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Time-resolved fluorescence technique can reduce the short-lived background luminescence and auto-
fluorescence interference from cells and tissues by exerting the delay time between pulsed excitation
light and signal acquisition. Here, we prepared persistent luminescence nanoparticles (PLNPs) to design a
universal time-resolved fluorescence resonance energy transfer (TR-FRET) platform for biosensing,
lifetime imaging of cell apoptosis and in situ lifetime quantification of intracellular caspase-3. Three kinds
of PLNPs-based nanoprobes are assembled by covalently binding dye-labeled peptides or DNA to
carboxyl-functionalized PLNPs for the efficient detection of caspase-3, microRNA and protein. The
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Bieg:gﬁrsosr peptides-functionalized nanoprobe is also employed for fluorescence lifetime imaging to monitor cell
Fluorescent probe apoptosis, which shows a dependence of cellular fluorescence lifetime on caspase-3 activity and thus
Caspase leads to an in situ quantification method. This work provides a proof-of-concept for PLNPs-based TR-FRET

Image analysis
Persistent luminescence nanoparticles

analysis and demonstrates its potential in exploring dynamical information of life process.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Time-resolved fluorescence (TRF), which can reduce the short-
lived background luminescence and auto-fluorescence interfer-
ence from cells and tissues by exerting the delay time between
pulsed excitation light and signal acquisition, provides a
background-free approach in life science [1-3]. In particular,
coupling with the advantage of fluorescence resonance energy
transfer (FRET), the time-resolved fluorescence resonance energy
transfer (TR-FRET) assay offers high sensitivity in comparison with
conventional FRET [4]. TR-FRET assays have been extensively
applied in detection and imaging of biomolecules by employing
organic fluorophores [5], fluorescent proteins [6,7], polymer ma-
terials [8], and nanoparticles as luminescent probes [9—17]. How-
ever, most of the reported TRF probes suffer from the vulnerability
to environmental media, and the interference of multi-emission
peaks, thus limit their further applications.

Persistent luminescence nanoparticles (PLNPs, also called long-
lasting afterglow nanoparticles) can store the excitation energy and
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then slowly release it by a photonic emission [18—20]. The persis-
tent luminescence can last several hours after removal of excitation
resource, providing many conveniences in optical assay and imag-
ing [21—23]. Scherman's group pioneered a series of applications of
near-infrared PLNPs in real-time optical imaging of small animals
without the need of any external illumination source [24—27].
Recently, several PLNPs probes have been developed for biosensing
based on their inhibition of FRET or electron transfer to the
quencher [28—31]. However, the attempt to employ PLNPs for TR-
FRET analysis and lifetime imaging has not been made yet. Obvi-
ously, the energy transfer from the afterglow of PLNPs to short-
lived organic dyes can apparently lengthen the fluorescence life-
time of acceptors, which greatly meets the TRF requirement. Thus
PLNPs as a class of long-lifetime probes are very powerful for TR-
FRET biosensing and time-resolved lifetime imaging of cellular
biomolecules without background interference.

Here, we synthesized PLNPs probes of highly efficient persistent
luminescence to design a universal TR-FRET platform for bio-
sensing by setting appropriate delay time and gate time (Scheme
1a). The luminescence of fluorescein isothiocyanate (FITC) is
effectively suppressed due to its shorter lifetime than delay time,
which represents an interval between pulsed excitation light and
signal acquisition. The long-lived luminescence of PLNPs is
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Scheme 1. Schematic illustration for (a) PLNPs-based TR-FRET principle, (b—d) TR-FRET detection strategies of caspase-3 protease, miRNA-21 and PDGF protein by using caspase-
specific peptide & cRGD-, DNA1-and aptamer-functionalized PLNPs probes, respectively, and (e) lifetime imaging of intracellular caspase-3 activity using P1 during cell apoptosis by
FLIM. I and II represent TRF signals of PLNPs donor at 468 nm and FITC acceptor at 520 nm, respectively. Blue and green lines represent the TRF curves before and after the response

of the corresponding target, respectively.

captured in the gate time designating the time for signal acquisi-
tion. Once TR-FRET occurs from PLNPs to FITC, the signal of FITC is
acquired in the gate time. Using caspase-3 (related to cell
apoptosis) [32—34], microRNA-21 (miRNA-21) and platelet-derived
growth factor (PDGF) as the model targets, three recognition
nanoprobes are prepared by covalently assembling cyclic argini-
ne—glycine—aspartic acid peptide (cRGD) and FITC-labeled sub-
strate peptide, DNA or aptamer on PLNPs for “on—off”, “off—on” and
“on—on” TR-FRET detection of enzyme activity, nucleic acids and
proteins, respectively. The “on—off” method results from the
enzymatic cleavage reaction to release the FITC from the peptide
and thus inhibits the FRET from PLNPs to FITC (Scheme 1b). The
“off—on” switch is generated by the sandwich hybridization among
DNA1, miRNA-21 and DNA2 to achieve the FRET from PLNPs to FITC
(Scheme 1c). After the recognition of the FITC-labeled aptamer to
target protein, their structure change brings the FITC closer to
PLNPs and thus produces an “on—on” TR-FRET strategy (Scheme
1d).

Indeed, many elegant fluorescent probes including graphene
oxide—peptide conjugate [35], aggregation light-up tetrapheny-
lethene fluorogen [36], and a genetically encoded fluorescent
protein [37], have been developed for detection of caspase activity
in live cells [38,39]. However, these proposed methods were
usually susceptible to the short-lived auto-fluorescence interfer-
ence from cells and tissues. Considering that fluorescence lifetime
of the probe depends on the recognition to the target, the “on—off”
TR-FRET strategy can be further used for lifetime imaging of
caspase-3 activity in live cells via fluorescence lifetime imaging
microscopy (FLIM) (Scheme 1e), which is an imaging technique
based on the differences in the exponential decay rate of the
fluorescence from a fluorophore, rather than its intensity [40].
More importantly, this work presents the dependence of cellular
lifetime of PLNPs on caspase-3 activity, which produces a novel
protocol for in situ quantification of caspase-3 activity in single cell
based on fluorescence lifetime, and thus provides a robust
approach for dynamic evaluation of caspase-dependent cell
apoptosis.

2. Materials and methods
2.1. Materials and reagents

Human caspase-3 (active) recombinant protein and cell lysis
buffer were purchased from millipore (Billerica, MA, USA). Platelet-
derived growth factor (PDGF)-BB was purchased from R&D System
(Minneapolis, MN, USA) and was dissolved in 4 mM HCl containing
0.1% BSA. Caspase-3 inhibitor (Ac-DEVD-CHO), caspase-3 fluoro-
genic assay kit, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), HeLa cells and Annexin V-
FITC/propidium iodide (PI) cell apoptosis kit were purchased from
Nanjing Keygen Biotechnology Co. Ltd. (Nanjing, China). DNA hy-
bridization buffer (pH 7.4) contained 10 mM Tris—HCl, 1 mM EDTA,
50 mM NaCl and 10 mM MgCl,. Caspase assay buffer contained
40 mM HEPES (pH 7.4),100 mM NaCl, 1 mM EDTA, 10% sucrose, 0.1%
CHAPS and 10 mM DTT. Phosphate buffer saline (PBS, pH 7.4)
contained 136.7 mM Na(l, 2.7 mM KCl, 8.72 mM Nap;HPO4 and
1.41 mM KH;PO4. Human caspase-3 (active) recombinant protein
was reconstituted to 1.0 unit pL~! with PBS containing 15% glycerol.
All other reagents were of analytical grade. All aqueous solutions
were prepared using ultrapure water (>18 MQ, Milli-Q, Millipore).

Caspase-3 specific peptide SGDEVDSGK-FITC, control peptide
SGDEVGSGK-FITC, cRGD and DNA oligonucleotides were synthe-
sized and purified by Sangon Biological Engineering Technology &
Co. Ltd. (Shanghai, China). RNA oligonucleotides were purchased
from Shanghai GenePharma Co., Ltd. (Shanghai, China). The DNA
and RNA oligonucleotides included:

DNA1, 5'-NH; TCA ACA TCA GT-3’; (note: DNA1 was function-
alized with FITC at 3’ for FRET parameter measurements.)

DNA2, 5'-NH; CTG ATA AGC TA (FITC)-3/;

PDGF-BB aptamer, 5-NH, CAG GCT ACG GCA CGT AGA GCATCA
CCA TGA TCC TG (FITC)-3/;

PDGF-BB control DNA, 5'-NH,; CAG CGT ACG GCA CGT ACC GAT
TCA CCA TGA AGC TG (FITC)-3/;

miRNA-21, UAGCUUAUCAGACUGAUGUUGA;

single-base mismatched miRNA-21, UAGCUUAUCAGACUGAU
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GUUCA;

two-base mismatched miRNA-21, UAGCUUAUCAGACAGAUG
UUCA;

three-base mismatched miRNA-21, UAACUUAUCAGACAGAUG
UUCA.

The underlined and italic letters represent the mismatched base.

2.2. Synthesis of PLNPs

The PLNPs were synthesized with a sol—gel approach [24]. Raw
materials included strontium nitrate (Sr(NOs3)3), zinc nitrate hexa-

hydrate (Zn(NOs3);-6H,0), magnesium nitrate hexahydrate
(Mg(NOs3),-6H50), europium nitrate pentahydrate
(Eu(NOs3)3-5H20) and  dysprosium  nitrate  pentahydrate

(Dy(NOs3)3-5H20). These salts were dissolved in water with the
concentrations of 0.1 M. 4.5 mL of Sr(NOs3),, 1.0 mL of Mg(NOs)a,
2.5 mL of Zn(NOj3);, 0.03 mL of Eu(NOs3)3 and 0.02 mL of Dy(NO3)3
were mixed as the reaction solution. 2.0 mL of tetraethyl orthosili-
cate (TEOS) was then added rapidly in the mixture to heat at 70 °C
until the sol-to-gel transition occurred. The wet gel was dried in an
oven at 110°Cfor 20 h, and then directly dried in a zircone crucible in
aweak reductive atmosphere (5% Hy, 95% Ar) at 1050 °C for 10 h. The
resulting powder was ground with an agate mortar and pestle to
obtain the fine powder of PLNPs, which was then dispersed by
sonication overnight in 25 mL of NaOH (5 mM) to get hydroxylated
PLNPs (PLNPs-OH) dispersion. The PLNPs with nanosized diameter
were selected according to the centrifugation method [25].

2.3. Functionalization of PLNPs

The amino-functionalized persistent luminescence nano-
particles (PLNPs-NH;) and carboxyl-functionalized PLNPs (PLNPs-
COOH) were synthesized according to a previously reported pro-
tocol (Scheme 2)[41,42]. PLNPs-NH; was obtained by adding 100 pL
of APTES to 10 mL of PLNPs-OH (2.0 mg mL™! in DMF) and stirring
overnight at 80 °C. The resulting nanoparticles were centrifuged
and washed with DMF for three times to remove the excess APTES.
To obtain PLNPs-COOH, 11.6 mg of diglycolic anhydride was added
in 2 mL of PLNPs-NH; dispersion (2.5 mg mL~! in DMF) and stirred
overnight. These surface functionalized PLNPs were dispersed in
water for further experiments.

2.4. Preparation of peptide functionalized PLNPs

First of all, the carboxyl groups on PLNPs-COOH (25 mg) were
pre-activated with EDC (10 mg) and Sulfo-NHS (20 mg) in MES
buffer (5 mL, 100 mM, pH 5.6) for 40 min. After centrifugation, the
supernatant was removed, and 5 mL of the mixture of cRGD peptide
(0.25 mM) and caspase-specific or nonspecific peptide (1 mM) was
added to react with the activated PLNPs. Then the mixture was

adjusted to pH 8 with 1 M NaOH and stirred in dark at room
temperature for 8 h. The unreacted peptide was removed by
centrifugation. The resulting caspase-specific peptide & cRGD-
PLNPs (P1) and caspase-nonspecific peptide & cRGD-PLNPs (P2)
were washed three times with PBS. For preparation of cRGD-PLNPs,
5 mL of the cRGD peptide (1 mM) was added to react with the
activated PLNPs-COOH. The peptide functionalized PLNPs were
redispersed in PBS for further use.

2.5. Measurements

X-ray powder diffraction (XRD) pattern was recorded using an
XRD-6000 diffractometer (Shimadzu Co., Japan), equipped with a
rotating anode and a Cu Ko radiation source. The transmission
electron microscopic (TEM) image was obtained on a JEM-2100
transmission electron microscope (JEOL Ltd., Japan). Dynamic
light scattering (DLS) was observed on a 90 Plus/BI-MAS equipment
(Brook haven, USA). Zeta potential analysis was performed on a
Zetasizer (Nano-Z, Malvern, UK). Fourier transform infrared (FT-IR)
spectra were recorded on a Nicolet NEXUS870 spectrometer
(Madison, WI). Thermal gravimetric analyzer (TGA) experiments
were performed on a TGA-DSC 1 thermal analyzer (Mettler-Toledo)
under pure N in the range from 20 to 800 °C with a heating rate of
10 °C min~. The UV—vis absorption spectra were obtained with a
UV-3600 UV—Vis—NIR spectrophotometer (Shimadzu Co., Kyoto,
Japan) and Nanodrop-2000C (Nanodrop, USA). The fluorescence
spectra were obtained on an RF-5301PC spectrofluorophotometer
(Shimadzu, Japan). The time-resolved fluorescence (TRF) and
caspase-3 fluorescent assay kit experiments were carried out on a
Synergy hybrid 1 multimode microplate reader (BioTek). Phos-
phorescence spectrum and photoluminescence (PL) decay curves
were determined on an FLS920 spectrometer (Edinburgh, UK). Flow
cytometric analysis was performed on a Coulter FC-500 flow cy-
tometer (Beckman-Coulter). The cell confocal images were gained
on a TCS SP5 laser scanning confocal microscope (Leica, Germany).
MTT assay was performed on a microplate reader (680, Bio-Rad,
USA).

2.6. TRF assay

100 pL of the mixture of P1 (1.0 mg mL~!) and caspase-3 sample
or recombinant caspase-3 at different concentrations in caspase
assay buffer was added to each well. As control, caspase-3 inhibitor
(100 pM) was added to the mixture. After the plate was incubated
at 37 °C for 2 h, the wells were excited at 365 nm for 10 min, and the
TRF spectra were directly measured on a microplate reader by
scanning from 400 to 600 nm with an interval of 10 nm, where the
delay time and gate time (if not specifically explained) were set to
be 50 us and 1000 ps, respectively. For detection of miRNA-21 and
PDGF, the incubation time was 2 and 1 h, respectively.
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Scheme 2. Schematic representation of PLNP surface modification of —OH, —NH, and —COOH.
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2.7. FRET parameters measurements
The experimental FRET efficiency E is defined as Eq. (1) [43]:

_ (Fp — Fpa)
57? (1)

where Fp and Fpy are the fluorescence intensity of the donor (PLNP)
alone and the donor in the presence of acceptor (FITC dye),
respectively.

Forster distance Rg designating the donor—acceptor separation
at 50% energy transfer efficiency is expressed as Eq. (2) [44]:

Ro=9.78 x 10 [I<2n54cbD](A) 2)

}1/6
where np is the refractive index of the medium, @p is the donor
quantum yield in the absence of acceptor, J (1) is the spectral
overlap integral, and «? is the dipole orientation factor. Here, J (1)
value was obtained through origin 8.5 software, the @p value was
calculated according to the following Eq. (3) [45]:

As Fx Ny 2
a e () ©)
where A is the absorbance, F is the area under the emission curve, n
is the refractive index of the solvent used in the measurement, and
the subscripts s and x represent the standard and sample, respec-
tively. Here, quinine sulfate was used as the standard.

Estimate of the PLNP donor—dye acceptor separation distance
(r) is calculated using the Eq. (4) [46]:

@D:@SX

where n is the number of dye acceptors attached to the PLNPs
donor.

2.8. Cell culture

HelLa cells were cultured in a flask in Dulbecco's modified Eagle's
medium (DMEM, Gibco) supplemented with 10% fetal calf serum
(ECS, Gibco), penicillin (100 pg mL~!), and streptomycin
(100 pg mL~1) at 37 °C in a humidified atmosphere containing 5%
CO;. Cell number was determined using a Petroff-Hausser cell
counter (USA).

2.9. Caspase-3 activity assay in cell extract

Hela cells treated with apoptosis inducer (cisplatin) for 3 h were
collected in the exponential phase of growth, and 1.0 x 10° cells
were dispensed in a 1.5-mL Ependorff tube, washed twice with ice-
cold PBS (0.1 M, pH 7.4), and resuspended in 200 pL of ice-cold
caspase lysis buffer containing pH 7.4 HEPES-NaOH, 0.1% sucrose,
1% CHAPS, 2 mM EDTA and 10 mM DTT. The mixture was incubated
for 30 min on ice and centrifuged at 10,000 rpm for 5 min. The
supernatant was collected as cell extract for caspase-3 analysis. As
the control, caspase-3 inhibitor was incubated with HeLa cells for
6 h before treated with apoptosis inducer.

Caspase-3 activity in cell extract was then measured using a
caspase-3 fluorogenic assay kit. Briefly, 30 pL of the extracts from
apoptosis inducer-treated cells were mixed with 60 uL of caspase
assay buffer and 10 pL substrate probe from the kit. After incubation
at 37 °C for 2 h, the fluorescent product was detected with a
multimode microplate reader at 485 nm excitation and 535 nm

emission.
2.10. Cytotoxicity evaluation

The cytotoxicity of P1 was examined by MTT assay. Briefly, after
Hela cells (100 pL, 5.0 x 10°) were seeded in the wells of 96-well
plate for 12 h, the medium was discarded. The cells were then
washed twice with PBS, and incubated with 100 pL culture medium
containing 20 pL P1 (1.0 mg mL~') for different times. Meanwhile,
the cells were incubated with 100 pL culture medium without P1 as
control. After incubated with MTT for 4 h at 37 °C, the absorbance of
the cells was measured using microplate reader at 490 nm. The
relative cell viability (%) was calculated by (Atest/Acontrol) X 100.

2.11. Confocal fluorescence imaging

Hela cells were seeded into 35-mm confocal dishes (Glass Bot-
tom Dish) at a density of 5.0 x 10% per dish and incubated for 12 h at
37 °C. The medium was then replaced with fresh culture medium
containing 1.0 mg mL~' P1 and incubated for 4 h. The fluorescence of
cells was visualized with a confocal laser scanning microscope at
stationary parameters including the laser intensity, exposure time
and objective lens. Prior to imaging, the cells were rinsed three times
with PBS and kept in PBS. The cells were excited at 405 nm with a
diode laser and the emission was collected from 450 to 495 nm. All
images were digitized and analyzed with Leica Application Suite
Advanced Fluorescence (LAS-AF) software package.

2.12. Cell apoptosis experiments

Briefly, 5.0 x 10° HeLa cells per well were seeded for 12 hin a 6-
well plate containing 1.5 mL fresh DMEM in each well. These cells
were then incubated with cell apoptosis inducer for different times.
The resulting cells were collected, stained with the mixture of
5.0 pL Annexin V-FITC and 5.0 pL PI for 15 min, and analyzed with
flow cytometry over FL1 (Annexin V-FITC) and FL3 (PI) channels.

2.13. FLIM experiments

5.0 x 10 Hela cells in 35-mm confocal dishes were incubated
with P1 or P2 (1.0 mg mL™") for 4 h at 37 °C. After treatment with
apoptosis inducer for the designed time, the FLIM images of HeLa
cells were carried out on an Olympus IX81 laser scanning micro-
scope integrated with FLIM setup. The fluorescence signal was
detected by the system of the confocal microscope, and correlative
calculation of the data was performed with professional software
which was provided by PicoQuant Company. The light from the
pulse diode laser head (PicoQuant, PDL 800-D) with excitation
wavelength of 405 nm was focused onto the sample with a 40 x/NA
0.95 objective lens. The emitted fluorescence signal was collected at
450—495 nm.

2.14. Quantification of intracellular caspase-3

Hela cells (5.0 x 10%) were first incubated with P1
(1.0 mg mL™ 1) for 4 h, and then treated with apoptosis inducer at
concentrations from 12.5 to 100 uM for 3 h. After washed with PBS
three times, these cells were conducted for FLIM experiments to
obtain the lifetimes from the software of FLIM setup. The corre-
sponding caspase-3 concentrations of the treated HeLa cells were
then detected via in vitro caspase-3 kit analysis of the cell extracts
using a standard curve of fluorescence intensity vs. logarithmic
value of caspase-3 concentration (C). The obtained C values were
then used for obtaining the calibration curve for quantification of
intracellular caspase-3 concentration in single cell by detecting the
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lifetime (7). The plot of 7 vs. Log C in single cell followed a linear
regression equation of 7 = 2869.5 + 246.58 x Log C.

3. Results and discussion
3.1. Characterization and optical properties of PLNPs

The actual composition determined by X-ray fluorescence
spectrometry included the matrix SrqgMgg3Zn11Si,07 and doped
luminescent ions Eu?* and Dy>*. The XRD pattern of this material
indicated an orthorhombic system (Fig. 1a). After size selection
with a centrifugation method, DLS analysis showed an average
hydrodynamic diameter of ~95.5 nm, which was close to the size of
90 + 10 nm observed from TEM image (Fig. 1b). The synthesized
PLNPs had phosphorescent property as most silicate persistent
luminescence material (Fig. 1c). Photoluminescence afterglow after
irradiation with UV lamp showed a typical characteristic of PLNPs,
which can kept stable for at least 10 h without excitation in situ
(Fig. 1d). By using a CCD camera, the persistent luminescence was
detectable for ~16 h (Fig. S1 in Supporting Information).

The fluorescence emission of the synthesized PLNPs occurred at
468 nm under excitation at 365 nm (Fig. 1e), which was ascribed to
the transition of the excited state (4f®5d') to the ground state (4f”)
of Eu?t [47]. What's more, the emission spectrum overlapped
greatly with the absorption spectrum of FITC, which enabled TR-
FRET between long-lived PLNPs and short-lifetime FITC. As a
long-lived luminescent reagent, the prepared PLNPs exhibited
strong TRF signal in highly contrast to both short-lived FITC and
cyanine (Fig. 1f). The fluorescence quantum yield of the PLNPs was
1.9%, comparable to the reported Cr’*/Pr’* doped zinc gallo-
germanate PLNPs [18].

Prior to bio-functionalization, hydroxyl groups were first
introduced on the surface of PLNPs. After aminosilanization to form
amino-terminated PLNPs (PLNPs-NH,), the Zeta ({) potential of
hydroxylated PLNPs (PLNPs-OH) changed from —50.1 to +9.37 mV,
while the carboxyl coated nanoparticles (PLNPs-COOH) showed a
negative { potential (Fig. 2a). The surface modifications of PLNPs
with amino, carboxyl, and cRGD were further confirmed by FT-IR
spectrometry and TGA (Fig. 2b—c). PLNPs-NH, showed a strong

absorption band of stretching vibration of 0—Si—0 at 1104 cm ™, an
asymmetric and a symmetric —CH,— stretching bands at 2927 and
2861 cm ), and the N—H stretching band at 3430 cm™, indicating
the successful amino functionalization of PLNPs. After diglycolic
anhydride activation, the resulting PLNPs-COOH showed a strong
absorption band at 1610 cm™! for stretching vibration of —COO™.
Both DLS analysis and TEM images displayed nanosized amino or
carboxyl coated PLNPs (Fig. S2 in Supporting Information). Upon
conjugation of cRGD with PLNPs-COOH, a new strong characteristic
band for stretching vibration of —CO—NH— occurred at 1650 cm™},
indicating the formation of cRGD-PLNPs conjugate. Bioconjugation
of PLNPs-COOH with cRGD made PLNPs available in long-term
targeted cancer-cell imaging for 10 h after removal of excitation
resource (Fig. S3 in Supporting Information).

3.2. TR-FRET detection of caspase-3 in vitro

For detection of caspase-3, cRGD and FITC-labeled caspase-
specific peptide were co-assembled on PLNPs-COOH as the
persistent luminescence nanoprobe (P1) according to the typical
EDC coupling reaction [48]. The amount of the peptides loaded on
PLNP was calculated to be 76.5 and 27.1 mg per gram of PLNP for
caspase-specific peptide and cRGD, respectively (Fig. S4 in
Supporting Information). P1 was characterized with { potential
measurements and FT-IR spectra (Fig. S5a-b in Supporting Infor-
mation). By setting the appropriate delay time and gate time, the
TRF spectrum of P1 showed the FITC signal at 520 nm and the TRF
peak of PLNPs decreased at 468 nm (Fig. S5c in Supporting
Information), which demonstrated that TR-FRET occurred from
long-lived PLNPs to short-lifetime FITC, defined as “on” state. Upon
addition of caspase-3 into P1, the TRF intensity of PLNPs at 468 nm
(F468) increased, while the TR-FRET intensity of FITC at 520 nm
(Fs20) decreased. Therefore, an increased TRF ratio of F4gg to Fsyg
was observed (Fig. 3a), which was defined as “on—off” switch. As a
control, no obvious “on—off” switch was observed in the presence
of caspase-3 inhibitor or in the mixture of caspase-3 and caspase-
nonspecific peptide & cRGD functionalized PLNPs probe (P2). The
signal change for P1 could result from the enzymatic cleavage re-
action to release the FITC from the peptide. The corresponding

a 600 b 100 &
= 112 9 g ~ 2400
a = 75 c 3
£ 400t 444 £ 8 & 1800
2 = 100 n @
i 211 g 2 o £ £ 1200
§ 200 1202020 5 28 <8
£ : gE 600
3 < i i
20 40 60 80 z o0 50 100 150 200 250 & 0 400 500 600
d 26 (degree) e Diameter (nm) f Wavelength (nm)
8000
S - 0.5
5 5 2000 . o 0
S 6000 2 048 3
£ 4000 2 1900 033 £ 1200
£ ] o u
S < 1000 025
£ 2000 £ Gaie T oo
= = 500 ’
0 o 0.0 0
0" 120 240 360 480 600 300400 500 600 400 500 600 700
Time (min) Wavelength (nm) Wavelength (nm)

Fig. 1. (a) XRD pattern of PLNPs powder. (b) DLS analysis and TEM image of PLNPs-OH (1.0 mg mL~"). (c) Phosphorescence emission spectrum of PLNPs power. (d) Fluorescence
afterglow decay curve of PLNPs power after irradiation with a 365 nm UV. (e) Fluorescence excitation (black), emission (red) spectra of PLNPs and absorption spectrum of FITC (blue,
20 puM). (f) TRF spectra of commercial PLNPs-OH (1.0 mg mL~", black), synthesized PLNPs-OH (1.0 mg mL™", red), FITC (1.0 uM, magenta) and cyanine (1.0 uM, blue) with delay time
of 100 ps and gate time of 1000 ps. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Michaelis constant Ky (4.9 uM) and turnover number kcye (2.3 s71)
was obtained from the enzymatic kinetic analysis (Fig. 4a). The
turnover number was comparable to most fluorescent probes for
sensing of caspase-3 activity [49]. The low Ky value indicated the
great potential of the developed probe for caspase-3 activity study.

Interestingly, when caspase-3 concentration increased, the PL
decay of P1 at 468 nm was markedly slowed down (Fig. 3b), which
indicated that the TR-FRET process from PLNPs to FITC was
inhibited. The FRET-induced PL decay of FITC at 520 nm was
conversely accelerated with the increasing target concentration
(Fig. S6 in Supporting Information), due to the suppression of slow
population of its excited state from the excited long-lived PLNPs
[12]. The FRET efficiency and PLNPs—FITC separation distance were
calculated according to Egs. (1)—(4) and listed in Table 1. The raised
FRET efficiency and the reduced intensity of PLNPs at 468 nm as the
increasing peptide concentration (Fig. 4b) identified that the
quenching of PLNPs emission resulted from coupling of the FITC-
labeled peptides to the PLNPs surface, which brought the FITC
acceptor to PLNP donor and produced a non-radiative FRET [50,51].

At the optimized incubation time of 2 h for the enzymatic
cleavage reaction between caspase-3 and the substrate peptide on

PLNP probes (Fig. 3c), the TRF signal of PLNPs at 468 nm enhanced
and TR-FRET peak of FITC at 520 nm decreased with the increasing
amount of caspase-3 (Fig. 3d). The concentration of caspase-3 could
be quantified by determining the TRF ratio of F46g to Fs529 from the
calibration curve (inset in Fig. 3d), which showed a detection range
from 1.0 x 107* to 10 unit mL~! with a detection limit of
2.4 x 10~ unit mL~! at 3c. This result was much better than those
of an Au—Fe;03 nanoparticles-based fluorescent detection method
(0.10—3.0 unit mL~!) and commercial europium(Ill) chelates-based
TRF detection method (0.18—7.1 unit mL~') [52,53]. For further
comparison, the conventional steady-state fluorescence measure-
ments were also conducted, which showed a detection limit of
3.3 x 102 unit mL~" under identical conditions (Fig. 3e). Obviously
the TR-FRET assay improved the detection sensitivity to a great
extent.

To use P1 for caspase-3 activity detection in practical samples,
cell extracts were collected. After HeLa cells were incubated with
cisplatin as the apoptosis inducer, a significant change of TRF ratio
was observed when P1 was added in the extract, while the extract
of cells pre-incubated with caspase-3 inhibitor showed unobvious
change of TRF ratio (Fig. 3f). With the calibration curve, the caspase-
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Fig. 3. (a) TRF ratios of F4gg to Fsyo for P1 (1.0 mg mL~1), P1 + caspase-3 (1.0 unit mL™'), P1 + caspase-3 + caspase-3 inhibitor (100 uM), P2 (1.0 mg mL™'), and P2 + caspase-3
(1.0 unit mL~") in caspase assay buffer. (b) Photoluminescence (PL) decays at 468 nm after incubating P1 (1.0 mg mL~') with caspase-3 at 0, 0.0001, 0.001, 0.01, 0.1, 1.0 and 10 unit
mL~" (from bottom to top) for 2 h. (c) Optimization of incubation time for the response of P1 to caspase-3. (d) TRF spectra of P1 (1.0 mg mL™") in the presence of 0, 0.0001, 0.001,
0.01,0.1, 1.0, 5.0 and 10 unit mL~" caspase-3 (from top to bottom at 520 nm). Inset: plot of TRF ratio vs. logarithmic value of caspase-3 concentration. (e) Fluorescence spectra of P1
(1.0 mg mL™") in the presence of 0, 0.05, 0.1, 0.2, 0.3, 0.5 and 1.0 unit mL~' caspase-3 (from top to bottom at 525 nm). Inset: plot of fluorescence intensity ratio of F460 to Fss Vs.
caspase-3 concentration. F46p and Fsys represent fluorescence intensity of PLNPs at 460 nm and FITC at 525 nm in steady-state fluorescence spectra, respectively. (f) TRF ratios of P1
(1.0 mg mL~') in lysis buffer as control and cell extracts after the cells were treated with and without caspase-3 inhibitor (100 uM) for 6 h and then with cisplatin (100 uM) for 3 h.
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Fig. 4. (a) Caspase enzymatic kinetics assay from a constant amount of caspase-3
(6.7 unit mL™") with an increasing of substrate concentration. An R* = 0.99 was ob-
tained for nonlinear fitting curve. (b) FRET between PLNPs donor and dye acceptor.
Plots of fluorescence intensity of PLNPs at 468 nm and the corresponding FRET effi-
ciency vs. molar ratio (n) of FITC-labeled peptide to PLNPs.

3 concentration in the extract of inducer-treated HeLa cells
(1.0 x 10°) was 3.8 unit mL~".

3.3. TR-FRET detection of miRNA-21 and PDGF

MiRNAs, a class of small, non-coding, endogenous RNAs, have
essential functions in RNA silencing and post-transcriptional
regulation of gene expression, and their expression level is
closely related to some major diseases of mankind [54]. For the
validation of the universality of PLNPs-based biosensing, an “off-
—on” TR-FRET sensing strategy was constructed for miRNA detec-
tion using DNA-functionalized PLNP as shown in Scheme 1c. The
nanoprobe (DNA1-PLNPs) was characterized with UV—vis spec-
troscopy (Fig. S7a in Supporting Information). The sandwich hy-
bridization among DNA1, FITC-labeled DNA2 and miRNA-21 was

Table 1
FRET parameters for different PLNP-based conjugates.
Conjugates Separation distance r (nm) FRET efficiency E (%)
Peptide-PLNP 2.8 323
DNA1-PLNP 29 29.1
Aptamer-PLNP 8.1 0.10

Peptide, DNA1 and Aptamer were all functionalized with FITC as acceptor. Forster
radius Ry was calculated to be 2.5 nm.

validated by polyacrylamide gel electrophoresis in DNA hybridi-
zation buffer (Fig. S7b in Supporting Information). Compared with
the fast migration of three single-stranded nucleic acids (lanes
1-3), the two-component mixture individually showed one band
at shorter electrophoresis distance (lanes 4 and 5), indicating the
occurrence of partial hybridization between DNA1 and miRNA-21
and between DNA2 and miRNA-21. After the sandwich hybridiza-
tion among DNA1, DNA2 and miRNA-21, a band with slowest
migration rate was observed (lane 6). Upon the sandwich hybridi-
zation, TR-FRET occurred from PLNP to FITC, which could be used to
sensitively detect miRNA-21. For TRF measurements, DNA1-PLNPs
were incubated with target miRNA-21 and FITC-labeled DNA2
(10 nM, Fig. 5a) at the optimal incubation time of 2 h (Fig. 5b). The
TR-FRET signal of FITC at 520 nm increased, and the emission in-
tensity of PLNPs at 468 nm obviously reduced as miRNA-21 con-
centration increased (Fig. 5c), which was attributed to the
occurrence of energy transfer from long-lived PLNPs to short-
lifetime FITC. This sensing strategy displayed a linear range from
1.0 pM to 1.0 uM with a detection limit of 0.26 pM for miRNA (inset
in Fig. 5¢). In addition, the PL decay of DNA1-PLNPs at 468 nm was
accelerated with the increasing miRNA-21 concentration (Fig. 5d),
further confirming the TR-FRET procedure in the presence of
miRNA-21.

Alternatively, PDGF is an important protein for cell trans-
formation and tumor growth and progression [55]. For the analysis
of PDGF protein, one interesting example is the use of fluorophore-
labeled aptamer because of the specific molecular recognition [56].
In this study, PDGF detection was achieved using FITC-aptamer
functionalized PLNPs as the nanoprobe (aptamer-PLNPs), which
was also characterized by UV—vis spectroscopy (Fig. S7a in
Supporting Information). Due to a relatively long distance be-
tween PLNP and FITC labeled to the aptamer, the nanoprobe
showed a weak TR-FRET signal of FITC at 520 nm. After the aptamer
specifically recognized PDGF with a structure switching and thus
the FITC was close to the PLNP, the TR-FRET signal enhanced and the
emission of PLNPs obviously reduced with the increasing PDGF
concentration (Fig. 5f), under the optimal incubation time of 1 h
(Fig. 5e). This could be defined as an “on—on” change. Corre-
spondingly, the PL decay of aptamer-PLNPs at 468 nm was accel-
erated upon addition of PDGF (Fig. 5g). This sensing method
showed a linear range from 10 pM to 100 nM with a detection limit
of 2.57 pM for PDGF at 3¢ (inset in Fig. 5f).

The specificity of the designed methods for the corresponding
targets was examined individually. For DNA1-PLNPs, the signal of
perfectly complementary target was 3.8 times of that for single-
base mismatched oligonucleotide, and the response to three-base
mismatched strand was only 4.0% of that to perfectly comple-
mentary target (Fig. 5h). The signal of the mutated miRNAs was
hardly detectable at the same concentrations with target miRNA-21
of 1 uM or even at that of 10 times (Fig. S8 in Supporting
Information), suggesting little effect on the practical application.
In the case of PDGF detection, the response of aptamer-PLNPs to the
target was at least 4.2 times higher than that to interferants even
when their concentrations were 100 times the target (Fig. 5i).
Meanwhile, the TRF response of PDGF control DNA-functionalized
PLNPs to PDGF was as low as that of the blank (inset in Fig. 5i),
suggesting the high specificity of the aptamer-PLNPs for promising
application in complex samples.

3.4. Fluorescence lifetime monitoring of intracellular caspase-3

More importantly, TR-FRET has been identified with the fluo-
rescence lifetime change of the probe upon recognition to the
target. Thus fluorescence lifetime imaging of P1 can be used for
monitoring of intracellular caspase-3 activity. Firstly, the
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Fig. 5. (a) Dependence of TRF ratio of DNA1-PLNPs (1.0 mg mL~') and miRNA-21 (1.0 uM) on DNA2 concentration after incubation for 2 h. (b) Effect of incubation time on TRF ratio
of DNA1-PLNPs (1.0 mg mL~"), miRNA-21 (1.0 uM) and DNA2 (10 nM). (c) TRF spectra of DNA1-PLNPs (1.0 mg mL~"), DNA2 (10 nM) and miRNA-21 at 0, 1.0 pM, 10 pM, 100 pM,
1.0 nM, 10 nM, 100 nM and 1.0 uM (from top to bottom at 468 nm) after incubation for 2 h. Inset: plot of logarithmic value of TRF ratio vs. logarithmic value of miRNA-21 con-
centration. (d) PL decays at 468 nm after incubating DNA1-PLNPs (1.0 mg mL™') with DNA2 (10 nM) and miRNA-21 at 0, 100 pM, 1.0 nM, 10 nM, 100 nM and 1.0 uM (from top to
bottom) for 2 h. (e) Dependence of TRF ratio of aptamer-PLNPs (1.0 mg mL~!) with PDGF (1.0 nM) on incubation time. (f) TRF spectra of aptamer-PLNPs (1.0 mg mL~') with PDGF at
0, 5.0 pM, 10 pM, 50 pM, 0.1 nM, 1.0 nM, 10 nM and 100 nM (from top to bottom at 468 nm). Inset: plot of logarithmic value of TRF ratio vs. logarithmic value of PDGF concentration.
(g) PL decays at 468 nm for PLNPs-COOH (1.0 mg mL~"), aptamer-PLNPs (1.0 mg mL™'), and aptamer-PLNPs + 1.0 nM PDGE. (h) Specificity of DNA1-PLNPs (1.0 mg mL™") to target
miRNA-21 (1.0 uM) and single/two/three base mismatched RNAs (100 pM). (i) Specificity of aptamer-PLNPs (1.0 mg mL~') to PDGF (1.0 nM) and other interferants (100 nM). Inset:
response of PDGF control DNA-functionalized PLNPs (1.0 mg mL™') to 100 nM PDGE. Blank in h and i is the response of the functionalized PLNPs in the absence of targets. Data

represent mean values + standard deviation, n = 3.

cytotoxicity of P1 was examined with MTT assay. After incubated
with P1 for 10 h, HeLa cells still maintained about 86.6% of the cell
viability. Although the doped rare earth metal ions were potentially
cytotoxicity, the functionalized PNLPs with biocompatible peptides
demonstrated low cytotoxicity of P1 (Fig. S9 in Supporting
Information). Based on the high affinity of cRGD to the «,(3
integrin receptor [57], P1 could enter HeLa cells via RGD receptor-
mediated endocytosis to be accumulated in cytoplasm (Fig. 6a). For
subcellular localization of the probe, the confocal microscopic im-
ages were taken, which showed that the spot of P1 was overlapped
with the lysosomal tracker, LysoTracker Red (Fig. 6b and c). The
calculated Pearson coefficient value of 0.946 indicated reliable co-
localization of P1 with LysoTracker Red and the distribution of P1
in lysosome after internalization.

To achieve the change of intracellular caspase-3 activity, HeLa
cells were treated with cisplatin, a commonly used apoptosis
inducer. With the increasing treatment time, the apoptosis per-
centage obviously increased by the flow cytometric analysis
(Fig. 7a), and the caspase-3 activity in cell extract increased and
tended to a maximum at a treatment time of 3 h (Fig. 7b). Thus
fluorescence lifetime monitoring of intracellular caspase-3 activity
could be performed by incubating HeLa cells with P1 at 37 °C for
4 h, and then apoptosis inducer for different times.

With the increasing incubation time of apoptosis inducer, the
cells gradually showed a reddish FLIM images along with the
increasing degree of apoptosis (Fig. 8a), which indicated the fluo-
rescence lifetime of P1 incubated with HelLa cells at 450—495 nm
was prolonged and could sense intracellular caspase-3 activity. Cell
apoptosis was demonstrated using the apoptosis kit with the dual
fluorescence of Annexin V-FITC/PI on a flow cytometric assay in
Fig. 7a. The quadrantal distribution of the dual dyes also verified the
caspase-dependent early apoptosis. In contrast, the P2 and then
apoptosis inducer-treated Hela cells did not give appreciable
change in the fluorescence lifetime images, even if the increasing
degree of apoptosis was obvious from the bright-field images
(Fig. 8b). Interestingly, the signal change observed from FLIM was
more sensitive than that from confocal fluorescence imaging
(Fig. S10 in Supporting Information). This further demonstrated the
advantages of FLIM with the long-lived probe in efficiently sup-
pressing the interference of auto-fluorescence from cells [58].

To further demonstrate the fluorescence lifetime change of P1
during cell apoptosis, the FLIM of treated HelLa cells was investi-
gated in the gray mode with different delay times (Fig. 9). The
corresponding lifetimes of P1-treated HeLa cells could be calcu-
lated from the FLIM without delay to be 460.9, 562.1, 784.2, 1005.4
and 1596.5 ns when the cells were treated with apoptosis inducer
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Fig. 6. (a) HeLa cells were incubated with P1 (0.4 mg mL~") for different times. (b) HeLa cells were stained with (i) P1 (1.0 mg mL™?), (ii) LysoTracker Red (50 nM) and (iii) the
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color in this figure legend, the reader is referred to the web version of this article.)

for 0, 0.5,1, 2 and 3 h, respectively (Figs. 8a and 9a). Setting a delay
time of 250.0 ns, the HeLa cells at different treated times showed
bright lifetime images (Fig. 9b), while the cells without treatment
with apoptosis inducer (0 h) did not show any signal at a delay
time of 460.9 ns (Fig. 9c). This appearance was also observed at the
delay times of 562.1, 784.2 and 1005.4 ns for the cells treated with
apoptosis inducer for 0.5, 1 and 2 h (Fig. 9d—f), respectively,
manifesting the responsible lifetimes. Therefore, dynamic lifetime
imaging using P1 could reflect the evolution of cell apoptosis.

To obtain the calibration curve for quantification of intracel-
lular caspase-3 concentration, HeLa cells were first incubated with
P1 for 4 h, and then treated with different amounts of apoptosis
inducer for 3 h. The treated cells were conducted on FLIM to obtain
the cellular lifetimes (Fig. 10a). Meanwhile, the cell extracts pre-
treated as above was detected via in vitro caspase-3 fluorescent
kit to get the fluorescence intensity (Fig. 10b). The corresponding
caspase-3 concentration could be calculated by using a linear
relationship of fluorescence intensity vs. logarithmic value of
caspase-3 standard concentration (Fig. 10c). Considering the total

cell number, a plot of fluorescence lifetime vs. logarithmic value of
intracellular caspase-3 concentration in single cell was obtained
and showed a good linear relationship (Fig. 10d), which indicated
that the lifetime obtained from the FLIM could be used for in situ
quantification of intracellular caspase-3. The caspase-3 concen-
tration in single HeLa cell incubated with P1 and then 100 pM
apoptosis inducer was calculated to be 4.0 x 10~% unit mL~!, which
was in good agreement with 3.8 x 1078 unit mL~! obtained from
in vitro TRF detection using the cell extract. Therefore, a lifetime
method was achieved for in situ quantitative determination of
caspase-3 activity in live cells.

4. Conclusion

Bio-functionalized PLNPs were designed as sensitive nanop-
robes for detection of biomolecules and cellular fluorescence
lifetime imaging on a TR-FRET platform. We have demonstrated
three TR-FRET mechanisms for ratiometric TRF detection of label-
free targets such as caspase-3, nucleic acids and proteins. Each of
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Fig. 7. (a) Flow cytometric analysis of HeLa cells (5.0 x 10°) after treated with apoptosis inducer (100 pM) for different times. (b) Time-dependence of caspase-3 activity measured
with caspase-3 kit in extracts of HeLa cells (5.0 x 10°) treated with apoptosis inducer (100 uM).
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the approaches shows a wide linear detection range and a low lifetime method has been established for in situ quantification of
detection limit, indicating the promising potential of the PLNPs- intracellular caspase-3 activity. PLNPs-based TR-FRET technique
based TR-FRET technique in versatile bioapplications. The evolu- not only opens a new perspective for designing sensitive detection

tion of fluorescence lifetime in TR-FRET is also efficiently utilized methods but also provides a significant tool for dynamically
for monitoring of caspase-3 during cell apoptosis via FLIM. A tracking the change of biomolecules in vivo.
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Fig. 9. Fluorescence lifetime images in gray mode for HeLa cells after incubated with P1 (1.0 mg mL~") for 4 h and then apoptosis inducer (100 uM) for (a, b, ) 0, 0.5,1,2 and 3 h
(from top to bottom) at the delay time of (a) 0, (b) 250.0 and (c) 460.9 ns, (d) 0.5, 1, 2 and 3 h (from top to bottom) at the delay time of 562.1 ns, (e) 1, 2 and 3 h (from top to bottom)
at the delay time of 784.2 ns, and (f) 2 and 3 h (from top to bottom) at the delay time of 1005.4 ns. Scale bar: 30 pm.
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of cellular lifetime vs. logarithmic value of caspase-3 concentration in single HeLa cell incubated with P1.
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Appendix A. Abbreviations

cRGD cyclic arginine—glycine—aspartic acid peptide

DLS dynamic light scattering

DMF N,N-dimethylformamide

EDC 1-ethyl-3-(3-dimethyl-aminopropyl)carbodiimide
hydrochloride

FITC fluorescein isothiocyanate

FLIM fluorescence lifetime imaging microscopy

FRET fluorescence resonance energy transfer

FT-IR Fourier transform infrared

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

MTT 3-(4,5-dimethylthiazol-2-yl)-2-diphenyltetrazolium
bromide

PBS phosphate buffer saline

PDGF  platelet-derived growth factor

Pl propidium iodide

PL photoluminescence

PLNPs  persistent luminescence nanoparticles

SulfoNHSN-hydroxysulfosuccinimide sodium salt
TEM transmission electron microscopic
TEOS tetraethyl orthosilicate

TGA thermal gravimetric analyzer

TRF time-resolved fluorescence

TR-FRET time-resolved fluorescence resonance energy transfer
Tris tris(hydroxymethyl)aminomethane

XRD X-ray powder diffraction

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.biomaterials.2015.07.037.
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