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ABSTRACT Early detection of cancer biomarkers applied in
real-time disease diagnosis and therapies can increase the
survival rate of patients. Circulating tumor DNA (ctDNA) as a
typical cancer biomarker plays a great role in the process of
tumor disease monitoring, especially in early diagnosis. Un-
fortunately, most ctDNA detection systems have not been
widely used due to their low sensitivity, poor specificity, and
high cost. Herein, we developed an alternative ctDNA detec-
tion system to present the levels of ctDNA by recording the
fluorescence signals of the system containing upconversion
nanoparticles (UCNPs), Fe;O,, and entropy-driven strand
displacement reaction. The method has a practical sensitivity
with a wide linear range from 100 amol L' to 1 nmol L' and a
low detection limit of 1.6 amol L', Furthermore, the system
demonstrates a practical application in mouse blood serum
samples and meets the requirements for rapid, sensitive,
specific, and economical diagnosis of cancers. Thus, this
ctDNA detection system may have great potential for ctDNA
detection and clinical diagnosis.

Keywords: upconversion nanoparticles, Fe;O,, entropy-driven
strand displacement reaction, PIK3CA, ultrasensitive

INTRODUCTION

The secreted cancer biomarkers during the neoplastic
process have been successfully used in early diagnosis of
tumors due to their special response to the presence of
tumor [1]. Recently, circulating tumor DNA (ctDNA)
shows huge potential in cancer early diagnosis [2,3]. As a
biomarker, the ctDNA detected in different tissues such
as blood circulation, urine, and saliva can be released

when tumor grows [4,5]. Therefore, the analysis of
ctDNA provides enlightenment in tumor precision
treatment and disease detection. In addition, it can detect
tumor heterogeneity information through liquid biopsy
and non-hematological testing due to its universality and
flexibility [6]. The mutations and insertions of phospha-
tidylinositol-4,5-bisphosphate 3-kinase catalytic subunit
alpha (PIK3CA) gene have been verified in cancerous
tissues such as lung, brain, and breast. PIK3CA is a nu-
cleic acid with a length of 34 kb, which encodes a protein
consisting of 1068 amino acids located on chromosome
3q26.3. Somatic mutations in PIK3CA were demonstrated
to increase its kinase activity, resulting in cellular trans-
formation [7-9].

Considering the importance of ctDNA analysis, many
conventional techniques, such as polymerase chain reac-
tion (PCR), reverse transcription (RT)-PCR, and droplet
digital PCR (ddPCR), have been established for ctDNA
detection. However, the procedures of PCR are compli-
cated to be precisely executed. Moreover, the measuring
condition of enzyme and temperature of PCR are strict
[10]. Thus, a sensitive but not complicated biosensor for
ctDNA detection is in urgent need of development
compared with the expensive, time-consuming, and low-
signal-to-noise-ratio traditional detection technique [11-
14]. Biosensors are devices that convert biological signals
into electrical, optical, or thermodynamic signals. They
can measure the biochemical signals of entire cells by
physical devices such as fluorescent biosensors, optical
transducers, surface-enhanced Raman scattering (SERS),
localized surface plasmon resonance (LSPR), and
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electrochemical biosensors [15-22]. Thus, the biosensors
offer a more conducive approach to detect ctDNA be-
cause of their convenience and precision [23-29].
Herein, we developed an economical ultrasensitive de-
tection system for PIK3CA, based on an entropy-driven
strand displacement reaction (ESDR) mechanism, and
using upconversion and Fe;O, nanoparticles (NPs) as
detective building blocks, which enhance the specific and
ultrasensitive ctDNA detection of real samples. Different
from the classical 1:1 ratio of target/probe molecular re-
cognition event in biosensors, ESDR adopts a 1:N scale
pattern, in which the probe is cleaved by the entropy
reaction, binds to the target to release and reuse the target
molecules, and thus realizes a target recycling amplifica-
tion. ESDR helps to amplify the interaction between the
free AuNPs and semiconducting polymer dots (Pdots),
leading to significant improvement in analytical perfor-
mance, and thus this method achieved a detection limit of
0.5 fmol L' [30-32]. The as-prepared upconversion NPs
(UCNPs) are featured with visible fluorescence emission
under near-infrared laser excitation, which enables the
subsequent detections [33-37]. This method has several
attractive features: enzyme-free, operable at room tem-
perature, without any hairpin DNA, and ultrasensitive.
Therefore, the current detection biosensor system for
ctDNA has great potential for clinical monitoring.

EXPERIMENTAL SECTION

Materials and reagents

Sodium hydroxide (NaOH), ammonium fluoride (NH,F),
cyclohexane, methanol and hydrochloric acid were pur-
chased from Beijing Chemical Works (Beijing, China).
Rare earth chlorides (LnCl;, Ln: Y, Yb, Er) and iron(III)
acetylacetonate (Fe(acac);) were purchased from Beijing
HWRK Chem Co., Ltd. (Beijing, China). Bovine serum
albumin (BSA), oleic acid (OA), oleylamine (OAm) and
1-octadecene (ODE) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). All of the nuclear acids, including
Target, 30T, 30C, red-chain, orang-chain, blue-chain,
purple-chain, Y1, Y2, Y3, pET-20b were synthesized and
purified by Kumei Biology Co. (Changchun, China) and
shown in Table S1. 4T1, Hela, BMSC, HEB cells were
purchased from the Cell Bank of Chinese Academy of
Sciences (Shanghai, China). These chemical reagents were
all of analytical grade and used without any special pur-
ification.

Material characterization
The X-ray diffraction (XRD) patterns were tested with a
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D8 Focus diffractometer (Bruker) by using Cu Ka ra-
diation (A = 0.15405 nm). Transmission electron micro-
scopy (TEM) was recorded using an FEI Tecnai G2 S-
Twin with a field emission gun operating at 200 kV.
Fourier-transform infrared (FT-IR) spectra were carried
out on a Vertex Perkin-Elmer 580BIR spectrophotometer
(Bruker) with the KBr pellet technique. Upconversion
fluorescence spectra were collected on a Hitachi F-7000
spectrophotometer excited with the 980-nm continuous-
wave (CW) laser. The X-ray photoelectron spectra (XPS)
were taken on a VG ESCALAB MK II electron spectro-
meter using Mg Ka (1200 eV) as the excitation source,
with the samples put on silicon slices.

Synthesis of OA-modified UCNPs

The OA-modified UCNPs (NaYF,:20%Yb, 2%Er, de-
scribed as UCNP-OA), were synthesized according to the
previous reports [38,39]. The detailed processes are de-
scribed below. YCI; (0.78 mmol), 0.20 mmol YbCl;, and
0.02 mmol ErCl; aqueous solutions were added into a
100-mL three-necked flask, and then the mixture was
heated to 80°C under stirring until white precipitate se-
parated out. Six milliliter of OA was added into the flask;
the mixture was heated to 130°C to dissolve the white
precipitate completely. Fifteen milliliter of ODE was ad-
ded into the solution, then heated to 150°C and main-
tained for 30 min. Next, 10 mL of methanol (containing
2.5 mmol NaOH, 4 mmol NH,F) was added into the flask
when the mixture was cooled down to room temperature,
which was then reheated to 70°C and maintained 30 min
to remove the methanol. The mixture was degassed at
100°C for 20 min, then heated to 300°C, and kept at this
temperature for 90 min under nitrogen protection. The
mixture was cooled down to 30°C naturally, and then
washed three times with 15 mL of ethanol and 5 mL of
cyclohexane together. Finally, the UCNPs were dispersed
in cyclohexane.

Synthesis of OAm-modified Fe;0, NPs

The OAm-modified Fe;O, NPs (described as Fe;O,-
OAm) were synthesized according to the previous reports
[38]. Fe(acac); (1.06 g) and 20 mL of OAm were added
into a 100-mL three-necked flask. Then the mixture was
heated to 110°C for 30 min under the vacuum condition
and next heated to 310°C and maintained at this tem-
perature for 1h under nitrogen protection. Then, the
mixture was cooled down to room temperature naturally,
and the Fe;0,-OAm NPs were collected by a magnet and
washed with ethanol three times and then dispersed with
tetrahydrofuran.
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Synthesis of DNA-grafted UCNPs and Fe;0, NPs
UCNP-OA or Fe;0,-OAm (40 mg) were dispersed in
2 mL of hydrochloric acid (1.2 mol L) under stirring at
room temperature for 1 h. The UCNPs or Fe;O, NPs
were collected by centrifugation and washed with ultra-
pure water three times. Then UCNPs or Fe;O, NPs were
dispersed in 10 mL of ultrapure water with 1 mg 30T or
30C under stirring overnight. The UCNPs-DNA and
Fe;0,-DNA were collected by centrifugation and washed
with 20 mL of Tris-HCI (20 mmol L', pH 7.4) five times
to remove free 30T or 30C. Finally, the UCNPs-DNA and
Fe;0,-DNA were dispersed in 10 mL of ultrapure water
and stored at 4°C.

Synthesis of UCNP-DNA-Fe;0, nanosensors

UCNP-DNA (40 mg) was added into 10 mL DNA
(0.033 mg orange-chain or red-chain) hybridization buf-
fer (20mmol L' Tris-HCl, 100 mmol L' NaCl,
2 mmol L' KCI, 1 mmol L™ MgCl,, pH 7.4), and then
stirred for 1 h at 37°C. The same procedure was applied
for Fe;O,-DNA with purple-chain. The UCNP-orange
chain, UCNP-red-chain and Fe;O4-purple-chain were
collected by centrifugation and washed with ultrapure
water three times and stored at 4°C. Next, 20 mg UCNP-
orange-chain, UCNP-red-chain and Fe;O,-purple-chain
were dispersed in 40 mL DNA hybridization buffer,
maintained at 16°C for 12 h, then collected by a magnet
and stored at 4°C.

Mice and serum collection

All experiments of mice were approved by the Institu-
tional Animal Care and Use Committee of Jilin Uni-
versity. BALB/c female mice (6 weeks old, weighing
18-20 g) were purchased from Changchun Institute of
Biological Products, and then housed in the IVC animal
facilities. About 5 x 10° 4T1 cells in phosphate buffered
saline (PBS, 0.1 mL) were implanted subcutaneously in
the area near the leg of each mouse. The blood (0.1 mL)
of mice was collected from the eye edge by using a ca-
pillary every week. Then let the blood sit at 37°C for 1 h
and 4°C for 12 h, successively. The serum was collected
by centrifugation, and 0.005 mL serum was taken, diluted
with PBS to 5 mL and stored at —20°C.

Detection of ctDNA

One milliliter of UCNP-DNA-Fe;O, (0.01 mgmL ),
0.01 mL of blue-chain (10 nmolL "), and 1 mL sample
(100 amol L™, 1 fmol L™, 10 fmol L™, 100 fmol L',
1 pmol L™, 10 pmol L', 100 pmol L', 1 nmolL"
PIK3CA, 0.01 g BSA, 20 ng pET-20b, Y1, Y2, Y3, mouse
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serum, cell medium) were mixed into a 2-mL reagent
bottle, shaken at 37°C for 1 h. The upconversion lumi-
nescence (UCL) spectra of the samples were measured
under 980-nm CW laser excitation after magnetic se-
paration.

RESULTS AND DISCUSSION

We constructed an ultrasensitive optical method for the
detection of PIK3CA. Fig. 1 shows the detailed sensing
principle of this detection system. In the first step, the
red-chain UCNP and orange-chain UCNP were designed
to link with the purple-chain Fe;O, NP to form a nano-
sensor in accordance with the principle of base com-
plementary pairing. In the presence of target sequence, it
will bind to the purple chain, and promote the release of
the orange-chain UCNP from nanosensors through
competition. Next, the blue-chain will bind to the un-
bound position between the target sequence and the red-
chain. Based on the competition, the red-chain UCNP
will be released first, followed by the release of the target
sequence. In this way, the target sequence can continue to
react with the new nanosensor, so that more UCNPs can
be released from the reaction system in this cycle. At the
end of the reaction, the DNA strand with Fe;O, NPs will
be adsorbed with a magnet. At this moment, all the NPs
existing in the supernatant of the reaction system are the
UCNPs with DNA strand. It can emit strong green
fluorescence under 980-nm laser excitation. When there
is a growth in the number of target sequence, the up-
conversion fluorescence will be enhanced along with the
increase in the amount of UCNPs in the supernatant. The
sensitivity for the detection system was greatly enhanced
in this strategy due to the fact of circular target sequence
and the upconversion fluorescence with low interference
noise.

UCNPs and Fe;O4 NPs were synthesized according to a
well-established method [38,39]. The XRD patterns
(Figs S1, S2) confirmed the good crystal structure of
NaYF, and Fe;O, NPs. TEM images indicated that the
UCNPs and Fe;O4 NPs retained their original morphol-
ogies after DNA grafting without obvious aggregation
(Fig. 2a-d). The UCL spectra of UCNP-OA and UCNP-
DNA are displayed in Fig. S3. Three main characteristic
peaks at 521, 540, and 655 nm can be attributed to the
electronic transitions 2HH,2 - 4115/2, 483,2 - 4115,2, and
4F9,2 - 4115,2 of Er’, respectively. The multiphotonic
energy transfer mechanism of p-NaYF,:Yb,Er NPs was
summarized in Fig. S4. Moreover, the DNA-modified
UCNPs have the similar fluorescence intensity compared
with UCNP-OA under the same 980-nm laser excitation,
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indicating that grafting with DNA has no effect on
UCNPs’ fluorescence intensity. The Fe;O,-DNA retained
intense magnetic and superparamagnetic characteristics
(Figs S5 and S6). The XPS surveyed the elemental com-
position of the NPs. The results showed that Na, Y, F, Yb,
Er, C, and O were major elements on the surface of
UCNPs (Fig. S7), and Fe, O, and C are major elements on
the surface of Fe;O, NPs (Fig. S8). Furthermore, the P 2p
signal was also detected through the high-resolution XPS
(Fig. 2e, f). The results revealed that the DNA had linked
to the surface of UCNPs and Fe;O, NPs. Besides, FT-IR
(Figs S9 and S10) indicated the obvious ligand change on
the NP surface. Compared with UCNP-OA and Fe;O,-
OAm, UCNP-DNA and Fe;0,-DNA revealed asymmetric
and symmetric vibrations of phosphate at 1228 and
1087 cm ' in the spectra, respectively. These results
overall demonstrate the successful grafting of DNA onto
the UCNPs and Fe;O, NPs.

UCNPs and magnetic Fe;O, NPs were linked together
through the DNA strand grafted on the surface of NPs
(Fig. 3a, Fig. S11). To investigate the detection limit, we
detected the response of nanosensors with different
amounts of PIK3CA. With the increase of target DNA
concentration, the intensity of upconversion emission in
the supernatant after magnetic separation increased
(Fig. 3b). Fig. 3c shows the positive linear dependence of
the luminescent intensity (Al = Iy — Ipps) on the
concentration of the target DNA. The regression equation
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Schematic illustration of the optical detection system for PIK3CA. (a) The process of the PIK3CA detection; (b) the sensing principle.

is y = 27.577x + 573.55, R> = 0.9671, n = 8, in which y and
x stand for the intensity of fluorescence (a.u.) and loga-
rithmic target sequence concentration, respectively. The
PIK3CA concentration correlates well linearly with the
UCL intensity at 550nm from lnmolL' to
100amol L.  The limit of detection down to
1.6 amol L' shows sufficient sensitivity in PIK3CA de-
tection. The enhanced sensitivity might origin from two
aspects. On one hand, the strong upconversion fluores-
cence employs 980-nm laser excitation and eliminates the
background fluorescence. On the other hand, ESDR
makes target sequence recycling used and amplifies the
signal.

To evaluate the discrimination ability under complex
conditions and single-base-mismatch, the nanosensors
were mixed with 1 mL target sequence (1 pmol L"), BSA
(protein, 0.01 g), pET-20b (plasmid, 20 ng), mixture of
BSA (0.01 g) and pET-20b (20 ng), Y1, Y2, Y3 (Y1, Y2, Y3
all have one base mismatched, 1 pmol L") and PBS, re-
spectively. After magnetic separation, the results were
determined by the fluorescence intensity of the UCNPs.
As shown in Fig. 4a, the BSA, pET-20b, mixture of BSA
and pET-20b all exhibited fluorescence intensities com-
parable to that in PBS, and lower than that of the target
sequence. Excellent specificity toward the target sequence
is thus defined. As shown in Fig. 4b, Y1, Y2, Y3 do not
give rise to fluorescence intensity response in comparison
with PBS. The results clearly illustrate that UCNP-DNA-
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Figure 2 TEM images of the NaYF,:Yb,Er with OA modification (a) and after grafting with DNA (b). TEM images of the Fe;O, with OAm
modification (c) and after grafting with DNA (d). (e) XPS of UCNP-OA and UCNP-DNA: high-resolution P 2p peak from 125 to 140 eV. (f) XPS of
Fe;0,-OAm and Fe;O,-DNA: high-resolution P 2p peak from 125 to 140 eV.

Fe;0, nanosensors can be highly selective to detect single-
base-mismatch. These results reveal this detection system
has potential in the real sample analysis, based on the
high selectivity.

To demonstrate the potential application of the UCNP-
DNA-Fe;O, nanosensors, we further investigated the
detection of the expression level of PIK3CA in four dif-
ferent cell lines (4T1, Hela, BMSC, HFB) and a 4T1 tumor
mouse model. The cells were all cultured for 48 h, and
centrifuged to collect the media, which were then mixed
with the nanosensors to detect the fluorescence intensity.
As shown in Fig. 5a, the nanosensor measurements reveal
that the level of PIK3CA in 4T1 cells is significantly
higher than that in Hela, BMSC and HFB, under the
condition of the same amounts of cells. Furthermore, in
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Fig. 5b, with increasing amount of the Hela cells, the
fluorescence intensity is more and more strong, which
indicates that these nanosensors are sensitive to detect the
amounts of PIK3CA in cell cultures.

We established a 4T1 tumor mouse model to demon-
strate the relationship of the detected level of ctDNA in
serum with tumor volume, which clinically responses to
therapies. The treatment and no-treatment groups were
implanted under skin subcutaneously in the area near the
leg with 5 x 10° 4T1 cells in PBS (0.1 mL), and surgery
was carried out for the treatment group after 14 days.
From Fig. 5¢, it can be seen that the PIK3CA levels in
serum were obviously higher than that in the PBS control
group, and the difference was greatly increased with the
tumor growing. In contrast, from Fig. 5d, after treatment
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Figure 3 (a) Principle of nanosensor assembly. (b) The UCL spectra of the UCNPs under the 980-nm laser excitation. The nanosensor mixtures with
different concentrations of PIK3CA, from 100 amol L™ to 1 nmol L', were maintained at 37°C for 1 h. The UCL spectra of UCNPs were detected after
magnetic separation. (c) The linear range of fluorescence intensity of the UCL spectra versus PIK3CA concentration at 550 nm (n = 8). The 980-nm
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Figure 4 (a) Selectivity investigation of nanosensors for PBS, BSA
(0.01 g), pET-20b (20 ng), mixture of BSA (0.01 g) and pET-20b (20 ng),
and Target (1 pmol L. (b) Responses of the nanosensors toward the
single-base-mismatched sequence (each at a concentration of 1 pmol L'
in PBS), PBS, and Target (1 pmol Lfl). Statistical difference compared
with PBS group by one-way ANOVA, t-test, ¥P < 0.05.

of removing tumor by surgery on the 14th day, the level
of PIK3CA began to decrease rapidly. Therefore, during
tumor volume change, the levels of PIK3CA in mouse
serum have been detected through this system. It is de-
monstrated that this detection system has great potential
in tumor burden monitoring and evaluation of the ther-

apy.
CONCLUSIONS

In summary, we have established an ultrasensitive en-
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Figure 5 (a) Detection of the expression levels of PIK3CA in different
cell lines (4T1, Hela, BMSC, HFB). (b) Detection of the expression levels
of PIK3CA in different amounts of Hela cells (5 x 10°, 1 x 10°%, 2 x 106).
(¢) Tumor burden monitoring. (d) The effect of surgery treatment.

zyme-free optical nanosensor based on UCNPs and Fe;O,
NPs for detection of ctDNA. The UCNPs and Fe;O, NPs
were synthesized and grafted with DNA successfully. The
system performed ultrahigh sensitivity due to ESDR by
recycling the target sequences, releasing the chain with
UCNP, and reading out by strong green fluorescence of

October 2021 | Vol.64 No. 10
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UCNPs under 980-nm laser excitation. This method can
also be performed at room temperature without any en-
zyme or hairpin DNA. In serum samples, the ctDNA was
successfully detected through this optical nanosensor
with an ultra-high sensitivity down to 1.6 amol L. This
strategy provided an easy-to-handle, rapid, supersensitive,
and low-cost detection system, showing huge potential in
clinical application, including noninvasive early diagnosis
and monitoring disease progression.
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