28], the
concentration of the synthesized AuNPs was calculated to
be 3 nM by the UV-visible absorption spectra of AuNPs.

Modify AuNPs with CEA aptamer According to the literature
[29], all the following experiments were carried out in the
dark. Firstly, the disulfide bond of 1 nmol of CEA aptamer
was cleaved by adding 5 nmol tris (2-carboxyethyl) phos-
phine (TCEP) and incubating for 1 h at room temperature.
After freshly cleaved CEA aptamer was added into 3.3 mL
of AuNPs, the mixture was stirred for 16 h at room tempera-
ture. Adding 10 pL of 2 M NaCl solution at a rate of 5 min
/ time into the mixture until the final NaCl concentration
reached 60 mM. After stirring for 24 h, the product was
collected by centrifugation and washed with water for three
times. At last, the AuNPs-CEA aptamer was resuspended in
0.1 mL of Tris—HCI (10 mM, 50 mM NaCl, pH 7.4) buffer
and its concentration was considered to be 100 nM.

Optimization of the Biosensor

Confirm the stability of UCNPs@PDA 0.04 mg/mL of
UCNPs@PDA was incubated in Tris—HCI buffer (10 mM,
pH 7.4) at 37° C for different times (0, 5, 10, 20, 40, 60, 80,
100, 120 min), then these mixtures were subject to upconver-
sion fluorescence measurements.

Confirm the concentration of AuNPs-CEA aptamer A fixed
amount of UCNPs@PDA of 0.04 mg/mL was respectively
incubated with different concentration of AuNPs-CEA
aptamer (0, 1.39, 2.77,4.85, 6.93, 10.4 nM) in Tris—HCI buffer
(10 mM, pH 7.4) at 37° C for 90 min, then these mixtures
were subject to upconversion fluorescence measurements.

Confirm the time of fluorescence quenching 0.04 mg/mL of
UCNPs@PDA and 10.4 nM of AuNPs-CEA aptamer were
incubated in Tris—HCI buffer (10 mM, pH 7.4) at 37° C for
different times (0, 5, 20, 40, 60, 90 min), then the intensity
of upconversion fluorescence was measured.

CEA Detection in Aqueous Solution

0.04 mg/mL of UCNPs@PDA and various concentrations
of CEA (0, 0.1, 0.5, 1, 5, 8, 10, 30, 70, 100 ng / mL) were
mixed in Tris—HCI buffer (10 mM, pH 7.4) and incubated at
37° C for 90 min. Then 10.4 nM of AuNPs-CEA aptamer was
respectively added to these mixtures and incubated at 37° C

for 90 min. Finally, the intensity of upconversion fluorescence
was measured.

Specificity Assessment of the Biosensor

0.04 mg/mL of UCNPs@PDA and 100 ng / mL of Ca>*, Na™,
L-Cys, glucose, BSA, albumin, AFP and CEA were respec-
tively mixed in Tris—HCl buffer (10 mM, pH 7.4) and incu-
bated at 37° C for 90 min. Then 10.4 nM of AuNPs-CEA
aptamer was added to these mixtures to further incubate at
37° C for 90 min. Finally, the intensity of upconversion fluo-
rescence was measured.

CEA Detection in Human Serum

The human serum samples were firstly 100-fold diluted with
Tris—HCl buffer (10 mM, pH 7.4). 0.04 mg/mL of UCNPs@
PDA and various concentrations of CEA (0, 0.1, 0.5, 1, 5,
8, 10, 30, 70, 100 ng / mL) were respectively added into
the diluted serum and incubated at 37° C for 90 min. Then
10.4 nM of AuNPs-CEA aptamer was added to these mix-
tures and incubated at 37° C for 90 min. Finally, the intensi-
ties of upconversion fluorescence were measured.

The five tumour patients’ serum samples were also firstly
100-fold diluted with Tris—HCI buffer (10 mM, pH 7.4), and
the concentration of CEA became 0.83, 1.31, 2.79, 4.70 and
6.98 ng/mL. 0.04 mg/mL of UCNPs@PDA and 50 ng / mL
of CEA were respectively added into the diluted serum and
incubated at 37° C for 90 min. Then 10.4 nM of AuNPs-
CEA aptamer was added to these mixtures and incubated at
37° C for 90 min, followed by measurements of the intensity
of upconversion fluorescence.

Results and Discussion
Principles of the Biosensor for CEA Detection

As shown in Fig. 1, the synthesized AuNPs have a wide
absorption band in the wavelength from 700 to 300 nm, and
the peak of absorption is located at 520 nm. The emission
of NaYF,:Yb,Tm nanoparticles is located at 480 nm, which
can overlap well with the absorption of AuNPs and meet the
requirements of FRET. According to a large number of stud-
ies [29], AuNPs not only possess high extinction coefficient,
but also are easy to be modified with aptamer, exactly meet-
ing the requirements for energy acceptor. Therefore, we chose
the CEA aptamer modified AuNPs as the energy acceptor of
UCNPs@PDA to construct the biosensor for CEA analysis.

The principle of the as-developed sensor is shown in Schemel.
Taking the advantage of the interactions of n—x stacking and
hydrogen bonding between PDA and aptamer, CEA aptamer on
the surface of AuNPs can be adsorbed onto UCNPs @ PDA,
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Fig. 1 Emission spectra of UCNPs @ PDA (black line) and UV-vis
absorption of AuNPs (red line)

leading to the quenching of the upconversion fluorescence, which
not only improves the efficiency of coupling between UCNPs and
aptamers, but also prevents the phosphate groups on backbone of
DNA from binding directly with lanthanide ions on the surface
of UCNPs. In the presence of CEA, the AuNPs-CEA aptamer
would be separated from UCNPs @ PDA because the aptamer
has stronger affinity with CEA than PDA. The breaking of energy
donor/acceptor assembly causes the recovery of upconversion
fluorescence, thus the concentration of CEA can be determined.

Characterization of UCNPs and UCNPs@PDA

The UCNPs were analyzed using X-ray diffraction (XRD)
characterization, which confirmed the UCNPs were hexago-
nal phases, and the intensity and position of the diffraction
peaks were consistent with standard pure hexagonal NaYF,
crystals (Fig. 2a). The transmission electron microscopy
(TEM) image, as shown in Fig. 2b, indicated the prepared
OA-UCNPs were spheres with a uniform size of about 26 nm.

Scheme 1 Principle of the
biosensor based on UCNPs @
PDA and AuNPs

X

> CEA

According to the literature, the coating of UCNPs with PDA
applied a water-in-oil microemulsion method [27].Due to the
strong adhesion of PDA to the surface of nanomaterials, it
was easy to coat UCNPs with PDA. The coating of PDA
enables UCNPs to convert from oil-soluble to water-soluble,
which is favorable for subsequent biosensing applications.
From the result of the X-ray electron spectroscopy (XPS) test
(Fig. 2c), there was a clear peak of N at UCNPs@PDA, prov-
ing the coating of PDA was successful. TEM analysis further
revealed the successful coating of PDA, which showed that
a shell was attached to the surface of the UCNPs with the
thickness of about 3 nm (Fig. 2d).

Characterization of AuNPs and AuNPs-CEA Aptamer

It can be seen from the TEM image that the obtained citrate
modified AuNPs had a relatively uniform size of about 13 nm
with good water dispersibility (Fig. 3a). After the conjuga-
tion with CEA aptamer, the absorption peak of AuNPs-CEA
aptamer has a slight red-shift for about 3 nm and showed a sig-
nificant DNA absorption peak at 260 nm in the UV-vis absorp-
tion spectrum (Fig. 3b). Moreover, the AuNPs-CEA aptamer
possessed very good solubility and could even remain stable in
aqueous solution for a month, which is beneficial for bioassays.
More evidence of the successful coupling between AuNPs and
CEA aptamer was found in the measurement of zeta-potential,
as shown in Fig. S1.¥ The AuNPs-CEA aptamer conjugate
was determined to be -17.2 mV, obviously negative-shifted as
compared with that of the citrate modified AuNPs (-8.30 mV).

Optimization of experimental conditions

Before the assay of CEA, a series of conditions in experi-
ment were optimized to make sure the biosensor performed
in the best circumstance. In all of the experiments, the con-
centration of UCNPs@PDA was fixed at 0.04 mg/mL. The
stability of the UCNPs @PDA was first confirmed, as shown
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Fig.2 a XRD pattern of a
UCNPs; b TEM image of
UCNPs; ¢ XPS spectra of
UCNPs@PDA; d TEM image
of UCNPs@PDA
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in Fig. S2.1 The fluorescence intensity of UCNP@PDA
remained unchanged within 2 h, showing good stability and
possibility to apply in subsequent detection.

It is reported that single-strand DNA has strong ability to
noncovalently bind to the surface of aromatic carbon nano-
materials and assemble on its surface [30]. So that the pro-
cess of energy transfer could occur between UCNPs @PDA
and AuNPs-CEA aptamer through the effects of n-x stacking
and hydrogen bonding between aptamer and PDA. In our
experiment, as shown in Fig. S3a,f with the concentration
of AuNPs-CEA aptamer increased, the fluorescence inten-
sity of UCNPs@PDA kept decreasing (F and F represent
the fluorescence intensity of UCNPs@PDA at 479 nm with

Fig.3 a TEM image of AuNPs; a
b UV-vis absorption spectrum . B e
of AuNPs (black line) and .
AuNPs-CEA aptamer (red line)

* . 200nm

and without AuNPs-CEA aptamer, respectively.). Therefore,
when the concentration of AuNPs-CEA aptamer concentra-
tion reached 10.4 nM, the quenching efficiency of upconver-
sion fluorescence can reach to 90%, which was higher than
those reports with organic dyes as the energy acceptors of
UCNPs, where the quenching degree was about only 50%
[31]. Hence, this combination of donor/acceptor pair can
be a great alternative to fabricate FRET-based biosensors.
The concentration of AuNPs-CEA aptamer was chosen to
be 10.4 nM, in which the fluorescence quenching reached
the plateau. Finally, under this condition, we examined the
effect of reaction time on fluorescence quenching efficiency.
As shown in Fig. S3b,{ the time-dependence test showed

AuNPs
— AUNPs-CEA aptamer
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that the biosensor needed a reaction time of 90 min to reach
quenching equilibrium. Hence the reaction time of fluores-
cence quenching in later experiments was fixed at 90 min to
ensure complete quenching and acquire stable signal.

The Detection of CEA in Aqueous Solution

After optimizing experimental conditions, we examined the
performance of this biosensor for the determination of CEA in
an aqueous solution. With the addition of free CEA to the sys-
tem composed of UCNP@PDA and AuNPs-CEA aptamer, the
aptamer was induced to combine with CEA, which weakened
the m-x interaction between PDA and aptamer. Therefore, the
disrupted energy transfer triggered the recovery of upconver-
sion fluorescence. The reaction time of fluorescence recovery
was investigated as shown in Fig. S4,1 which indicated that
the upconversion fluorescence could recover in 90 min to the
maximal extent and then kept quite stable. With a fixed amount
of the biosensor (0.04 mg/mL UCNPs@PDA plus 10.4 nM
AuNPs-CEA aptamer), the fluorescence of UCNPs@PDA
recovered with increasing amounts of CEA (Fig. 4a). More
importantly, the fluorescence recovery of UCNPs@PDA was
dependent on the concentration of CEA, providing opportu-
nity to the quantitative analysis of CEA. As shown in Fig. 4b,
the relative fluorescence intensity ((F—F)/F,, where F and F,
represents the fluorescence intensity in the presence and the
absence of CEA, respectively) was linearly correlated to the
logarithm of CEA concentrations in the range of 0.1-100 ng/
mL. Notably, the limit of detection (LOD) was 0.031 ng
/ mL based on 3S, / k criterion (k is the linear slope in the
detection range, Sy, is the standard deviation of seven blank

100 ng/mL
A

0.8
0.1 ng/mL

0.6

0.4 1

Normalized Intensity

0.2

b | Interce Interce Slope

0.0

Wavelength (nm)

Fig.4 a Fluorescence spectrum of the biosensor in aqueous solution.
0.04 mg/mL UCNPs@PDA and 10.4 nM AuNPs-CEA aptamer were
used, and the concentrations of CEA tested were 0, 0.1, 0.5, 1, 5, 8,
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Fig.5 Specificity studies of the biosensor toward other substances
that may co-exist in serum samples (1: Ca2+; 2: Na't; 3: L-Cys; 4:
glucose; 5: BSA; 6: albumin; 7: AFP; 8: CEA). The concentration of
the species was 100 ng/mL

samples), which was lower than that of most previous fluo-
rescence probes for CEA. Compared with other fluorescent
biosensors based on aptamer, our modification-free method
presented a relatively lower LOD and a wider linear range for
CEA (Table S17). These experimental results indicated that it
was promising to apply this biosensor in real samples.

Specificity Assessment of the Biosensor
In order to verify the selectivity of this biosensor for CEA,

we investigated the possible interference of ions, molecules
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Fig.6 a Fluorescence spectra of the biosensor in human serum.
0.04 mg/mL UCNPs@PDA and 10.4 nM AuNPs-CEA aptamer were
used, and the concentrations of CEA tested were 0, 0.1, 0.5, 1, 5, 8,

and proteins in serum, including Ca>*, Na*, L-Cys, glucose,
BSA, albumin, and AFP. The concentrations of these sub-
stances and CEA were both fixed at 100 ng/mL. As shown in
Fig. 5, only after the addition of CEA, the fluorescence of this
biosensor recovered obviously, indicating that the biosensor
had good selectivity for CEA and had great possibility for
CEA detection in real clinical samples like human serum.

The Detection of CEA in Human Serum

To investigate the practical applicability for monitoring CEA
levels, we used the biosensor in the analysis of human serum.
Generally, the concentration of CEA in healthy human
beings is below 5 ng/mL [32]. With 100-fold diluted (with
Tris—HCI, 10 mM, pH 7.4) human serum as the medium
of assay, the influence of the original CEA in serum was
negligible. Except for the changed buffer, other conditions
were consistent with the experimental conditions in aque-
ous solution. We found that the fluorescence recovery was
still correlated with the logarithm of CEA concentrations
(Fig. 6b). The linear range for CEA was the same as in aque-
ous buffer, which was from 0.1 ng/mL to 100 ng/mL, and
the LOD was 0.055 ng/mL (3S/k criterion). These results
were similar to that in aqueous solution, suggesting that the
biosensor could be applicable in such complicated matrix.
Finally, standard addition experiments were conducted
to verify the feasibility of this biosensor in the serum of
tumour patients. Five serum samples of tumour patients
were determined by the hospital, and the concentra-
tions of CEA were reported as 48.0, 93.2, 230.4, 462.4

1295
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10, 30, 70, 100 ng / mL; b Linear relationship between the logarithm
of CEA concentrations and the fluorescence enhancement

and 856.0 ng/mL, respectively. Before introducing these
serum samples into our biosensor, they were 100-fold
diluted with Tris—HCI buffer (10 mM, pH 7.4). As shown
in Table S2,} the recoveries ranged from 92.6% to 107.0%
with a low relative standard deviation (RSD) between
1.0 and 3.0, which are acceptable in biological samples.
Above all, this biosensor has already shown potential in
practical application.

Conclusions

In conclusion, we have developed a modification-free fluo-
rescent biosensor based on UCNPs @PDA, and demonstrated
its application in detecting CEA in aqueous solution and
human serum. Through the coating of UCNPs with PDA, the
direct binding between the phosphate gruop of DNA back-
bone and lanthanide ions could be inhibited, protecting the
ability of aptamer to recognize the target. The PDA coated
UCNPs allowed the CEA aptamer-modified AuNPs to be
adsorbed onto the surface of UCNPs@PDA via the interac-
tions of n—r stacking and hydrogen bonding, which triggered
the energy transfer from UCNPs@PDA to AuNPs-CEA
aptamer. In the presence of CEA, the AuNPs-CEA aptamer
departed from UCNPs@PDA due to the stronger affinity of
CEA with its aptamer. Thus, the recovery of upconversion
fluorescence can quantify the concentration of CEA. This
biosensor displays high sensitivity for CEA detection not
only in aqueous solution but also in human serum, suggest-
ing it a powerful tool for practical applications.
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