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Abstract Upconversion nanoparticles (UCNPs) of the type -
NaYF,:Yb*, Er* and a typical diameter of 6-7 nm were syn-
thesized by thermal decomposition of the respective rare-earth
stearate. The oleic acid on the surface of the UCNPs was then
replaced by aptamer DNA. The assay was performed in a mi-
croplate format with a capture probe immobilized in the wells.
Following binding of the vascular endothelial growth factor
(VEGF), an auxiliary probe DNA is added that is labeled with
UCNPs and binds to the VEGF-loaded capture probe. The
method enables highly sensitive and highly specific detection
of the VEGF which is a marker for breast cancer. Under the
optimum conditions, the intensity of the upconversion lumines-
cence (at excitation/emission wavelengths of 980/541 nm) is
linearly proportional to the VEGF concentration in the 50 pM
to 2000 pM concentration range, with a 6 pM detection limit.
The method was applied to the determination of VEGF in spiked
serum, typically at a 500 pM level, and gave recoveries that
ranged from 98 to 113 %, with RSDs between 2.9 and 3.6 %.
This makes it a viable tool for early diagnosis of breast cancer.
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Introduction

In the process of tumorigenesis or proliferation, tumor
cells synthesize and release substances, which can be
used as tumor markers. Tumor markers may also be pro-
duced by host cells in response to the tumor and are
often present in form of metabolites, antigens, enzymes
and hormones. The expression of the vascular endothelial
growth factor (VEGF) is closely related to the occurrence
and progression of breast cancer. Therefore, monitoring
VEGF levels is significant for breast cancer treatment
and prognosis [1]. VEGF can stimulate the growth,
survival and proliferation of vascular endothelial cells
and modulate angiogenesis, which is a basic requirement
for tumor infiltration and metastasis [2, 3]. These
characteristics and functions make VEGF one of the
most important markers for breast cancer. Currently,
enzyme-linked immunosorbent assay (ELISA) is the
most commonly used method to detect VEGF [4], but
this method has many shortcomings, such as high cost,
and complicated protocols. Thus, there is a need for
VEGF detection technique that is more convenient,
accurate and sensitive than ELISA.

So far, biosensing has been dominated by antibody-
based detection techniques. In 1990, a new bio-
recognition element, referred to as nucleic acid aptamers,
also known as chemical antibodies, was published [5].
Nucleic acid aptamers have many advantages over
traditional antibodies, such as a wide scope of target
molecules, good chemical stability, easy modification
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and labelling, and low molecular weight. Nucleic acid
aptamer biosensors have shown good prospects for
clinical diagnosis and as biomedicines [6]. Mohammad
et al. screened a library of nucleic acid aptamers for
application as VEGF biosensors and provided a way to
detect VEGF with high sensitively [7].

Rare-earth (RE)-doped upconversion nanoparticles
(UCNPs) were recently discovered to have important bio-
medical applications. One such UCNP, NaMF,:Yb*", Ln**
(M =Y or Gd, Ln = Er or Tm) can transform near-infrared
(NIR) exciting light into tunable short wavelength fluores-
cence in the range of from deep ultraviolet (UV) to NIR
[8]. Due to their unique properties, such as adjustable
multi-color light emission, special light-stability, deep
tissue penetration, auto-fluorescence inhibition and low
toxicity in vivo and in vitro, these UCNPs have been used
in preclinical imaging studies, clinical diagnosis and
therapeutics, drug delivery and bioassays [9]. Recently, a
two-step thermal decomposition method using RE
trifluoroacetates [10, 11] or RE oleates [12] as precursors
has been widely adopted to obtain NaYF,:Yb**, Er**
UCNPs. The drawbacks of these strategies mainly include
that the UCNPs have a relatively lower upconversion
quantum yield, and the commonly used precursors are
expensive metallic trifluoroacetate salts, which readily
produce toxic fluorinated and oxyfluorinated carbon
byproducts during the process. Therefore, it is important
to find a way to prepare the UCNPs without generating
these pollutants. Moreover, most particles have a size
between 10 and 100 nm, but the hydrodynamic size of
UCNPs is required to be <10 nm (optimized surfaces
included) in order to warrant renal clearance [13].
Preparing high quality UCNPs under 10 nm with strong
luminescence remains a technical challenge. Furthermore,
UCNPs are strongly hydrophobic and have poor biocom-
patibility because their surfaces are usually covered with
inert lipophilic groups [14]. To overcome this limitation, a
one-step solvothermal synthesis [15, 16], ligand exchange
[17, 18], and silicon coating methods as well as the func-
tional modification of UCNPs have been introduced [19].
Although these methods improved the solubility and
functionality of UCNPs, the use of heterogeneous multi-
functional cross linking in the biological coupling step
make the process more complex [20]. Enormous
challenges remain in preparation of biocompatible UCNPs
that can recognize specific molecules. DNA is becoming
the most attractive application platform of bionano-
technology because of its excellent stability and unique
base-pairing rules [21]. In particular, DNA coating technol-
ogy by chemical modifications [22] has allowed DNA
bionanotechnology to extend to the field of high sensitivity
biosensors [23, 24], self-assembled nanomaterials [25] and
gene drug delivery.
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Therefore, considering the great potentials of both DNA
based bionanotechnology and UCNPs, development of a sim-
ple, general, and versatile method to produce DNA-modified
UCNPs will advance the biomedical application of UCNPs
significantly. Interestingly, Lu et al. studied a simple strategy
to prepare a biological probe with uniformly DNA-modified
UCNPs [26]. This method can directly transform hydrophobic
UCNPs into hydrophilic DNA-UCNPs without any chemical
modifications of the UCNPs or oligonucleotides. Moreover,
DNA molecules on DNA-UCNPs retain their biometric capa-
bility. Most importantly, DNA-UCNPs can pass through the
cell membrane, a property that confers great prospects for
application in tumor cell imaging and target drug delivery.

Inspired by the above research, we adopted RE stearates as
precursors for thermal decomposition in a high temperature
system and developed a simple, cheap and pollution-free ap-
proach to obtain small NaYF,:Yb**, Er'* UCNPs. Then we
applied a simple one-step exchange strategy to obtain soluble
DNA-UCNPs. The DNA oligonucleotide aptamer probe was
designed according to the structure of VEGF. Using these
UCNPs as luminescence labels, we developed a highly sensi-
tive and selective upconversion luminescence (UCL) assay
based on sequence fragment-linked of target-induced aptamer
for the detection of VEGF. After optimizing testing condi-
tions, we studied the ability of the aptasensor to detect
VEGF in patient samples, providing the preclinical basis for
the use of this aptamer in the early diagnosis and treatment of
breast cancer.

Experimental
Materials and apparatus

All chemicals were used as received without further purifica-
tion. Yttrium oxide (99.999 %), ytterbium oxide (99.999 %)
and erbium oxide (99.999 %) were provided from Institute of
Applied Chemistry Chinese Academy Sciences (China,
http://ciac.cas.cn). NaF, NaCl, Tris, EDTA and stearic acid
were obtained from Sinopharm Chemical Reagent Co., Ltd.
(China, http://shreagent.com). Oleic acid (OA) and 1-
octadecene (ODE) were purchased from Aladdin Reagent
co., Ltd. (China, http://www.aladdin-e.com). Bovine serum
albumin (BSA) was purchased from New England Biolabs
co., Ltd. (China, http://www.neb-china.com). VEGF, human
serum albumin (HSA) were obtained from Sigma-Aldrich
Chemical Co., Ltd. ( http://www.sigmaaldrich.com/china-
mainland.html ). DNA sequences of the capture probe (CP,
5'-biotin-TGTGGGGGTGGAC-3') and the auxiliary probe
(AP, 5'-GGGCCGGGTAGA-3") were purchased from
Sangon Biotechnology co., Ltd. (China, http://www.sangon.
com). The hybrid buffer (pH 7.4) of DNA was consisting of
1 M NaCl, 10 mM Tris, 1.0 mM EDTA. All aqueous solutions
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were prepared in ultrapure water (purified by Milli-Q biocel
from Milli-pore China Ltd., http://www.merckmillipore.com).
X-ray powder diffraction (XRD) measurements were per-
formed on a Mini Flex II X’ Pert Pro diffractometer (Riguka
Co., Tokyo, Japan) with graphite monochromatized Cuy,, ra-
diation (A = 0.15406 nm). The morphology and size of the
UCNPs were characterized by a JEM-1200EX transmission
electron microscope (JEOL Ltd., Tokyo, Japan). The DNA
was centrifuged by a Neofuge 18R high speed refrigerated
centrifuge (Heal Force Development Ltd., Hong Kong,
China). The UCL spectra were recorded with a Cary Eclipse
fluorescence spectrophotometer (Varian Co., Palo Alto, CA,
USA) attached an external 980 nm laser (CNI Optoelectronics
Technology Co., Changchun, China). UCL images were ac-
quired with a Canon 60 D digital camera (Tokyo, Japan).

Preparation of UCNPs

A fixed percentage of RE stearates (C;7H35COO);RE
(RE = Y.78Ybg 20Erg 02) were synthesized according to pre-
vious studies (See ESM, section 1) [27]. Then UCNPs were
synthesized by thermal decomposition [28] of RE stearates in
a high temperature system. In an optimal procedure, 6 mL
oleic acid (OA) and 14 mL 1-octadecene (ODE) were pipetted
into a 100 mL three-necked flask, and 1.0 mmol RE stearates
were added later; finally, the mixture was heated to 100 °C
with vigorously magnetic stirring in an argon atmosphere for
30 min to form a clear solution. After that, the solution was
heated to 290 °C with a heating rate of 5 °C-min”'. Then,
10 mmol NaF was poured into the solution, which was quick-
ly heated to 310 °C and kept for 50 min in an argon atmo-
sphere under vigorous stirring. After the reaction naturally
cooled to room temperature, the UCNPs were precipitated
by adding cyclohexane/ethanol (1:1 v/v) and isolated via cen-
trifugation. The UCNPs were further purified by using the
mixture of cyclohexane/distilled water (1:3 v/v) five or six
times and then dried under a vacuum before storage in 5 mL
cyclohexane.

The functionalization of UCNPs by DNA

Functionalized DNA-UCNPs were obtained by applying
DNA to directly replace OA according to previously pub-
lished protocols [25]. The AP was pre-processed according
to the following steps. The AP was centrifuged for 20 min at
4000 rpm (1395 g) and diluted to the required concentration
with deionized water. Then the solution was stored at 4 °C
after vortexing for several minutes. In the procedure, the
20 pmol OA-coated UCNPs in 1.0 mL of chloroform was
slowly added into 2 mL of water (with 200 nmol AP), and
the mixture was vigorously stirred overnight. Afterward, the
UCNPs were transferred into the aqueous phase from the

organic phase due to the attachment of DNA. After sonication,
excess DNA in the aqueous phase was removed from the
surface of AP-UCNPs by centrifugation and washing. The
resultant AP-UCNPs were re-dispersed in the buffer and
stored at 4 °C for further use.

The upconversion luminescence assay for VEGF

First, the CP was fixed to 96-well plates. Before fixation, the
CP was heated to 95 °C for 10 min and naturally cooled to
room temperature. Every well of the 96-well plates was coated
with 100 uL of avidin diluted in carbonate buffer (pH, 9.0).
After less than 12 h of the coating reaction at 4 °C, the plates
were rinsed several times with phosphate buffer (pH, 7.4) and
dried. Next, the plates were sealed with 3 % bovine serum
albumin (BSA), and after 10 uM CP was added, the reaction
was performed for 30 min near 25 °C. The plates were rinsed
with phosphate buffer to clear away the residuals and dried.
After adding hybrid buffer, the 96-well plates fixed with CP
were incubated at room temperature for 100 min. After the
residuals were cleared, the plates were rinsed several times by
phosphate buffer and dried. The reaction was carried out for
1 h after adding 10 puL certain concentrations of VEGF, 50 uL
AP-UCNPs (100 pg'mL ") and 40 pL 3 % BSA. Finally, the
residuals were cleared away after the mixture was incubated at
room temperature for 120 min, and the plates were rinsed by
phosphate buffer and dried. The UCL was investigated by
Cary Eclipse fluorescence spectrophotometer using exciting
light of 980 nm laser (power modulation, 500 mW-cm ) after
adding 100 pL buffer into each well. According to the analy-
sis scheme, the UCL of the system was detected after adding
different concentrations of VEGF. For the analysis of VEGF
levels in serum from breast cancer patients, all experiments
were performed in accordance with relevant guidelines and
regulations and were approved by the Ethics Committee of
Fyjian Medical University Union Hospital. The preparation
of artificial serum sample was shown in the section 2 of ESM.

Results and discussion
Characterization of the UCNPs

The high-quality growth of UCNPs, a specific metric of the
UCL assay, is especially important for the sensitivity of VEGF
testing. Therefore, the crystal phase, structural constituents,
size, morphology and luminescent properties of the UCNPs
were characterized by different approaches.

As shown in Fig. la, b, TEM images showed that the
UCNPs were highly uniform and had a roughly spherical
shape. The statistics of crystallite size showed that the
UCNPs had an average size of 6-7 nm (n = 400, see ESM,
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Fig. 1 Characteristics of the UCNPs. (a, b) TEM images; ¢ High
resolution TEM images; d Selected-area electron diffraction pattern; e
XRD patterns; f Analysis of X-ray energy dispersive spectrum; g The

section 3). UCNPs were of a fine single crystalline nature as
shown in Fig. lc. The lattice fringes were clearly distin-
guished in the high resolution TEM images, and the value of
the interplanar spacing between the lattice fringes (0.316 nm)
belongs to the (111) lattice plane. The selected-area electron
diffraction pattern (Fig. 1d) shows that spotty polycrystalline
diffraction rings can be indexed as the (111), (200), (220) and
(311) planes of the UCNPs lattice, respectively. The typical
XRD pattern (Fig. 1e) corresponds almost exactly with the
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Wavelength/nm

UCL spectrum. Inset: Photograph of the UCNPs dissolved in
cyclohexane (1 %, w/V) when excited by 980 nm laser

standard pattern of the cubic phase (x) NaYF, (JCPDS
No.77-2042), suggesting that the nanocrystals belong to the
pure cubic phase and have fine crystallinity. The chemical
constituent of the lanthanides in UCNPs were analyzed by
X-ray energy dispersive spectrum. As shown in Fig. 1f, the
measured atomic ratio of the lanthanide elements (Yb:
Er =29.22: 3.38) is very close to the theoretical values (Yb:
Er = 0.2: 0.02), indicating that the doping contents of lantha-
nides in the UCNPs can be controlled precisely during the
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growth process. The UCL spectrum of 1 wt% UCNPs solution
in cyclohexane when excited with a 980 nm laser is
shown in Fig. 1g. There were three emission centers
at approximately 521 nm, 541 nm and 656 nm, which are
attributed to the 2H11/2 — 4115/2, 4S3/2 — 4115/2 and
*Fop, — *I;5)» transitions of Er’* ions, respectively. Thereby,
the 521 nm and 541 nm emission centers belong to the typical
green region. The inset in Fig. 1g illustrates that the strong
green light can be easily observed by the bare eye or other
imaging systems, which suggests that the UCNPs are excellent
potential biomarkers for biomedical applications.

The test mechanism of the upconversion luminescence
assay for VEGF

Based on fragment-linked technology of target-induced
aptamer, a highly sensitive and selective UCL assay was de-
signed for VEGF detection. The test mechanism of UCL assay
for VEGF testing is shown in Fig. 2. First, the DNA aptamer
probe for VEGF was designed according to the structure of
VEGF. Then the DNA sequence of the VEGF aptamers was
cut and transformed into two linear structures, one as a capture
probe (CP), fixed on the microplate surface, and the other as a
signal probe (AP), modified with UCNPs on its end
(Characterization of AP- UCNPs was shown in ESM, section
4). When VEGF appears, the two probes combine with VEGF
to form a stable aptamer complex on the surface of the micro-
plate. Then the AP-UCNPs were fixed on the microplate sur-
face and a strong UCL signal (541 nm, which peak is selected
as research object in subsequent spectral analysis due to the
strong luminescence intensity.) based on excitation of 980 nm
exciting light was obtained. On the contrary, when no VEGF
was present, AP was not fixed on the microplate surface and
no UCL signal was detected. Thus, highly sensitive detection
of VEGF can be realized through the identification of
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Fig.3 Luminescene intensity for different VEGF concentrations, a
0pM, b 50 pM, ¢ 200 pM, d 500 pM, e 1000 pM, £2000 pM, g 5000 pM
and h 10,000 pM

different UCL signals according to different concentrations
of VEGF in the samples.

The sensitivity of the upconversion luminescence assay

The test results for UCL measurements of VEGF are shown in
Fig. 3. Under optimal experimental conditions, the UCL in-
tensity gradually increased with the concentration of VEGF
from 0 to 10,000 pM. In the absence of VEGF, the UCL signal
was hardly detectable because the two probes failed to com-
bine without VEGF, confirming that CP alone failed to fix AP
to the microplate surface. When VEGF concentration reaches
10,000 pM the UCL reaches a maximum, with an intensity 3.5
times higher than that of 2000 pM VEGF, and 7 times higher
than that of 500 pM VEGF.

Increasing VEGF concentrations from 50 to 2000 pM pro-
duced linear increases in the UCL intensity (F). As shown in
Fig. 4, the correlation equation can be expressed as:
F = 0.1038¢c + 13.909 (» = 0.9987). The limit of detection
(LOD) was 6 pM (S/N = 3). A VEGF concentration of 500

Fig. 2 Schematic diagram of the
UCL assay for VEGF detection

CcpP
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Em.540nm

So—
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@ Springer



3206

Microchim Acta (2016) 183:3201-3208

250

200

150 F F = 0.1038C+13.909 r=0.9987

~

=
E 100}
=
50 |
0 L
Il Il Il Il Il
0 500 1000 1500 2000
C/pM

Fig. 4 The linear fit plot of peak current (F) with the concentrations of
VEGF (pM). Each data point represents the average value of five
independent experiments with error bars indicated

pM was chosen to investigate the precision of the method
within each group of five repeated tests, and the relative stan-
dard deviation (RSD) was 2.56 %. The results showed that our
assay exhibited good reproducibility and satisfactory stability,
providing an excellent method for detecting low concentra-
tions of VEGF in clinical samples. To further illustrate the
increased sensitivity and other advantages of our UCL assay,
we compared our assay to other methods of VEGF detection.
For example, Wang et al. used aptamer sensors to detect
VEGEF based on fluorescence polarization (FP), and the resul-
tant LOD was 0.32 nM [29]. Due to the different effects of
protonation of DNA bases, such methods of VEGF detection
are strongly affected by the pH of the solution. At the same
time, the ionic strength of the solution can also seriously affect
the sensitivity of detection. Freeman et al. reported several
aptasensors based on quantum dots (QDs) and dye acceptors
(CyS5) for VEGF detection; the typical LOD for these methods
were 1 nM, 12 nM and 875 pM, respectively [30]. The previ-
ously reported aptamer sensors designed by QDs and organic
dyes are more complicated, and the relative LOD only reaches
nM levels, which leads to a sensitivity far below that of our
UCL assay. Zhao et al. reported a method based on a folding
electrochemical aptamer sensor to detect VEGF; the LOD of

300 |

200

100

500 600 700 800 900
1/nm

Fig.5 Luminescence intensity for VEGF and different serum proteins, a
blank, b BSA, ¢ HSA and d VEGF, The concentrations of BSA, HSA and
VEGF were all 10 nM
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Fig. 6 Specificity of the assay for VEGF. Bars represent the fluorescence
(F) from the different inputs: blank, BSA, HSA and VEGF. The
concentrations of BSA, HSA and VEGF were all 10 nM. Each data
point represents the average value of five independent experiments with
error bars indicated

their sensor was 5 pM [31]. Here, we report the LOD of our
UCL aptasensor to be 6 pM, which is similar to the electro-
chemical method. However, the electrochemical method has a
higher rate of false positive and false negative results, poor
stability and reproducibility and significant background inter-
ference complications. In summary, a comparison (see ESM,
Table S1) of the LOD data and characteristics of previously
designed sensors shows that our UCL assay shows better sen-
sitivity, stability (see ESM, section 5), and reproducibility, no
biological toxicity (see ESM, section 6), simpler design and a
more concise operation.

The specificity of the upconversion luminescence assay

The specificity of the UCL assay was verified by the fluores-
cence method. The UCL signals of VEGF and different serum
proteins were determined, respectively. Figure 5 shows
the distinct contrast diagrams of the luminescence of
blank, BSA, HSA and VEGF. One can clearly see that
the luminescence of VEGF was stronger than that of the
other samples, and this demonstrates that the UCL assay has
good specificity.

To verify the selectivity of our assay, we further investigat-
ed normalized ratios of the luminescence response of the assay
for VEGF and different serum proteins. As shown in Fig. 6,
the AF,/AF, values of the assay for VEGF, BSA and HSA
were 95.1 %, 2.4 % and 4.3 %, respectively. These results
suggest that our UCL assay can specifically recognize and
detect VEGF. To evaluate the interference of other foreign
species with the determination of 1 nM VEGEF, a systematic

Table 1 VEGF determination in serum samples (n = 5)

VEGF added (pM)  Detected results (pM)  Rec. (%)  RSD. (%)
100 98 98 2.9

500 512 102 3.6

1000 1132 113 32
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study was also carried out. It was found that 1000-fold con-
centrations of glucose, lactose, L-cystine, DL-alanine, and cy-
clodextrin did not interfere with the luminescence intensity of
VEGF (signal change below 5 %). In brief, the assay has good
selectivity for VEGF.

VEGEF detection in serum samples from breast cancer
patients

VEGEF detection in serum samples from breast cancer patients
was carried out under optimal conditions. The results are pre-
sented in Table 1 and show that the recovery was distributed
between 98 % and 113 %, and the RSD was distributed be-
tween 2.9 % and 3.6 % after five repeated measurements of
the corresponding samples, which indicates that the reproduc-
ibility of the assay is suitable for clinical applications.
Therefore, the UCL assay is expected to be used for ultrasen-
sitive detection of VEGF in clinical serum samples, which
would provide a credible basis for the early diagnosis and
treatment of breast cancer.

Conclusions

In summary, we presented a special UCL assay based on the
sequence fragment-linked technique of target-induced
aptamer and UCNPs as a marker for VEGF detection. The
ultra-small and high-quality o-NaYF,:Yb*>*, Er** UCNPs
were synthesized by using RE stearates as precursors for ther-
mal decomposition in an OA-ODE system. Hydrophilic
DNA-UCNPs had been successfully realized by the replace-
ment method of DNA. The UCL assay shows good stability,
high selectivity, and exhibits ultrasensitive detection
with an LOD as low as 6 pM, and the determination
of VEGF in spiked serum shows good reproducibility.
Furthermore, facing the major limitations, we will prob-
ably improve the luminescence efficiency of UCNPs by
advanced methods (such as surface modification, core-
shell structures, etc.) and increase efficiency of DNA
functionalization in the future. Therefore, the sensitivity
of our assay will be further improved after appropriate
improvement. Thus, this assay has the potential to be
used for trace analysis of VEGF and provides a credible
assay for use in the early diagnosis of breast cancer, which
makes it a viable tool for early diagnosis in the future.
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