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Abstract

In the present work, peptide-functionalized upcosm@silica nanoparticle
(termed as UCNP@S@®Cy5-pep)-based fluorescence resonance energyferans
(FRET) sensing platform has been fabricated fordigtection of caspase-9 activity in
vitro and in vivo. A Cy5 labeled peptide containisgecific motif LEHD for
caspase-9 cleavage was designed and conjugatetd @kl @ SiQ through covalent
attachment. The red upconversion luminescence (W@Gliysion of UCNP@Si{can
be quenched by Cy5 while the green UCL emissionUGINP@SIQ remains
undisturbed. After the cleavage of LEHD by caspas¢he Cy5 departed from
UCNP@SIQ surface, resulting in recovery of red UCL emissainUCNP@SIQ.
The UCNP@SIiQ@Cy5-pep has been successfully used to monitoneghanges of
caspase-9 activity levels in apoptotic cancerouls qdMG-63 and SW480) by
cisplatin-induction. Under same experimental coodd, it is found that the
intracellular caspase-9 activity level of cisplatieated MG-63 cells is higher than
that of cisplatin-treated SW480. This result is sistent with that of commercial
caspase-9 activity kits. The UCL signal intensigftic of red emission to green
emission of UCNP (termed as R/G) is linearly degedn the amount of MG-63
cells within the range of 5 x @0 1 x 16cells (i.e., 0.5 to 100 U mt caspase-9)
with a limit of detection (LOD) of 675 cells (.e.068 U mL' caspase-9).
Furthermore, the practicability of UCNP@S@Cy5-pep is demonstrated by
detection of caspase-9 activities in tumor tissne&vo, and satisfactory results are

obtained.
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1. Introduction

Apoptosis is an evolutionarily conserved form ofll ceuicide that requires
specialized mechanisms. The central component isf rttachine is a proteolytic
system involving a series of proteases called c&spd hese enzymes are involved in
a cascade that triggers and eventually forms iporse to a pro-apoptotic signal,
culminates in cleavage of a set of proteins, andllff leads to cell disassembly
(Hurtley 2016; Johnstone et al. 2002; Poreba €@l5; Vaux and Korsmeyer 1999).
Caspase-9, a prominent member of caspase famidykesy activator of the caspase
cascade, which is implicated in apoptosis and ey®lprocessing (Mehmet 2000).
Activated caspase-9 further initiates the proteolyctivities of other downstream
caspases, which degrade a variety of substrateseanll in cell disassembly and cell
death ultimately (Deveraux et al. 1998; MacFarlabheal. 1997; Sun et al. 1999).
Therefore, the real-time monitoring of caspase-%iviag in vivo is of great
significance for the prognosis of diseases anddéhelopment of anti-cancer drugs
(Sun et al. 1999). A number of methods have alrdaiyn developed for in vitro and
in vivo detection of caspase-9 including the engyymked immune sorbent assay
(ELISA), western blot analysis, electrochemicaldeiosors, fluorescence resonance
energy transfer (FRET)-based assays (Hakem et98B;1Prokhorova et al. 2018;

Shieh et al. 2019; Suzuki et al. 2015; Thamizhaeasal. 2019; Tian et al. 2019).
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However, conventional organic fluorescent probegerof suffer from short

fluorescence life time, short excitation wavelersgiimd poor photostability (Shi et al.
2015), which could reduce both in vivo imaging peagon depth and sensitivity.
Developing novel sensing platforms for in vivo deien of caspase activity is still
highly challenging.

Upconversion nanoparticles (UCNPs) are a speciassclof lanthanide-doped
nanoparticles that are able to convert near-infkddR) light into higher-energy and
multicolor UV/visible emission light (Park et al025). With the multiple advantages
of deep penetration, robust photostability, lowi¢ay, and minimal autofluorescence
background in biological tissues (Achatz et al. 20Chen and Zhao 2012), UCNPs
are rapidly emerging as strong contenders for thaittonal downconversion-based
fluorescence  nanoparticles/fluorescence dyes in sebgor construction
(Alonso-Cristobal et al. 2015; Zheng et al. 201Bu£t al. 2017). Moreover, UCNPs
have been demonstrated as efficient FRET donorsvéoious bioanalytical and
biomedical applications (Chen et al. 2013; Lin kt2813; Wu et al. 2013). Since
Wang et al. reported the first FRET biosensor based 50 nm
Na(Y:*Na"))Fe:Yb** EP*/Tm® UCNPs (the donor) and gold nanoparticles (the
acceptor) in 2005 (Yuan et al. 2014), UCNP-basetEFRystems have been
extensively used to detect various analytes suametal ions, DNA, biomolecules,
and enzymes (Alonso-Cristobal et al. 2015; Kerr deda Rica 2015; Wang et al.
2016; Wang et al. 2010a; Zheng et al. 2015). Famining UCNPs with high

fluorescence quantum vyield and low nanocrystal def€ CNPs are normally
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synthesized in organic phase. Several strategidsdimg ligand exchange, silica
coating, or small molecular surfactant wrapping enalveen used to transfer
hydrophobic UCNPs into aqueous medium (Achatz.€2@l1; Chen and Zhao 2012).
In particular, SiQ coated UCNPs (UCNP@SIP exhibit high biocompatibility,
excellent optical property, good colloidal stalilénd facility of surface modification
(Hu et al. 2009; Jiang and Zhang 2010; Qiao €2@12; Wang et al. 2009).

Herein, a simple FRET sensing platform based ontigejunctionalized
UCNP@SIQ has been fabricated for the detection of caspaseti9ity both of in
vitro and in vivo. The FRET sensing platform is qoised of UCNPs as the energy
donor and Cy5 with a high quantum vyield (c.a. 28Mujumdar et al. 1993)) as the
energy acceptor. In proof of the sensing principles FRET sensing platform is
applied for detecting caspase-9 activity in twoagarcell lines under different culture
conditions. Importantly, the cisplatin-induced emtement of caspase-9 activity in

vivo is successfully visualized by the proposed FREnsing platform.

2. Experimental section

2.1. Materials and reagents.

Lanthanide oxides (G@s; Y203, ErO; and YBbOs, 99% purity) and
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hpdhloride (EDC), were obtained
from Alfa Aesar Co. (Ward Hill, USA). N-hydroxysoluccinimide sodium salt
(sulfo-NHS) and cisplatin were obtained from AladdReagent Ltd. (Shanghai,

China). 1-octadecene (ODE90%), oleic acid (OA,290%), Triton X-100 and

5
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tetraethylorthosilicate (TEOS, 99.999%) were puseldhfrom Sigma-Aldrich Co. (St
Louis, USA). Carboxyethylsilanetriol (CTES, sodium salt, 25% water) was
purchased from Leon Technology Ltd. (Beijing, ChinslHs;F (analytical grade),
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tera@lium bromide (MTT)
andDulbecco modified Eagle medium (DMEM) were sigplby Beijing Dingguo
Biotechnology Ltd. (Beijing, China)Leibovitz’'s L-15 culture medium (L-15) were
purchased from Jiangsu KenGen Biotech Ltd. (Jian@$una). Fetal bovine serum
(FBS) and trypsin-EDTA cell detaching kit were phaesed from Gibco Co. (New
York, USA). SW480 and MG63 cell lines were purcliafem Shanghai Cell Bank,
CAS (Shanghai, China). The Cy5-modified peptide H5@gp, sequence:
CGRGGLEHDGGRK-Cy5) was synthesized by Synpeptidd (Shanghai, China).
Caspase 9 inhibitor (Ac-LEHD-FMK) was purchasedrir®iovision Ltd. (Wuhan,
China). Bradford protein quantitative kit was puased from Bioteke Co. (Beijing,
China). Caspase-9 activity colorimetric assay kit was ot&di from BestBio Inc.
(Shanghai, China). Other used reagents (analydireale) were obtained from Beijing
Chemical Reagents Co. (Beijing, China). Ultrapueger (18.2 M2 cm) was prepared

by Milli-Q system and used in all experiments.

2.2. Synthesis of Cy5-pep modified silica-coated UCNPs.

The NaYR: Yb**, EF*@NaGdiz UCNPs and carboxyl-terminated silica-coated
NaYF:Yb*, EF*@NaGdkr UCNPs (UCNP@SiI@COOH) were synthesized by a

reported water-in-oil microemulsion method with ghli modification (see
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supplementary information (Sl) for detailfhe UCNP@Si@COOH were dispersed
in MES buffer (0.1 M, pH 6.0). 5 mL UCNP@SKCOOH (1 mg mLY) was mixed
with 0.5 mL EDC (2 mg mI* in MES buffer) and 0.5 mL sulfo-NHS (8 mg ftLin
MES buffer ), and stirred at room temperature foh.IThe excessive EDC and
sulfo-NHS were removed by repeated centrifugatf3000 rpm, 15 min, 3 times, 3
mL MES buffer), the precipitates were redispersed imL HEPES buffer (0.01 M,
pH 7.4) containing different amounts of Cy5-pe®%).0.1, 0.2, 0.4, 0.5 and 0.8 mg),
respectively. The mixtures were stirred gently abmn temperature for 3 h,
respectively.  Finally, Cy5-pep conjugated UCNP@SIiO(termed as
UCNP@SIQ@Cy5-pep) were purified by centrifugation at 4 ABGE00 rpm, 15 min,
3 times, 1 mL HEPES buffer) and resuspended in IHBPES buffer. For studying
the  biocompatibility of UCNP@SK®mCy5-pep, the cytotoxicity of
UCNP@SIQ@Cy5-pep was evaluated by MTT assay, and the in toxicity of
UCNP@SIQ@Cy5-pep was investigated by hematoxylin and e@s&E) staining

and blood biochemistry assay (see Sl for details).

2.3. Intracellular caspase-9 activity detection.

The MG-63 and SW480 cells (1.5 x°1¢ells per well) were cultured with 2 mL
fresh DMEM or L-15 containing 10% FBS and 100 U hpenicillin-streptomycin in
6-well microtiter plate under a humidified 5% @ 37 °C for 24 h, respectively.
DMEM was used for culturing MG-63 cells, while L-AMas used for culturing

SW480 cells. After washed with 1.5 mL PBS (3 timéis¢ cells were cocultured with
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200ug mL! UCNP@SIQ@Cy5-pep in 2 mL serum-free culture medium at 370tC
another 4 h, respectively. The UCNP@g@BCy5-pep stained cells were washed with
1.5 mL cold PBS (3 times), and cocultured with as concentrations of cisplatin (O,
10, 20, 50 and 10@M) in 2 mL culture medium at 37 °C for 12 h, reSpesy.
Subsequently, the cisplatin treated cells were e@stith 1.5 mL cold PBS (3 times),
fixed with 4% paraformaldehyde for 20 min, and sgbgd to UCL imaging by a
reconstructive Nikon Ti-S fluorescent microscopeéngsa 980 nm continuous-wave
(CW) NIR laser as excitation light source. The £éleated with Ac-LEHD-FMK (50
uM) and cisplatin (100uM) were used as control samples. For UCL spectral
measurements, UCNP@ SI@Cy5-pep stained cells were detached from 6-watkepl
using a commercial trypsin-EDTA cell detachingaiid centrifuged at 1000 rpm for 5
min. The cell precipitatesontaining different numbers of 1QM cisplatin treated
cells were redispersed in 1 mL PBS and measuredror--4500 fluorescence
spectrophotometer under an external 980 nm CW NiRerl excitation.For
comparison, the caspase-9 activity assay kit waglayrad to detect the caspase-9
activity of MG-63 and SW480 cells stimulated by Lo cisplatin. The enzyme
activities of 100uM cisplatin treated MG-63 cells were also determdir®y the

commercial caspase-9 activity colorimetric assay ki

2.4. In vivo UCL Imaging.

All animal experiments were conformed to the guited of the Regional Ethics

Committee for Animal Experiments established bynJiUniversity Institutional



160 Animal Care and Use. BALB/c nude mice-@4weeks old, male) were purchased
161  from Beijing HFK Biotechnology Ltd. (Beijing, Chifa which were injected
162  subcutaneously with MG-63 cells and SW480 cellspeetively. The MG-63 and
163 SW480 tumor-bearing nude mice were treated withlai® (5 mg kg bodyweight)
164  or saline through intratumoral injection when tleduwnes of tumors reached about 40
165 mm° at 21 days post-inoculation of cells. After 3 day® mice were treated by the
166 second dose of cisplatin or saline, respectivelye MG-63 tumor and SW480
167  tumor-bearing nude mice were injected intravenowgth 200 puL 0.9 wt% NaCl
168  solution containing 30 mg MLUCNP@SiQ@Cy5-pep at 2 days post-treatment of
169  cisplatin/salineThe in vivo UCL images were collected at the appetp time points
170  of post-injection. The in vivo UCL images were regmd on a CCD camera under
171 excitation of 980 nm CW NIR laser with the powensigy of 1.5 W crif (see Sl for
172 details). The green and red emission intensity awhetumor was quantified using

173 Image J software.

174 3. Resultsand Discussion
175  3.1. Fabrication of the UCNP-based FRET sensing platform.

176 < Scheme 1>

177 As illustrated in Scheme fthe UCNP-based FRET sensing platform was fabricated
178  for the detection of caspase-9 activity, using UGNR the energy donor and Cy5 as
179  the energy acceptor. Under 980 nm NIR laser exaitat/CNP@SiQ showed dual

180 UCL emission bands in green and red parts of tlkéble region, respectively (as

9
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shown inFig. S1). The absorption band of Cy5 is centeréggb@tnm, which overlaps
well with the red UCL emissions of UCNP@$j@nplying a FRET process between
UCNP and Cy5. The amino-terminated Cy5-pep wergugatted with carboxyl
modified UCNP@Si@through covalent attachmeim.the absence of caspase-9, the
red UCL fluorescence signal of UCNP was quenche@€¥y, leading to a low UCL
intensity. The Cy5 terminal of Cy5-pep can be redebfrom the UCNP@SiGurface
when the LEHD fragment of Cy5-pep is cleaved byaas-9, resulting in a recovery
of red UCL emissionThe recovery of red UCL emission is dependent enaittivity
of caspase-9, i.e., the higher activity of casghseads to stronger recovery of red
UCL emission. Besides, the green UCL signal canebwloyed as an internal
reference for ratiometric sensing because the gu#eh emission of UCNP@SiO
remains unchanged before and after Cy5 releasimgrefore, the accuracy of
caspase-9 activity determination could be furthmproved using the UCL signal
intensity ratio of red emission to green emissidnUENP (termed as R/G), i.e.,
higher R/G value means higher intracellular casi®aaetivity.
3.2. Characterization of UCNP@Si O,@Cy5-pep.
<Fig. 1>

The OA capped NaYF20% YB™*, 2% EF*@NaGdk UCNPs were synthesized for
construction of the UCNP-based FRET sensing plaifdoy a conventional
solvothermal method because the UCL intensity of NBCcan be improved
significantly by the core@shell structure (Wan@gket2010b). A silica layer is coated
on the hydrophobic OA capped UCNPs for transferting UCNPs into aqueous

10
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medium, which is terminated by CTES to generatectitboxyl group on the particle
surface (Liu et al. 2013a; Liu et al. 2013b). Theboxyl-terminated UCNP @ Sire
ready to be functionalized by biomolecules throtigh formation of amide bonds.
The morphologies of as-prepared NaYFYb®*', EF* UCNP, NaYR: Yb**
Er*@NaGdk UCNP and UCNP@SiQwvere characterized by TEM. As shown in Fig.
1, three kinds of UCNPs have uniform size and hemabstructure. The average
diameters of NaYF Yb*', EF* and NaYFk: Yb*', EF*@NaGdk UCNP are 3% 2.8
nm and 48& 2.3 nm, respectively. After coated by silica shiklé average diameter of
UCNP@SiQreaches 5% 2.6 nm, indicating that the thickness of silicalkis about
3 nm. The corresponding HRTEM micrographs exhhmt highly crystalline nature of
UCNPs (as shown in the inset of Fig. 1(a-c)). XRitgrns of NaYE Yb**, EF* and
NaYF: Yb*, EF*@NaGdir UCNPs show that all the diffraction peaks can be
attributed to the hexagonal phase of NaYBFCPDS NO. 16-0334) and NaGdF
(JCPDS NO. 27-0699) respectively (Fig. S2).
<Fig. 2>

As shown in Fig. 2a, the UCNPs display three mjGiL peaks at 521, 541, and
655 nm which are assigned to the energy transitimm *Hii, “Sz, and*Fop to
*l15,, Of EFP* ions, respectively (Li et al. 2009). As expectdtt UCL emission of
NaYF:Yb*, EF*@NaGdlk UCNPs is much stronger than that of Na¥®**, EF*
UCNPs since the outer NaGdBhell can protect the migrating energy in Gd
sublattice from trapping by surface quenchers. Dueacreasing of surface defect by
silica shell, the UCL intensity of UCNP@Si@s decreased significantly, which is

11
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consistent with a previous report (Liu et al. 2014fter the conjugation of Cy5-pep,
the red UCL intensity of UCNP@ Sj0s further decreased obviously while the green
UCL emission remains unaffected (as shown in Hxj. Zhe quenching efficiency of
red UCL emission of UCNP@S}Qs increased by increasing the concentration of
Cy5-pep in the reaction mixture while the concemraof UCNP@SIQ is kept as
constant. The maximum quenching efficiency (~82.38ocpbtained when the mass
ratio of Cy5-pep to UCNP@SJR,) is more than 0.08 (as shown in Fig. 2b). In the
following experiments, all of used UCNP @ S@Cy5-pep were synthesized af Bf
0.08. The fluorescence decay curves of UCNP@ &id UCNP@Sig@Cy5-pep at
655 nm were also examined (as show in Fig. S3).fllioeescence lifetime showed a
slight decrease, indicating the near-filed intacacbetween the UCNPs and Cy5. The
UCNP@SIQ and UCNP@SIig@Cy5-pep were fully characterized by FTIR, XPS
and TGA measurements. Compared with the FTIR spamctof NaYR: Yb**
Er*@NaGdl UCNP, the peaks at 1108 ¢mand 812 crl appear in the FTIR
spectrum of UCNP@Siwhich are related to Si-O-Si groups (Lin et &02; Wang

et al. 2007). After conjugated with Cy5-pep, a nesaks at 1641 crhis observed,
which is associated with stretching vibration ofidenbonds (as show in Fig. S4)
(Tian et al. 2018). The result indicates that Opped NaYk: Yb**, EF*@NaGdh
UCNPs are successfully coated by silica shell, ahdther conjugated with Cy5-pep.
XPS results clearly show the presence of the elewesi in UCNP@SIQ and the
element of N in UCNP@SiK®Cy5-pep, which also demonstrated the successful
synthesis of UCNP@SK@®Cy5-pep (as show in Fig. S5Moreover, TGA

12
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measurement reveals the total weight loss of UCNR@BCy5-pep is 19.7%
compared to UCNP@SiQ providing further evidence for the surface cogtiof
Cy5-pep (as shown in Fig. S6). In addition, the aZepotential of
UCNP@SiQ@Cy5-pep is higher than that of UCNP@&i@s shown in Table S1)
because the peptide CGRGGLEHDGGRK has relative Hggelectric points
(P1=9.0). The hydrodynamic diameters of UCNP@S#2e significantly increased
after the conjugation of Cy5-pep due to the inteoacbetween the thin peptide layer
and the water molecule layer nearby (as shown irbleTaS1). When
UCNP@SIQ@Cy5-pep were re-dispersed in different media (evgter, PBS,
HEPES (pH=7.4), 0.9 wt% NaCl, DMEM with/without FBIS-15 with/without FBS),
no aggregation was observed (Fig. S7), indicatimg good monodispersity and

colloidal stability of the as-prepared conjugates.

3.3. Intracellular caspase-9 activity detection.

<Fig. 3>
In this study, two kinds of cancer cells (MG-63 iflan osteosarcoma cell) and
SwW480 (human colon cancer cell)) are arbitrariliected to test the capability of
UCNP@SIQ@Cy5-pep for detection of caspase-9 activity inrovitBefore the
detection  of intracellular caspase-9 activity, thecytotoxicity  of
UCNP@SIQ@Cy5-pep was investigated. After co-cultured wittllsc for 24 h,
UCNP@SIQ@Cy5-pep show a negligible cytotoxicity as hightlas concentration

of 200 ug mL* (as shown in Fig. S8). In this case, cisplatire ohthe most widely

13
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289

used anticancer drugs was employed as the indo@astitvate intracellular caspase-9
since cisplatin can cause cancer cell death thrdtigbering cell apoptosis. The
intracellular caspase-9 activity was monitored yLUmaging. As shown in Fig. 3,
after incubating with UCNP@ Si@ Cy5-pep in serum-free culture medium, both of
MG-63 cells and SW480 cells exhibit strong greenLUsnission, indicating that
UCNP@SIQ@Cy5-pep can be efficiently internalized by MG-6dl€ and SW480
cells. In the presence of cisplatin, the red UClission of UCNP@Sig@ Cy5-pep
stained cells gradually enhanced along with inéngasisplatin concentration from 10
to 100 uM, while the green UCL emission of UCNP@ S@Cy5-pep stained cells
exhibits negligible change under same experimentahditions. At same
concentration of cisplatin, the increasing of redCLU emission of
UCNP@SIQ@Cy5-pep stained MG-63 cells is much stronger than of red UCL
emission of UCNP@Sis@Cy5-pep stained SW480 cells. The result indicttas
the intracellular caspase-9 activity level of MG-&ls is increased significantly by
the cisplatin. By the contrast, cisplatin exhibieak effect on the intracellular
caspase-9 activity level of SW480 cells. The irgtatar caspase-9 activity of MG-63
cells was also determined by UCL spectroscopy €as rom Fig. S9). The red UCL
emission intensity of UCNPs is increased with iasieg the concentration of
cisplatin while the green UCL emission intensit\ BSNPs keeps as constant, which
coincides with the result of UCL imaging. The imgedular caspase-9 activity levels
of MG-63 cells and SW480 cells were further meadurg commercial caspase-9
activity colorimetric assay kit (as shown in Fid.0$. The result of commercial assay

14
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is in accordance with the result of UCNP@S@Cy5-pep. In addition, caspase-9
activities in different numbers of MG-63 cells wedetermined by a commercial
caspase-9 activity colorimetric assay kit. Accogdin obtained standard calibration
curve of the kit (as shown in Fig. S11), the casgasctivity in 1 x 16 cells was
equal to about 1 U mitpure caspase-9. As shown in Fig. 3m, the red U@ission
intensity is gradually increased with the incregso MG-63 cell numbers. And the
R/G value of UCNPs is linear with the logarithmMG-63 cell numbers within the
range of 5 x 19to 1 x 16 cells (i.e., 0.5 to 100 U mt caspase-9) with a limit of
detection (LOD) of 675 cells (i.e., 0.068 U thtaspase-9).
<Fig. 4>

In the presence of cisplatin, the morphology of [@&<¢ells is changed from the
stretching/adhesive state to the shrinkage stdtwlled state with the increasing
concentration of cisplatin, which demonstrates dkeurrence of cisplatin-induced
cell apoptosis. The SW480 cells shows negligibleanges of morphology and
adhesive behavior when the cells are treated blyigts as 100uM cisplatin. The
results indicates that SW480 cells have strongaspiatin capability. Furthermore,
the MG-63 cells exhibit a viability of 82% with BM cisplatin and a viability of 23%
with 100uM cisplatin, while SW480 cells still shows a viatyilof 75% with 100uM
cisplatin  (as shown in Fig. S12). This phenomenomggssts that
UCNP@SIQ@Cy5-pep could be used to evaluate efficiency df-@ncer drug
through monitoring the intracellular caspase-9vitgtievel of cells.

In order to further validate that the red UCL enuss recovery of

15
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UCNP@SIQ@Cy5-pep is caused by eliminating FRET system tjinahe cleavage
of Cy5-pep by caspase-9, UCNP@S@Cy5-pep stained MG-63 cells were treated
with 100 uM cisplatin plus 50uM Ac-LEHD-FMK. As expected, the red UCL
emission recovery of UCNP@SI@Cy5-pep is suppressed significantly by the
Ac-LEHD-FMK (as shown in Fig. 4). In addition, th&c-LEHD-FMK shows no
obvious cytotoxicity towards MG-63 cells (as showrFig. S13). The result further
confirms the validity and practicability of the U®GSIQ@Cy5-pep for

intracellular caspase-9 detection.

3.4. In vivo caspase-9 activity detection.

<Fig. 5>

Examination of caspase-9 activity in vivo would yide a valuable parameter for
therapeutic efficiency evaluation and drug scregrsince caspase-9 activation is
triggered by apoptotic signaling events. The BALBIce bearing xenograft MG-63
tumor model and SW480 tumor model were establisbedesting the capability of
UCNP@SIQ@Cy5-pep to monitor caspase-9 activity in vivo. \Wihiee volumes of
tumors reached about 40 mMmthe MG-63 tumor-bearing mice or SW480
tumor-bearing mice were randomly divided into twoups, which were treated by
cisplatin (5 mg kg bodyweight) or saline through intratumoral injectj respectively.
After cisplatin or saline treatment, the tumor-begmice were injected intravenously
with 6 mg UCNP@Si@@Cy5-pep in 200 pL saline (0.9 wt% NaCl) throughwain.

The in vivo UCL signals of tumor sites were colkzttat different time points of
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post-injection (as shown in Fig. S14 and S15). l@rigreen UCL signals were
observed at tumor sites of all mice after 1 h ingeg indicating that
UCNP@SIQ@Cy5-pep were accumulated in the tumor tissue. Ri& values of
cisplatin treated tumors are increased whthprolongation of time after injection, and
saturated at 12 h post-injection, while the R/Quegalof saline treated tumors exhibits
negligible changes (as shown in Fig. 5) . In patég the maximum R/G value of
cisplatin treated MG-63 tumor is 1.7 times higheart that of cisplatin treated SW480
tumor. The result demonstrates that UCNP@@&QOy5-pep has the ability to detect

caspase-9 activity in vivo.

3.5. In vivo toxicity evaluation.

The healthy mice were intravenously injected with single dose of
UCNP@SIQ@Cy5-pep and sacrificed at 30 days post-injectibhe histology
analysis demonstrates that there are negligibtig¢isiamage and adverse effect of
UCNP@SIQ@Cy5-pep on major organs including heart, livedesp, lung, and
kidneys (as shown in Fig. S16). The biosafety oNP@SIQ@Cy5-pep was also
examined by blood biochemistry assay. There wasigmificant difference in blood
composition between healthy mouse and UCNP @®&IOy5-pep-treated mouse (as
shown in Table S2). The results further confirmede tlow toxicity of

UCNP@SIQ@Cy5-pep.
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4. Conclusion

In summary, UCNP@Sis®Cy5-pep has been synthesized through conjugation o
Cy5 modified caspase-9 peptide substrate on the RISINface, which is used as a
biocompatible FRET sensing platform for the detettf caspase-9 activity both in
vitro and in vivo. The real-time monitoring of case-9 activity in vivo plays
important role in diseases prognosis and anti-catheeys development. Considering
the excellent FRET property, good colloidal stapiland low cytotoxicity of
as-prepared UCNP@Si@Cy5-pep, it is very suitable for in real time ntoning of
caspase-9 activity in vivo. In the proof of prinei@xperiment, we demonstrated that
the UCNP@SIQ@Cy5-pep can be employed to distinguish cisplatathated
changes of intracellular caspase-9 activities iffedint cells. Moreover, the
practicability of UCNP@Si@@Cy5-pep is examined by in vivo visualization of
caspase-9  activities in  cisplatin  pretreated mdeseing  tumors.
UCNP@SIQ@Cy5-pep could be served as a powerful sensingfoptat for
bioanalytical and biomedical applications such asitoring of apoptotic process and

discovery of apoptosis-targeted drug and evaluatfanti-cancer drug efficacy.
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Figure captions:

Sch. 1 The schematic representation of UCNP-based FRET semdatfiprm for the
detection of caspase-9 activity both in vitro amdivo.

Fig. 1. TEM micrographs of (a) NaYF Yb**, EF" UCNP, (b) NaYk Yb*,
Er*@NaGdR UCNP, and (c) UCNP@SiQrespectively. The scale bars are 100 nm.
The corresponding size and size distribution ofttinee types of NPs (d—f).

Fig. 2. (@) The UCL fluorescence spectra of NaY¥b**, EF* UCNP, NaYhk: Yb*,
Er*@NaGdl UCNP, and UCNP@SIO respectively. (b) The UCL fluorescence
spectra of UCNP@SiDand UCNP@SIg@Cy5-pep conjugates at different mass
ratio of Cy5-pep to UCNP@SJRy) and the insert graph is the fluorescence
guenching efficiency of UCNP @ Sj@ Cy5-pep conjugates at different.R

Fig. 3. UCL images of UCNP@SiK®Cy5-pep stained MG-63 cells (a-e), SW480
cells (f-j) treated with various concentrationsaidplatin for 12 h. The images are
obtained from bright-field mode (a, f), UCL gredmanel (b, g), UCL red channel (c,
h), merged images of bright-field and UCL greenncte (d, i) and merged images of
bright-field and UCL red channel (e, j) respectwelhe scale bars are 20n. The
UCL fluorescence spectra of UCNP@Z@Cy5-pep stained various amounts of
MG-63 cells which were treated with 1@ cisplatin for 12 h (m) and the R/G
values as a function of the logarithm of MG-63 ceiinbers (n).

Fig. 4. UCL images of UCNP@Sis@mCy5-pep stained MG-63 cells treated with 100
uM cisplatin in the presence of Ac-LEHD-FMK. The iges are obtained from
bright-field mode (a), UCL green channel (b), U@HM channel (c), merged images of
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508  bright-field and UCL green channel (d) and mergeddes of bright-field and UCL
509 red channel (e), respectively. The scale bars@gar2

510 Fig. 5. Comparison between the MG-63 tumors (a) and SWdBtrs (b) treated
511  with cisplatin and saline by the ratio of red enusswith green emission of UCL (n =

512 3).

23



Counts
o

39.1+28

37 39 41 45
Size (nm)

44 46 48 50 52 54
Size (nm)

Counts

49 52 55
Size (nm)



Q

Intensity (a.u.)

—— UCNP core NaYF,Yb*", Er*

8000, —re
6000+
4000+
20001
o= A
400 600 700

Wavelength (nm)

—~

Intensity (a.u

2500Zs0 . Rg

i - ——0.01
2000z -y

£ —0.04

w0 ——0.08
1500- 0.00 0.04 Ogi 0.12 0.16 —g:||6
1000+

- N A
0 A
400 500 600 700
Wavelength (nm)




Cisplatin Cisplatin
0 uM 5uM 10uM  20pM 100 uM ¢ 0 uM 5uM 10 uM
~ €T 22 s 3 .

20 yM 100 uM

m n
1200 4 Cell numbers (x 10%) 0.164
—0
—~1000{—5 0.14
) —10
® 8004{— 20 0.12-
= ——50 o
P —— 100 ~ i
- 6001 150 & 0.10
8 400+ 0.08-
=
200 0.06
0 —A A 0.04
400 500 600 700 35 40 45 50 55 60

Wavelength (nm) Log (cell numbers)






a

R/IG

0.6 -
—a— Saline
—e— Cisplatin
0.54
0.44
0.3
0.2+
- 3
— d
0.1 T T T T
0 5 10 15 20 25

Time (hours)

b o6 _
—=— Saline
—e— Cisplatin
0.5+
Q 0.4+
o
0.3
0.2
— —
0.1 T T T T T
0 5 10 15 20 25

Time (hours)




i

Core-shell "o = AN 4
ore-shel TEOS
‘ _ [———— 4 000 — cooy ==
CTES / Cy5-pep 4
core core@shell on" / q’q(, +
§ % b
UCNP@SIO, UCNP@SIiO,@Cy5-pep
o
.
x{ ¥
FRET
+
it
+
* +!\ \,+ A541 nm

High RIG



Highlights:

A peptide-functionalized upconversion@silica nanoparticle-based fluorescence
resonance energy transfer sensing platform (UCNP@SIO,@Cy5-pep) has been
fabricated for the detection of caspase-9 activity in vitro and in vivo.

It is demonstrated that the cisplatin induce enhancement of intracellular caspase-9
activities in  different cells can be distinguished effectively by
UCNP@Si O,@Cy5-pep.

The practicability of UCNP@SiO,@Cy5-pep is examined by in vivo visualization of

caspase-9 activities in mouse-bearing cisplatin pretreated tumors.



Credit Author Statement

Author Agreement Form — (Biosensors & Bioelectrsipic

Manuscript Title:
Peptide-functionalized Upconversion Nanoparticlasdal FRET Sensing Platform for
Caspase-9 Activity Detection in vitro and in vivo

List of all Authors:
Lin Liu, Hua Zhang, Zhenxin Wang, Dagian Song

Corresponding Author:
Hua Zhang, Dagian Song

This statement is to certify that all authors haeen and approved the manuscript
being submitted, have contributed significantlythe work, attest to the validity and

legitimacy of the data and its interpretation, aagtee to its submission to the

Biosensors & Bioelectronics.

We attest that the article is the Authors' origimabrk, has not received prior
publication and is not under consideration for prdtion elsewhere. We adhere to the
statement of ethical publishing as appears in tbeddisors & Bioelectronics.

On behalf of all Co-Authors, the corresponding Awrtkhall bear full responsibility
for the submission. Any changes to the list of arghincluding changes in order,
additions or removals will require the submissidnaonew author agreement form
approved and signed by all the original and adddxingtting authors.

All authors are requested to disclose any actuapatential conflict of interest

including any financial, personal or other relasbips with other people or
organizations within three years of beginning themitted work that could

inappropriately influence, or be perceived to iefiae, their work. If there are no
conflicts of interest, the COI should read: “Thdhaus report no relationships that
could be construed as a conflict of interest”.



