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HIGHLIGHTS

e A detection technology based on
LRET from UCNPs to SG was
designed.

e UCNPs acted as the LRET donor can
effectively eliminate the background
interference from biological samples.

e The biosensor effectively utilizes the
recognition function of SG for dsDNA.

e The ratio fluorescent approach for
testing PLA, has high sensitivity and
wide linearity range.
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ABSTRACT

Phospholipase A, (PLA;) may be a vital biomarker for the prediction and diagnosis of some diseases.
Consequently, it is of great significance to quantitatively detect PLA; in biologic samples. Herein, on the
basis of the principle of luminescence resonance energy transfer (LRET) between upconversion nano-
particles (UCNPs) and SYBR Green I (SG), we proposed a technology for the highly sensitive detection of
PLA; amount. Therein, as an energy receptor, SG will be quantitatively loaded into liposomes firstly. Then,
due to the hydrolysis of liposomes under the catalysis of PLA;, SG will be released and inserted into the
double-stranded DNA (dsDNA) on the surface of UCNPs, which triggers the LRET because of the short-
ening of effective spatial distance between UCNPs and SG. Under exciting of NIR light, UCNPs emit
luminescence at 476 nm, which makes SG emit fluorescence at 522 nm through LRET. Under optimal
conditions, the emission intensity ratio (Is22 nm/l476 nm) increased linearly with the PLA; amount in the
range of 20 U/L to 400 U/L, and the limit of detection (LOD) reached 15 U/L. Here, after comparing with
the clinical standard method, it is found that the biosensor is expected to provide a convenient and
sensitive assay for the detection of PLA; in actual serum samples. Furthermore, such biosensor can also
be used to test the inhibitor of PLA,.
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1. Introduction

Phospholipase A, (PLA) is a kind of hydrolase which can cata-
lyze acyl group in the sn-2 position of glycerol phospholipid [1],
which widely distributes in animal and plant tissues, bacteria and
cell nuclear secretions, involving in physiological processes such as
inflammation, membrane remodeling, intercellular signal trans-
duction, lipid peroxidation repair and host response, etc. PLA; plays
a crucial role in regulating the balance of phospholipid in vivo,
controlling the metabolism and growth of the body, and partici-
pating in the pathological process of diseases. Recent studies have
shown that PLA; may act as a latent biomarker for disease diag-
nosis. The increasing of PLA; activity is closely related to athero-
sclerosis [2,3], rheumatoid arthritis [4], acute sepsis [5] and cancer
[6,7]. Therefore, it is very significant to analyze and detect PLA,
activity for the early diagnosis and prognosis analysis of related
diseases.

Recently, many efforts have been made to determine the activity
of PLAy, including colorimetric assay [8,9], magnetic relaxation
assay [10,11], electrochemical sensor [12], radiometric-based assay
[13,14], enzyme-linked immunoassay [15], surface plasmon reso-
nance [16], etc. However, these assays often suffer from limitations
such as low sensitivity, complex sample processing, poor stability
and high cost. Fluorescence assay is widely used in PLA; detection
because of its high sensitivity, good stability, simple operation and
rapid detection. To date, many researchers have employed fluo-
rescent probes to monitor enzyme activity in real time. Fluores-
cence resonance energy transfer (FRET) is one of the most popular
fluorescence analysis methods for detecting PLA; activity. FRET is
the process of transferring the energy generated by the fluorophore
donor to the fluorophore acceptor in a non-radiative manner,
which results in the fluorescence quenching of the fluorophore
donor [17].

According to the structural features, PLA; can catalyze the hy-
drolysis of phospholipids at lipid interface, including micelle,
monolayer and bilayer phospholipid aggregates [18]. Researchers
have constructed a number of FRET-based fluorescence sensing
assays for the detection of PLA, activity. For instance, Wichmann
et al. designed a kind of small-molecule FRET probe based on 7-
nitrobenzo-2-oxa-1,3-diazole amine (NBD) and Nile red as energy
donor and acceptor, respectively, for real-time testing of PLA; ac-
tivity in cells and organisms [19]. Li et al. also exploited a fluores-
cent probe based on the Quantum dot cluster (QDC) encapsulated
in phospholipid micelle for the PLA; activity assay [20]. However,
the above methods usually need to couple fluorophores with
phospholipids to obtain functionalized fluorescence probes, which
increases the detection steps and cost. Therefore, the design of a
label-free fluorescence assay based on liposomal nanoprobes for
the detection of PLA; activity will effectively simplify the experi-
mental procedure and reduce cost.

The hydrophilic inner cavity of liposomes can be virtually
applied to capture nearly all of the water-soluble signal molecules,
such as fluorophores [21], enzymes [22] and electroactive mole-
cules [23]. Using liposome as a carrier, it can enrich signal mole-
cules to amplify signal and enhance sensitivity to the target. SG, an
excellent fluorescent dye embedded in DNA strands, exhibits
higher binding affinity and more strong fluorescence toward
dsDNA than that in single-stranded (ssDNA) [24,25]. Compared
with acridine dyes such as ethidium bromide (EB), SG has higher
sensitivity and lower toxicity. In addition, compared with asym-
metric cyanine dyes such as TOTO (thiazole orange isomeric dimer)
and YOYO (oxazole yellow isomeric dimer), SG overcomes the
problems of expensive price, poor solubility and photobleach
[26,27]. These properties make SG feasible in label-free biosensors.
Based on the above advantages, SG can be loaded into liposomes as
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a label-free fluorescence probe, combining suitable energy donor to
establish the FRET system, which is expected to be promising for
the detection of PLA; activity. Rare-earth doped UCNPs have a
broad prospect in biomedical field owing to their unparalleled
performance, including NIR light excitation, large anti-Stokes shifts,
good chemical and optical stability, low background fluorescence
and large optical penetration depth [28—30]. Especially, as energy
donors of luminescence resonance energy transfer (LRET), UCNPs
can also protect energy receptors from being directly excited, so as
to effectively eliminate the background disturbance from compli-
cated biological samples, and thus realize the sensitive detection of
high signal-to-noise ratio. So far, researchers have developed a
variety of upconversion luminescence (UCL) biosensors by using
UCNPs as energy donors to detect metal ions [31], small biological
molecules [32], RNA [33], toxins [34], etc., with satisfactory results.

Inspired by the above researches, we put forward a LRET strat-
egy based on DNA-coated UCNPs and liposomes-loaded SG for the
detection of PLA; amount. This assay is promising to be a conve-
nient and sensitive biosensor for monitoring PLA, and testing
enzyme inhibitor.

2. Experimental
2.1. Materials and reagents

Rare-earth oxides, used for the synthesis of stearate precursors,
including yttrium oxide (Y203, 99.999%), thulium oxide (Tm,Os,
99.999%), and ytterbium oxide (Yb,03, 99.999%), oleic acid (OA, 85%),
1-Octadecene (ODE, 90%), 1, 2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC, 99%) and N,N-Dimethylformamide (DMF) were purchased
from Aladdin (Shanghai, China). SYBR Green I (SG), sodium fluoride
(NaF), octadecanoic acid (C;7H35COOH), Tris(hydroxymethyl)methyl
aminomethane (Tris), calcium chloride (CaCl;) and ethyl-
enediaminetetraacetic acid (EDTA) were purchased from Sinopharm
(Beijing, China). Sephadex G-50 (medium) was purchased from
Solarbio (Beijing, China). Nitrosonium tetrafluoroborate (NOBF4) was
purchased from InnoChem (Beijing, China). Phospholipase Ay (PLA3),
phospholipase C (PLC), phospholipase D (PLD), alkaline phosphatase
(ALP), a-glucosidase, proteinase K, lysozyme, catalase, urease and
acetyl cholinesterase (AchE) were purchased from Sigma-Aldrich
(Australia). All DNA sequences (ESI 1) were obtained from Sangon
(Shanghai, China). The rest of the reagents are analytical reagent
grade, not further purified. Ultrapure water with 18.2 MQecm was
used in all aqueous solution.

2.2. Apparatus and characterization

The morphology of UCNPs and liposomes was characterized by
the JEM-2100F transmission electron microscope (JEOL, Japan). The
crystalline phase of UCNPs was determined by the MiniFlex600 X-
ray powder diffractometer (Riguka, Japan). The luminescence decay
curve of UCNPs was measured by the FLS980 Series of Fluorescence
Spectrometers (PL, UK). The functional groups on the surface of
UCNPs were confirmed by the Perkin2 Elmer Spectrum 2000
infrared spectroscopy (PE, USA). The luminescence spectra of
UCNPs were recorded by the Cary Eclipse fluorescence spectro-
photometer (Agilent Technologies, USA) equipped with an external
980 nm laser. The ultraviolet—visible (UV—Vis) absorption spectra
of UCNPs were recorded by the Cary-60 spectrophotometer (Agi-
lent Technologies, USA). The dynamic light scattering (DLS) ana-
lyses and Zeta potentials of liposomes and UCNPs were collected by
the Litesizer™ 500 nanoparticle size and Zeta potential analyzer
(Anton Paar, Austria). Lipoprotein-associated phospholipase A, kit
(Lp-PLA, kit) was tested by Beckman AU5800 automatic
biochemical analyzer (Meikang Biotechnology Co., Ltd, China).
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2.3. Preparation of oleic acid-coated (-NaYF4:Yb,Tm UCNPs

Oleic acid-coated B-NaYF4:Yb,Tm UCNPs (OA-UCNPs) were
synthesized by a improved thermal decomposition method [35]. In
brief, 0.8 mmol Ln(C;7H35C00); (Y: Yb: Tm = 76.5%, 23%, 0.5%),
28 mmol NaF, 12 mL ODE and 8 mL OA were added to a suitable
three-necked flask. Under argon flow, the mixture was heated to
140 °C to expel water, with strong stirring for 40 min. Subsequently,
the mixture was rapidly heated to 315 °C under argon flow with
steadily stirring for 40 min. Next, the resulting product was natu-
rally cooled to ambient temperature. The synthesized product was
precipitated by anhydrous ethanol and the supernatant was dis-
carded after centrifugation. Then, the resulting UCNPs were washed
repeatedly with cyclohexane/anhydrous ethanol (volume ratio,
3:1) to remove excess OA, and washed with ultrapure water to
remove excess NaF for several times. Finally, the UCNPs were dried
in vacuum for subsequent study.

2.4. Preparation of dsDNA-modified UCNPs

To prepare dsDNA-modified UCNPs (dsDNA-UCNPs), a two-step
ligand exchange reaction on the surface of UCNPs was processed on
the basis of a reported method [36]. In the first step, 5 mL of OA-
UCNPs hexane-dispersion (10 mg/mL) was mixed with 5 mL of
NOBF4 DMF-solution (0.01 M). The mixture was treated by soni-
cation for 30 min, causing the transfer of UCNPs from the upper
hexane layer into the lower DMF layer. The dispersed UCNPs in DMF
were flocculated by adding toluene/hexane (volume ratio, 1:1).
After centrifugation, the precipitated BF;-UCNPs were collected
and dried in vacuum at 60 °C. Then, BF;-UCNPs were dispersed in
Tris-HCl buffer I (10 mM, pH 8.0, 15 mM CacCly, 150 mM NacCl), with
formulated concentration of 1 mg/mL. In the second step, 5 nmol of
30A and 30T were added into 5 mL BFz-UCNPs dispersion,
respectively. The dispersion was stirred slowly overnight at 4 °C.
The dsDNA-UCNPs were gathered by ultrafiltration centrifugation,
washed repeatedly with ultrapure water, and dispersed again in
5 mL Tris-HCl buffer I at 4 °C for next experiment.

2.5. Preparation of SG-loaded liposomes

SG-loaded liposomes were synthesized by utilizing the film
hydration/extrusion process as previously described [37]. The
process of experimental operation was shown in ESI 2. In brief,
DOPC (0.025 mmol) was dissolved in 5 mL mixture of chloroform/
methanol (v/v = 4/1). Subsequently, the above mixture was transfer
into a round-bottomed flask and dried in a rotary evaporator for
30 min at 40 °C, forming a uniform lipid membrane on the inner
surface of flask. The residual organic solvents were removed under
argon flow and the lipid membrance was dried in vacuum over-
night. Then, this lipid membrance was hydrated with 2.5 mL of Tris-
HCI buffer II (10 mM, pH 8.0, 2 mM EDTA) solution containing
50 uM SG in a water bath (50 °C) for 30 min, the SG-loaded lipo-
somes were obtained through vortex and sonication for 20 min. In
order to improve the encapsulation efficiency, the liposome sus-
pension was squeezed out for 9 times through the 100 nm model
polycarbonate membrane by using a stainless-steel extruder
(Avanti polar lipids). Unencapsulated SG was removed by size
exclusion chromatography (Sephadex G-50 column) using Tris-HCl
buffer Il solution as eluent. The obtained SG-loaded liposomes were
stored at 4 °C.

2.6. Determination of PLA; amount based on LRET

100 pL of 2.6 M SG-loaded liposomes (the determination of SG
concentration in liposomes was shown in ESI 3) was mingled by
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100 pL dsDNA-UCNPs (1 mg/mL). Then, 2 pL PLA; solutions (final
concentrations from 0 to 2000 U/L) were prepared by different
amounts of Tris-HCl buffer III (10 mM, pH 7.7, 2 mM EDTA, 150 mM
NaCl), respectively. After that, each mixture was incubated for
80 min at 37 °C. Finally, the UCL of the resulting mixtures were
tested under the excitation of 980 nm NIR light, and the excitation
power density is 1.47 W/cm? (ESI 4). To test the selectivity of the
nanoprobe for PLA,, UCL was further tested under the same con-
ditions after replacing PLA, with other biomolecules.

2.7. Testing of PLA; inhibitor

For the inhibitor assay, various concentrations of LY311727
(0—100 uM) and PLA; (500 U/L) were pre-incubated in 10 pL of Tris-
HCI buffer II for 20 min at 37 °C, and then the same procedures of
UCL detection were carried out.

2.8. Testing of PLA; amount in human serum samples

The human plasma samples (From healthy persons and patients
with coronary heart disease, pneumonia, and cholelithiasis) were
provided by the Union Hospital of Fujian Medical University. To
eliminate the interfering proteins, the human plasma samples had
been centrifuged before testing. Firstly, the healthy human serums
were centrifuged at 5729 g for 10 min. Then according to section
2.6, the standard addition method of the proposed biosensor was
used to verify the feasibility of PLA, detection in healthy human
serum. Secondly, the all serums were centrifuged at 890 g for 5 min,
and we used standard Lp-PLA; kit and our proposed biosensor to
detect the amount of PLA; in the serums of healthy persons and
different patients, respectively, and then compared the results.

3. Results and discussion
3.1. Test mechanism of PLA; amount

Based on the LRET between dsDNA-UCNPs and liposomes-
loaded SG, a label-free UCL biosensor was constructed to detect
PLA, amount. The detection principle of PLA; amount was shown in
Fig. 1. In the detection system, SG was encapsulated in a closed
cavity of the liposome, and the surface of UCNPs was modified with
dsDNA. In the absence of PLA;, UCNPs emitted intense blue UCL
under excitation by 980 nm NIR light. Next, under the catalysis of
PLA,, the encapsulated SG would be released from liposomes due to
enzymatic cleavage of glycerol phospholipid sn-2 ester bond. The
released SG was subsequently inserted into the small grooves of
dsDNA on the surface of UCNPs. Thus, the acceptors (SG) and do-
nors (UCNPs) would get close, making the quenching of blue UCL
(476 nm) from UCNPs and the emission of green fluorescence
(522 nm) from SG due to their highly overlapped spectrum. As a
result, quantitative detection of PLA; amount was achieved by the
change of the Is22 nm/l476 nm ratio, according to the effect of PLA;
concentration on LRET.

3.2. Synthesis and characterization of dsDNA-UCNPs

TEM image of OA-UCNPs (Fig. 2A) shows that UCNPs are evenly
dispersed, with an average size of about 25 nm. UCNPs are of fine
single crystalline morphology (Fig. 2A, inset). The lattice fringe
belonging to the (100) lattice plane can be apparently identified
through HRTEM image, which is about 0.517 nm. Spotty poly-
crystalline diffraction rings corresponding with the hexagonal
phase (B) NaYFy lattice are showed in the selected area electron
diffraction (SAED) pattern (Fig. 2B). Besides, the XRD pattern of
UCNPs (Fig. 2C) is consistent with the standard pattern of f-NaYF4
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Fig. 1. The mechanism of PLA; detection based on the LRET between UCNPs and SG.
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(JCPDS: 28—1192), indicating that the synthesized UCNPs belong to
the hexagonal nanocrystals.

In order to obtain positively charged UCNPs for direct dsDNA
attaching, the oleate ligands attaching to the surface of UCNPs were
removed by NOBF, treatment. To be specific, NO™ could easily react
with solvated water molecules to create a fairly acidic environment,
which facilitated protonation to remove the surface ligands [36],
thus contributing to the coordination between the positively
charged Ln>* jons and BF; anions. As shown in FI-IR spectra
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(Fig.2D), after the replacement of inorganic BFs anions, the intensity
of the representative C—H stretching vibration ascribed to OA mol-
ecules at 2800-3000 cm~! was noticeably reduced, a new peak
ascribed to BFz anions at 1082 cm~! was observed. Obviously, the
remaining peaks at 1655 and 1384 cm™! belonged to C=0 stretching
vibration and characteristic peak of methyl group (-CH3) of DMF
molecules, respectively. The typical DNA absorption band appeared
at 260 nm in UV—Vis absorption spectrum (Fig. 2E) indicated that
dsDNA successfully adhered to the surface of UCNPs. Fig. 2F showed
that the Zeta potentials of UCNPs changed from -15.56 mV
to +32.65 mV because of the exposing of positively charged Ln>*
ions, and then reduced to —18.50 mV on account of the coordination
between Ln>* ions on the surface of UCNPs and the negatively
charged phosphate skeletons of DNA [38].

Finally, through quantitative analysis, the result indicates that
the ratio between UCNPs and dsDNA is approximately 1:13, sug-
gesting the concentration of acceptor is much higher than donor
(ESI 5). Furthermore, it is verified by the UCL analysis that the SG
dye has LRET effect only when it is intercalated on the small grooves
of dsDNA on the surface of UCNPs (ESI 6).

3.3. Preparation and characterization of SG-loaded liposomes

SG dyes were encapsulated into liposomes through the film
hydration/extrusion process. To reduce background signal, unen-
capsulated SG should be removed as much as possible.
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Fig. 2. (A) TEM image of UCNPs (Inset: HRTEM image of UCNPs). (B) SAED pattern of UCNPs. (C) XRD pattern of UCNPs. (D) FT-IR spectra of OA-UCNPs and BFz-UCNPs. (E) UV—Vis
absorption spectra of BF;-UCNPs and dsDNA-UCNPs. (F) Zeta potentials of OA-UCNPs, BF;-UCNPs and dsDNA-UCNPs. (G) TEM image of SG-loaded liposomes. (H) Dynamic light
scattering of empty liposomes and SG-loaded liposomes. (I) Zeta potentials of empty liposomes (a), SG-loaded liposomes without purifying (b) and SG-loaded liposomes with

purifying (c).
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Consequently, we explored the optimal separation method be-
tween liposomes and unencapsulated SG. The results indicated the
column chromatography could ensure the integrity and homoge-
neity of liposomes to the utmost extent, which was most suitable
for this experiment comparing with other separation methods (ESI
7). To enrich more SG-loaded liposomes, we selected Sephadex G-
50 column with a length of 4 cm for subsequent experiments (ESI
8). To determine the accurate concentration of SG in liposomes, we
employed 1% Triton X-100 as the optimal demulsifier that could
demulsify the liposomes completely (ESI 9). To improve the
encapsulation efficiency of SG, extrusion times were optimized, and
various parameters were characterized (ESI 9). The results indi-
cated the optimal number of extrusion was 9 times (ESI 10).

After purification, the morphology, granularity and electroneg-
ativity of SG-loaded liposomes were analyzed by TEM, DLS and Zeta
potential, respectively. The TEM image (Fig. 2G) indicated that the
resulting liposomes had distinct vesicle structures and uniform
particle size. The DLS analyses of empty liposomes and SG-loaded
liposomes (Fig. 2H) showed that the size of the liposomes ranged
from 140 to 150 nm, demonstrating the uniform size distribution
for liposomes before and after encapsulating SG. In addition, the
Zeta potentials of empty liposomes and SG-loaded liposomes
without purifying were —7.93 mV and —2.32 mV, respectively. That
is because the external electric field generated by the membrane
dipole potential causes the liposome consisting of zwitterionic
DOPC to exhibit a negative surface potential [39]. When SG with
positive potential adsorbed on the surface of liposomes, the charge
was neutralized. After purification, the Zeta potential of SG-loaded
liposomes became —7.32 mV (Fig. 2I). Obviously, the result indi-
cated that unencapsulated SG had been almost removed from the
surface of liposomes, which was beneficial to reduce background
signal and avoid false positive result.

Furthermore, we had verified that there was no reabsorption of
the blue light by the dye encapsulated into the liposome, and the
light scattering from liposome had no effect on the light signal in
liposome-UCNPs system (ESI 11). These showed that nanoprobes
composed of such system were feasible.

3.4. Construction of the LRET-based nanoprobes

In the LRET system, UCNPs were used as the energy donors due
to their unique optical performances. Excited by 980 nm NIR light,
strong emissions of UCNPs appeared around 450 and 476 nm,
which generated from 'D,->F4 and 'G4-Hg of Tm>*, respectively.
Chief of all, the 476 nm emission matched well with the absorption
of SG dyes (Fig. 3A) that were used as the energy acceptors.

When SG-loaded liposomes were mixed in the solution con-
taining dsDNA-UCNPs, in the absence of PLA;, SG would not be
released from liposomes. Therefore, UCNPs emitted blue UCL at
476 nm under excitating by 980 nm NIR light. Nevertheless, under
the influence of PLA,, the released SG would be close to UCNPs
through inserting into the dsDNA. The blue UCL of UCNPs could be
partly transferred to the nearby SG under excitating by 980 nm NIR
light, leading to the fluorescence emission of SG at 522 nm (Fig. 3B).
Thus, the PLA; activity could be quantified by the fluorescence in-
tensity ratio (Is22 nm/l476 nm)- To achieve the optimum conditions for
LRET between UCNPs and SG, the length and concentration of
dsDNA sequences were optimized. As discussed in ESI 12, when the
selected DNA sequence was 30AT with the concentration of 0.5 uM,
the LRET achieved optimum efficiency.

In order to illuminate the LRET process, the luminescence decay
curves and lifetimes of UCNPs linking with and without acceptor
(SG) were tested. As shown in Fig. 3C, the luminescence lifetimes of
UCNPs linking with and without SG were measured to be 520 ps
and 443 ps, respectively. The LRET efficiency (E) related to the
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luminescence lifetimes of the donors (UCNPs) was shown as the
following equation [40]:

E=1 _ToA
D

where 1p and tpa were the luminescence lifetimes of donor in the
absence and presence of the acceptor, respectively. In accordance
with the above equation, the LRET efficiency was calculated to be
14.8%. The results of luminescence spectra and luminescence life-
times showed that a biosensor based on UCNPs-SG for PLA;
detection could be successfully constructed.

3.5. Detection of PLA; amount

We firstly tested the sensitivity of SG-loaded liposomal nanop-
robes without UCNPs as the energy donors for the detection of
PLA;. The released SG could be inserted into the small grooves of
dsDNA, which caused the fluorescence of SG to enhance signifi-
cantly. Obviously, there was a fairly high fluorescent background in
the SG-loaded liposomal nanoprobes for the assay of PLA; (Fig. 4A).
As shown in Fig. 4B, a linear correlation was observed between the
value of (F—Fp)/Fop of SG-loaded liposomal nanoprobes and PLA,
amount over the range of 50—250 U/L. The limit of detection for
PLA; was 32 U/L (computed as 3 /S, where 8 is the standard de-
viation of the control group and S is the slope of the linearity).

In addition, the LRET-based UCNPs-SG nanoprobes were
explored for the detection of PLA; amount. The ratiometric fluo-
rescence curves were tested for monitoring the hydrolysis reaction
catalyzed by different concentrations of PLA; in real time (Fig. 5A).
As the reaction time continued, the degree of hydrolysis gradually
increased until reaching 80 min, which was selected as the optimal
reaction time. Furthermore, in consideration of the vital function of
Ca’" ions in the hydrolysis reaction, the concentration of Ca?* ions
was further optimized. The result showed that PLA; had the highest
amount with 7.5 mM Ca" ions in hydrolyzing SG-loaded liposomes
(ESI 13).

Finally, the ability of the UCNPs-SG nanoprobes to quantify PLA,
amount was studied. Fig. 5B showed UCL emission spectra of the
UCNPs-SG nanoprobes after incubation with various concentra-
tions of PLA,. The result indicated that the fluorescence ratio almost
reached maximum after adding 1000 U/L PLA; (Fig. 5C). Fig. 5D
presented the linear relationship between the Is23 nm/l476 nm ratio
and the concentration of PLA; in the range 20—400 U/L. The LOD of
the biosensor for PLA; was as low as 15 U/L. Obviously, in the
UCNPs-SG nanoprobes, NaYF4:Yb,Tm UCNPs served as the energy
donors, will effectively avoid autofluorescence and background
fluorescence. Furthermore, the UCNPs-SG nanoprobes will provide
a relatively lower LOD and a wide dynamic range.

ESI 14 shows the comparison of linear range and LOD of diverse
analysis methods for PLA;. Our method exhibits better analytical
performance than most methods due to low background interfer-
ence and stability. Notably, electrochemical analysis shows lower
LOD than our method. Nevertheless, electrochemical analysis
usually suffers from some inevitable defects, such as complex
sample interference and poor reproducibility. According to the
above analysis, the proposed method has the potential for quanti-
fication of PLA; amount in actual samples.

3.6. Selectivity of PLA, assay

For evaluating the selectivity of PLA; testing, some interfering
substances such as urease, catalase, a-glucosidase, alkaline phos-
phatase, lysozyme, protease K, phospholipase C, phospholipase D,
etc. were incubated with the mixture of UCNPs-SG nanoprobes
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under the optimum condition. In the test, the concentrations of
PLA; and other interfering substances were 500 U/L and 1000 U/L,
respectively. Fig. 6A shows that the above interfering enzymes do
not affect the determination of PLA; in the system, indicating that
the assay has a good specific response to PLA,.

3.7. Inhibitory test of PLA,

The function of the biosensor in the determination of enzyme
inhibitor was further studied. LY311727, an inhibitor of
phosphatidylcholine-specific PLA;, was used for testing the inhi-
bition level of PLA2 amount. As shown in Fig. 6B, the Is22 nm/l476 nm
ratio decreased with the increasing of LY311727 concentration,
manifesting that LY311727 could effectively inhibit PLA; amount.
According to this research, the ICs9 value was calculated to be
8.37 uM when the nanoprobes were incubated with 500 U/L PLA,.
Consequently, these results suggested that the proposed method
had good potential for testing inhibitor of PLA;.

3.8. Detection of PLA; amount in human serum samples

In order to evaluate whether the biosensor has potential
application value in clinical analysis, PLA, amount in serum sam-
ples of healthy people was tested by the standard addition method
under optimized conditions. As listed in Table 1, the results of
spiking test were stable in the range of 98.27%—102.03%, indicating
that the developed assay was viable to detect PLA; amount in actual
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samples, and showing potential in clinical test. To further evaluate
the performance of the proposed LRET-based biosensor, after the
conditions were optimized, then we used standard Lp-PLA; kit and
our proposed biosensor to detect the amount of PLA; in the serums
of healthy persons and different patients, respectively. As shown in
Fig. 6C, the data show that the testing results of our proposed LRET-
based biosensor are consistent with those of the standard Lp-PLA;
kit. The PLA; content in normal human serum samples is lower
than those in various patients, and the difference is approximately
between 100—160 U/L. However, due to the small number of
samples (n = 3), the results can’t fully reflect the absolute law of
data change, but it basically verifies that this analytical method can
be initially applied to the detection of clinical samples.

4. Conclusions

In conclusion, a new LRET-based biosensor for detecting PLA,
amount has been successfully developed. Therein, UCNPs act as
prominent energy donor owing to their minimal autofluorescence
and low background fluorescence, thus improving detection sensi-
tivity. Furthermore, the fluorescence of SG can be enhanced upon its
inserting to the small grooves of dsDNA, and the inserting leads to
close proximity of energy donor and receptor. Through the LRET
process from the UCNPs to the SG-dsDNA, the proposed assay has
high sensitivity (LOD, 15 U/L) and wide linearity range (20—400 U/L)
for the ratiometric fluorescence detection of PLA, amount. Therefore,
this assay shows high specificity, and is successfully employed to
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Table 1
The spiking test of PLA, in human serum samples (n = 5).
Sample Added (U/L) Found (U/L) Recovery (%) RSD (%)
1 60 58.96 98.27% 1.28
2 150 153.04 102.03% 3.11
3 300 297.38 99.13% 2.34

detect the PLA; amount in actual samples. In addition, this research
offers a great potential for enzyme inhibitor testing in clinical practice.
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