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GRAPHICAL ABSTRACT

We develop a covalent biofunctionalization strategy of MoS, NSs with high conjugation efficiency of peptides for intracellular caspase-3 activity detection.

Mos, MoS,@PDA MoS,@PDA-PEG MoS,@PDA-PEG-Peptides
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Article history: Intracellular detection of caspase-3 activity is crucial for the study of cell apoptosis and caspase-3 related
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physiological environments. As novel two-dimentional (2D) nanomaterials, MoS, nanosheets (NSs) have

shown great potential for biosensing due to their unique properties. Herein, we develop a versatile yet

ﬁg;’mgss" facile covalent biofucntionalization strategy of MoS, NSs by utilizing polydopamine (PDA) as nano-bio
Polycz'lopamine interface, and construct an intracellular fluorescent biosensor (MoS,@PDA-PEG-Peptide, MPPP) for the
Caspase-3 determination of caspase-3 activity. This covalent biofunctionalization of MoS, NSs can significantly

Covalent biofunctionalization
Biosensor

improve the conjugation efficiency of biomolecules and enhance their stability in complicated environ-
ments, which is much better than conventional biofunctionalization by using thiol-metal coordination.
Furthermore, this novel caspase-3 biosensor based on peptides biofunctionalized MoS, NSs shows high
sensitivity and selectivity for the detection of caspase-3 with a limit of detection (LOD) of 0.33 ng/mL,
and can be used for high-contrast fluorescent imaging of cell apoptosis.
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1. Introduction

Caspase-3, a cysteine-aspartic proteases, is a key mediator of
apoptosis in various cells and its activation has been considered
as an important hallmark that cells enter into the apoptosis process
[1]. The deregulation of caspase-3 relates to various human dis-
eases, such as cancers and neurodegenerative diseases, and the
in situ detection of caspase-3 activity in cells is essential to study
the cell apoptosis process of these diseases [2,3]. As a powerful
technique for the intracellular detection of biomolecules and visu-
alization of biological processes, fluorescent biosensing has been
used for the determination of intracellular caspase-3 activity
owing to their high sensitivity, specificity, and versatility [4-7].

Recently, nanomaterials with excellent fluorescence emitting or
quenching properties have been explored as fluorescent biosensors
for the detection of caspase-3 activity [3,8-10]. In order to con-
struct nanobiosensors, several biofunctionalization methods have
been used to conjugate biomolecules to functionalize nanomateri-
als, such as metal-affinity coordination and carbodiimide
crosslinking chemistry (EDC/NHS). For example, thiol terminated
peptides have been conjugated to the surface of metal nanomate-
rials, including Au nanoparticles, [11] Au nanoclusters, [12] Au
nanorods, [13] and etc., to construct intracellular protease biosen-
sors via thiol-metal coordination. However, thiol-metal coordina-
tion is not strong enough and thiol-terminated peptides can be
displaced by intracellular thiol-containing biomolecules through
thiol exchange reaction, resulting in non-specific signals [14].
Besides, Medintz et al. utilized EDC/NHS chemistry to activate car-
boxylic acid groups on quantum dots (QDs) for covalently conju-
gating peptides [15]. Wang et al. used the similar method to
construct peptides functionalized graphene oxide (GO) biosensor
for the detection of caspase-3 activity [8]. However, EDC/NHS acti-
vation method often suffers from complicated operation and low
efficiency. Hence, a facile and efficient biofunctionalization method
to construct peptides conjugated nanobiosensors for intracellular
caspase-3 activity detection is still needed.

MoS, nanosheets (NSs), as an inorganic graphene analog, is
made up of a layer of Mo atoms sandwiched between two layers
of S atoms [16]. Owing to their high surface-to-volume ratio, strong
fluorescence quenching ability, and excellent biocompatibility,
MoS, NSs have been widely used to construct various biosensors
for the detection of enzymes, proteins, nucleic acids, glucose, and
soon [17-19]. Nonetheless, proper surface functionalization is still
essential to enable them with required biological functions and
colloidal stability. Up to now, many biofunctionalization methods
have been developed for the construction of MoS, NSs-based
biosensors, including hydrophobic interaction, van der Waals force,
electrostatic attraction, and thiol coordination [20-22]. Neverthe-
less, these interactions are non-covalent and relatively weak, and
the detachment of biomolecules from MoS, NSs is inevitable,
which may seriously influence the sensitivity, stability, specificity,
and biocompatibility of the MoS, NSs-based biosensors, and
greatly limit their application in complicated environments, espe-
cially for the intracellular sensing [21-24]. Therefore, it is neces-
sary to develop an efficient biofunctionalization approach to
construct high-performance biosensors based on MoS, NSs.

Polydopamine (PDA), a mussel-inspired polymer, has been
recognized as the most versatile materials for surface functional-
ization of almost all kinds of materials [25]. Besides their excel-
lent adhesive ability and facile coating process, PDA also has
plenty of reactive catechol groups which greatly facilitate further
chemical reactions with thiol-terminated biomolecules via facile
Michael addition reaction [25-27]. Therefore, PDA coating pro-
vides a feasible way for covalent biofunctionalization of nanoma-
terials, holding great potential in constructing high-performance
biosensors.

Herein, we developed a covalent biofucntionalization strategy
of MoS, NSs for efficient conjugation of peptides by utilizing PDA
as nano-bio interface, and constructed an intracellular fluorescent
biosensor for the determination of caspase-3 activity. As shown in
Scheme 1a, after PDA coating and PEGylation, fluorescein (FAM)-
labelled substrate peptide with caspase-3 specific cleavage
sequence DEVD (Asp-Glu-Val-Asp) and cell-penetrating peptide
(TAT), are conjugated to MoS,@PDA NSs covalently via Michael
addition reaction between thiol groups from peptides and catechol
groups of PDA. This MoS,@PDA-PEG-Peptide (MPPP) biosensor is
based on fluorescence resonance energy transfer (FRET) with
FAM as donor and MoS, NSs as acceptor. During cell apoptosis,
caspase-3 is activated to cleave the substrate peptide and the
FAM is released from MoS, NSs (Scheme 1b), which results in the
fluorescence recovery of the MPPP biosensor and enables the visu-
alization of the intracellular apoptosis process.

2. Experimental section
2.1. Materials and characterizations

Molybdenum (IV) sulfide (MoS,) powder (<2 pm, 99%), recom-
binant human caspase-3 (active form, 10 pg), bovine serum albu-
min (BSA), human serum albumin (HSA), L-Glutathione reduced
and transferrin human were purchased from Sigma-Aldrich
(USA). The n-butyllithium (n-BuLi, 2.4 M heaxane solution) was
obtained from Amethyst (China). Methoxy-poly(ethylene glycol)
with a thiol group (PEG-SH, MW =5000) was obtained from
JenKem Technology Co. Ltd. (China). Caspase-3 inhibitor
(Z-DEVD-FMK) and Caspase-3 Colorimetric Assay Kit were
purchased from R&D Systems (USA). Staurosporine (STS) and 3-
[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonic acid
(CHAPS) were purchased from MedChem Express (USA). Lactate
dehydrogenase (LDH)-Cytotoxicity Assay Kit was purchased from
Biovision (USA). Synthetic peptides including FAM-labelled
caspase-3 substrate peptide (CCKKGGDEVDK-FAM, P1) and cell-
penetrating peptide (CCKKGGGRKKRRQRRR, P2) were obtained
from GL Biochem (China). Dopamine hydrochloride was purchased
from Alfa Aesar (USA). All of other reagents were of analytical
grade. All solutions were prepared using ultrapure water
(18.2 MQ, Millipore).

Transmission electron microscopy (TEM) images were obtained
by HT7700 (Hitachi, Japan) with acceleration voltage of 120 kV.
Atomic force microscopy (AFM) images were acquired on Nano-
scope Illa (Bruker, USA). The UV-vis-NIR absorption spectra were
recorded on a UV-3600 spectrophotometer (Shimadzu, Japan).
Photoluminescence spectra were obtained using a RF-5301PC
spectrophotometer (Shimadzu, Japan). X-ray photoelectron spec-
troscopy (XPS) was performed on a PHI 5000 VersaProbe with an
A1l Ko (hv = 1486.6 eV) X-ray source (Ulvac-Phi, Japan) [28]. Mea-
surements were taken at a taken-off angle of 45 °C with respect to
the sample surface. Infrared spectra were obtained from a Perkin-
Elmer 1600 series FT-IR spectrophotometer. The Zeta potential of
the nanosheets were all recorded on a ZetaPALS Potential Analyzer
(Brookhaven, America). CLSM images were taken on Olympus
FLUOVIEW 1000 (Olympus, Japan). Flow cytometry analysis was
conducted on FlowSight Imaging Flow Cytometer (Merck Millipore,
Germany).

2.2. Preparation of MoS, NSs and PDA coated MoS, (MP) NSs

Monolayer MoS; NSs were exfoliated from the bulk MoS, pow-
der by ultrasonication enhanced lithium intercalation approach
reported in our previous work [29]. The PDA coated MoS, (MP)
NSs were prepared by ultrasonication assisted polymerization of
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Scheme 1. (a) Preparation of polydopamine coated MoS, (MoS,@PDA NSs, MP NSs), subsequently PEG modification (MoS,@PDA-PEG NSs, MPP NSs), and finally the
construction of peptides biofunctionalized biosensor (MoS,@PDA-PEG-Peptide NSs, MPPP NSs). (b) Schematic illustration for intracellular caspase-3 detection based on MPPP

biosensor in apoptotic cells.

dopamine at a weak alkaline condition. Typically, 10 mL of MoS,
NSs aqueous dispersion (100 pg/mL) was added into 40 mL of
Tris-HCI buffer (10 mM, pH =8.5) with stirring. Then 5.9 mg of
dopamine hydrochloride was added and subsequently the mixed
solution underwent ultrasonication (53 kHz, 180 W) for 1 h. The
MP NSs were collected after centrifugation at 12,000 rpm for
30 min and washed with ultrapure water for three times.

2.3. Preparation of MPP NSs and construction of the MPPP biosensor

The thiol-terminated PEG conjugated MP NSs (MPP NSs) were
prepared by adding 30 mg PEG-SH into 21 mL of Tris-HCl solution
(10 mM, pH = 8.5) containing 6 mL of 160 pg/mL of MP NSs. Then
the reaction mixture was stirred at room temperature for 12 h.
After that, the mixture was centrifuged at 12,000 rpm for 30 min.
The obtained precipitates were dispersed in ultrapure water and
centrifuged for another three times. For construction of the MPPP
biosensor, 92.4 pL of 1 mg/mL P1 and 59.2 pL of 1 mg/mL P2 were
added into 21 mL of 10 mM Tris-HCl solution (pH = 8.5) containing
3 mL of 160 pg/mL MPP NSs. After the mixture being stirred for
12 h at 37 °C, excessive peptides were removed by repeated cen-
trifugations at 21,000 rpm for 15 min. The obtained precipitates
were dispersed in Tris-HCl buffer (10 mM, pH=8.5) and cen-
trifuged until there was no fluorescence in the supernatant. The
final product of MPPP NSs was dispersed in ultrapure water and
stored at 4 °C.

2.4. Evaluating the efficiency of peptide conjugation to MoS, NSs or
MoS,@PDA NS

Firstly, MoS,-P1 and MoS,@PDA-P1 NSs were prepared by add-
ing 120 pL of MoS, NSs or MoS,@PDA NSs (100 pg/mL) into 849 L
of Tris-HCl solution (10 mM, pH =8.5) containing 31 pL of P1
(1 mg/mL), and then the reaction mixtures were stirred at
600 rpm for 12 h at 37 °C. After that, the mixtures were centrifuged
at 21,000 rpm for 20 min. The obtained precipitates were dispersed

in Tris-HCl solution (10 mM, pH = 8.5) and centrifuged for several
times. Then MoS,-P1, MoS,@PDA-P1, MoS, and MoS,@PDA NSs
with the same concentration of MoS, were characterized by UV-
vis-NIR spectroscopy at 495 nm. The relative efficiency of peptides
conjugated to MP NSs or MoS, NSs was calculated as follows:

AMOSZ@PDA—P] - AMGSZ@?PDA
= x 100%
AMoSZ—P] - AMUSZ

2.5. Quantify the coverage of PEG-SH on the surface of MP NSs

Briefly, 24 pL of MP NSs (1 mM) were reacted with different
concentrations of PEG-SH (final concentrations ranging from
0.06 mM to 30 mM). After being centrifuged at 21,000 rpm for
20 min and washed for another three times, the collected super-
natants were diluted to 800 pL. Then 50 pL aliquot of the super-
natant was added to phosphate buffer (0.1 M, pH = 8.0, 1415 pL),
and 35 pL of Ellman’s reagent (5 mg/mL in the phosphate buffer)
was subsequently added and mixed for 10 min. The absorbance
of the mixture at 412 nm was measured and the concentration of
thiol group (PEG-SH) was acluculated according to a standard
curve. The coverage rate of PEG-SH on MP NSs can be calculated
as follows: & =n/n;, where n represents the amount of PEG-SH
conjugated to MP NSs, and n,;, represents the maximum amount
of PEG-SH that can fully occupy the available catechol sites on
MP NSs.

2.6. In vitro detection of caspase-3 activity using MPPP biosensor

In a typical caspase-3 activity assay, 12.5 pL of MPPP biosensor
(160 pg/mL) was diluted to 8 pg/mL by caspase-3 assay buffer
(containing 50 mM HEPES (pH = 7.4), 100 mM NaCl, 1 mM EDTA,
10% glycerol, and 0.1% CHAPS), then different volumes of
caspase-3 (final concentrations ranging from 0, 2, 4, 8, 16, 32, 48,
60, 120, 240, to 360 ng/mL) were added and incubated at 37 °C
for 12 h. As controls, the MPPP biosensor was incubated without
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caspase-3, or it was pretreated with Z-DEVD-FMK (100 uM) and
then incubated with caspase-3 (360 ng/mL) for 60 min at 37 °C.
Then the time-dependent fluorescence spectra of the MPPP biosen-
sor were recorded after the addition of 45 puL of caspase-3 (2 ng/
mL) to 192.5 uL of caspase-3 assay buffer containing 12.5 pL of
the MPPP biosensor (160 pg/mL) at scheduled time points. The
selectivity was evaluated by incubating MPPP biosensor with
caspase-3 (10 nM) and other species including BSA, HSA, GSH, pep-
sin, L-cysteine, and transferrin of 1 pM at 37 °C for 60 min. The flu-
orescence spectra were collected from 500 to 620 nm with the
excitation wavelength of 480 nm.

2.7. Cell culture

The human cervical carcinoma (HeLa) cells were obtained from
KeyGEN BioTECH. HeLa cells were cultured in DMEM medium
(KeyGEN BioTECH) in a humidified incubator at 37 °C with 5%
CO,. The medium was supplemented with 10% fetal bovin serum
(FBS, Cellsera), 0.08 mg/mL streptomycin and 80 U/mL penicillin.

2.8. Cytotoxicity assessment of the MPPP biosensor

The cytotoxicity of the MPPP biosensor was evaluated by the LDH-
Cytotoxicity Assay Kit. Briefly, HeLa cells were seeded on the 96-well
plate with the density of 1.0 x 10* per well and incubated for 12 h,
and then the culture medium was replaced with 100 uL MPPP
biosensor of different concentrations (0, 4, 8, 16, 32, 64, 128 pg/mL)
suspended in the fresh DMEM medium without FBS. Notably, HeLa
cells cultured without any MPPP biosensor were set as the low con-
trol, and cells cultured with DMEM medium containing 1% Triton
X-100 acted as the high control. After incubating for 24 h, 50 pL of
supernatant in each well was transferred cautiously into an optical
clear 96-well plate, and 100 pL of reaction mixtures (containing
0.25 mL of catalyst solution and 11.25 mL of dye solution) were
added to each well. The plate was incubated for 30 min at room tem-
perature in the dark. The absorbance of all samples was measured at
495 nm using a microtiter plate reader (PowerWave XS2). The viabil-
ity of cells was calculated using the formula as follows:

test sample — low control

Ce o o
Cell viability (%) = 100% high control — low control

x 100%

2.9. Colorimetric assay of caspase-3 activity in cell extracts

Hela cells (5.0 x 10°) were plated in 35 mm-diameter cell cul-
ture dishes and incubated with 2 pM of staurosporine (STS) for
2 h to induce apoptosis. Cells were washed gently with cold PBS
(10 mM, pH = 7.4) and collected by centrifugation in conical tubes
at 500 rpm for 2 min. After gently removed the supernatants, the
cell pellets were lysed by the addition of lysis buffer (25 pL per
10° cells) and incubated on ice for 15 min. Following centrifugation
at 10,000 rpm for 10 min, the supernatants were transferred to new
tubes and kept on ice. The enzyme reaction for caspase-3 activity
was performed in a 96 well flat bottom microplate with each well
containing 60 pL of cell lysate, 50 pL of reaction buffer, and 2.5 pL
of caspase-3 colorimetric substrate (DEVD-pNA). Finally, the mix-
tures were incubated at 37 °C for 2 h, and afterwards detected by
a microtiter reader at the wavelength of 405 nm. All of the experi-
ments were repeated at least for three times.

2.10. Confocal laser scanning microscope (CLSM) imaging of cell
apoptosis

HeLa cells (2.0 x 10*) were seeded into confocal dishes with
10 mm bottom well for 24 h. When the cells were about 80% con-

fluent, they were washed with PBS (10 mM, pH =7.4) for three
times and treated with fresh culture medium containing 8 pg/mL
of MPPP biosensor. After incubation for 3 h, the medium was
removed and each dish was washed twice with cold PBS (10 mM,
pH = 7.4). After that, the medium was replaced with fresh medium
containing STS (2 uM) and incubated for 4 h at 37 °C. For inhibitor
group, Z-DEVD-FMK (100 pM) was used to pretreat HeLa cells for
1 h before the addition of STS (2 uM, 4 h). For the negative group,
neither STS nor Z-DEVD-FMK was involved. Subsequently, the cells
were visualized on a confocal laser scanning microscope. The fluo-
rescence of released FAM in HeLa cells was collected from 500 nm
to 600 nm with 488 nm excitation.

2.11. Flow cytometry for caspase-3 activity detection

Hela cells (5.0 x 10%) were plated in 35 mm-diameter cell cul-
ture dishes for 24 h and then incubated with the MPPP biosensor
(8 pg/mL) for 3 h. Meanwhile, HeLa cells without any treatment
served as control. After being washed twice by the cold PBS
(10 mM, pH=74), cells were incubated with STS (2 uM) for
another 4 h at 37 °C. As for the inhibitor group, cells were pre-
treated with Z-DEVD-FMK (100 uM) for 1 h and then incubated
with STS (2 uM) for 4 h. Then the Hela cells were digested, col-
lected, and resuspended in fresh DMEM medium, and the collected
cells were analyzed by flow cytometry.

3. Results and discussion

3.1. Biofunctionalization of MoS, NSs and the construction of Caspase-
3 biosensor

Monolayer MoS, NSs were exfoliated from natural MoS, pow-
der by ultrasonication enhanced lithium intercalation method
[29]. Then PDA was coated on the surface of MoS, NSs via ultrason-
ication assisted polymerization of dopamine to prepare MoS,@PDA
nanosheets (MP NSs). To further enhance the biocompatibility and
reduce the nonspecific adsorption, thiol-terminated poly (ethylene
glycol) (PEG-SH) was conjugated to the surface of MoS,@PDA NSs
to form MoS,@PDA-PEG nanosheets (MPP NSs). Then, dye-
labelled substrate peptide (CCKKGGDEVDK-FAM, P1) with
caspase-3 specific cleavage site and cell-penetrating peptide
(TAT, CCKKGGGRKKRRQRRR, P2) were conjugated to MPP NSs to
form MPPP NSs via Michael addition reaction between thiol groups
from peptides and catechol groups of PDA. The cell-penetrating
peptide (TAT) with positive charge can be utilized to improve the
efficiency of intracellular delivery and endosomal escape [30,31].

The morphology of the as-prepared MoS, NSs, MP NSs, MPP
NSs, and MPPP NSs were characterized by TEM and AFM. As the
TEM images and size distribution stastics histograms shown in
Fig. 1a-d and Fig. ST1a-d, all of the samples have uniform sheet-
like morphology with the average sizes ranging from about
188 nm to 208 nm. The AFM image (Fig. 1e and Fig. S1e) shows that
the thickness of MoS, NSs before surface functionalization is about
1.32 nm, which is consistent with previously reported thickness of
the monolayer MoS; NSs prepared by chemical exfoliation [29,32].
The thickness of MP NSs (Fig. 1f and Fig. S1f) and MPP NSs (Fig. 1g
and Fig. S1g) increases to about 5.18 nm and 5.70 nm, due to the
coating of PDA and PEG, respectively. Moreover, the average thick-
ness of the MPPP NSs (Fig. 1h and Fig. S1h) further increases to
about 7.67 nm, which can be ascribed to the successful conjugation
of caspase-3 substrate peptide (P1), TAT peptide (P2), and PEG [8].

The ultraviolet-visible-near infrared (UV-vis-NIR) spectra of
MoS, NSs, MP NSs, MPP NSs and MPPP NSs are showed in
Fig. 2a. There is a broad absorption band of the monolayer MoS,
NSs from UV to NIR region [21]. After PDA coating, the absorbance



100 X. Li et al./Journal of Colloid and Interface Science 543 (2019) 96-105

Fig. 1. Transmission electron microscopy (TEM) images (a-d), and atomic force microscopy (AFM) images (e-h) of MoS, NSs (a, e), MP NSs (b, f), MPP NSs (c, g) and MPPP NSs
(d, h).
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Fig. 2. (a) Ultraviolet-visible-near infrared (UV-vis-NIR) absorption spectra, (b) Zeta potential, (c) Fourier transform infrared spectroscopy (FT-IR) spectra, and (d) X-ray
photoelectron spectroscopy (XPS) spectra of MoS, NSs, MP NSs, MPP NSs, and MPPP NSs. The values of zeta potential are presented as average + standard deviation (S.D.) from
three independent measurements.
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of MP NSs slightly increases, resulting from the polymerized dopa-
mine [25]. As shown in Fig. 2b, the zeta potential of MoS, NSs is
about —31.5 mV, which shifts to —20.8 mV after PDA coating, due
to the deprotonation of phenolic hydroxyl groups of PDA and the
shielding effect [25,33-34]. With the modification of PEG, the zeta
potential of MPP NSs further increases to —18.7 mV, which origi-
nates from the existence of electroneutral PEG. After the conjuga-
tion of peptides, the zeta potential of MPPP NSs further increases
by 10 mV with respect to MPP NSs, which can be ascribed to the
positive charge of TAT [31]. Then Fourier transform infrared (FT-
IR) spectroscopy is used to verify the chemical structures of MoS,
NSs, MP NSs, MPP NSs, and MPPP NSs. As shown in Fig. 2c, in con-
trast with the as-prepared MoS, NSs, the additional IR peak for MP
NSs at 1617 cm™! originates from the bending vibration of N—H
and the stretching vibration of C=C, [34,35] suggesting the pres-
ence of PDA on the MoS;, NSs. After PEG conjugating, the newly
emerged IR peaks at 2850 cm™}, 2920 cm™!, and 1090 cm™~! can
be assigned to the symmetric stretching of C—H, the asymmetric
stretching of C—H, and the stretching vibrations of C—0—C, respec-
tively, [36] confirming the successful conjugation of PEG to MP
NSs. Furthermore, for MPPP NSs, the IR absorption bands at
2900 cm~! and 1628 cm™! result from the C—H stretching [8]
and B-sheet of amide I [37], respectively, demonstrating the suc-
cessful peptide biofunctionalization of MPP NSs. X-ray photoelec-
tron spectroscopy (XPS) is used to further analyze the
compositions and chemical states of the MoS, NSs after different
surface functionalization methods. As shown in Fig. 2d, the survey
XPS spectra indicates that MoS; NSs are composed of Mo and S ele-
ments with peaks located at about 413 eV, 395 eV, 229 eV, and
162 eV, which are corresponding to Mo 3p;2, Mo 3psj2, Mo 3d,
and S 2p, respectively [21,38]. Owing to the coating of PDA on
MoS, NSs, the peak intensities of Mo and S decrease in MP NSs.
The appearance of the N 1s peak at 400 eV further confirms the
existence of PDA on MoS, NSs [34,39]. According to the binding
energies of carbon species and sulfur species shown in Table S1,
the C 1s and S 2p core-level XPS spectrums can be deconvoluted
into four components and five components, respectively [26,40-
42]. As shown in Fig. S2 and Table S2, the content of C—0O bond
in MPP NSs (37.25%) significantly increased in comparison with
MP NSs (13.14%), verifying the successful conjugation of PEG-SH
on MP NSs. Moreover, the contents of C=0 bond in MP NSs
(25.07%), MPP NSs (16.03%), and MPPP NSs (12.38%) gradually
decreased, which can be ascribed to the conversion of oxidized qui-
none groups to catechol groups during the Michael addition reac-
tion between thiol groups both in PEG and peptides and PDA in
MP NSs [25]. As shown in Fig. S3, after peptide biofunctionaliza-
tion, higher content of C—S bond in MPPP NSs (11.85%) than that
in MPP NSs (4.08%) further verifies the successful conjugation of
peptides on MPP NSs.

3.2. Efficient covalent biofunctionalization of MoS, NSs with PDA as
nano-bio interface

Due to the inert nature of atoms in the basal plane of MoS, NSs,
biofunctionalization of MoS, NSs by non-covalent interaction is not
reliable. Since PDA possesses both excellent adhesive capability
and versatile reactivity, it can serve as a nano-bio interface to inte-
grate biomolecules with MoS, NSs under mild reaction conditions.
The efficiency of covalent biofunctionalization of MoS, NSs with
PDA as interface was compared with the biofunctionalization by
using thiol-metal coordination. P1 biofunctionalized MoS, NSs
(MoS,-P1) via thiol-metal coordination and P1 biofunctionalized
MoS,@PDA NSs (MoS,@PDA-P1) by covalent bond were prepared
with the same concentration of MoS,. The UV-vis-NIR spectra of
P1, MoS,-P1 NSs, MoS,@PDA-P1 NSs, MoS, NSs, and MoS,@PDA
NSs were measured. As shown in Fig. 3a, P1 has an obvious charac-

teristic absorption peak at 495 nm originating from fluorescein
(FAM). Compared with MoS, NSs and MoS,@PDA NSs, the
increased absorbance at 495 nm of MoS,-P1 NSs and MoS,@PDA-
P1 NSs verifies the successful conjugation of P1. According to the
Lambert-Beer law, the amounts of P1 conjugated to the MoS; NSs
or MoS,@PDA NSs can be calculated. As shown in Table S3, the
amount of peptides conjugated to MoS,@PDA NSs by covalent bio-
functionalization method is 3.08 times to that of MoS, NSs via
thiol-metal coordination, indicating high conjugation efficiency of
covalent biofunctionalization of MoS, NSs by using PDA as nano-
bio interface. Moreover, we also evaluated the coverage rate of
PEG-SH on MP NSs by using Ellman’s assay [43-44]. As shown in
Fig. S4, the amount of PEG-SH conjugated to MP NSs gradually
increases with the amount of the added PEG-SH and reaches the
maximum near the molar ratio of 200:1 (Npgg-sy:Nmos2) due to
the complete occupation of the available catechol sites by PEG-
SH. Thus, PEG-SH coverage rate on MP NSs during the step of
PEG modification is calculated to be about 1.4%, indicating ade-
quate reactive catechol sites are still remained for further conjuga-
tion of peptides.

Furthermore, the colloidal stability of MoS, NSs using different
biofunctional methods was evaluated. After PEG modification,
peptides (P1 and P2) were further conjugated to MoS, NSs via
thiol-metal coordination and MoS,@PDA NSs by covalent bond,
respectively. The colloidal stability of MoS,-PEG-P1/P2
nanosheets (MPP’ NSs) and MoS,@PDA-PEG-P1/P2 nanosheets
(MPPP NSs) were evaluated in fetal bovine serum (FBS), phos-
phate buffer saline (PBS, pH = 7.4), and Dulbecco’s modified Eagle
medium (DMEM). As shown in Fig. 3b, MPP’ NSs almost aggre-
gated completely at the concentration of 20 pg/mL (MoS,) after
36 h storage at 4 °C. In contrast, MPPP NSs stayed clear, and no
aggregation was observed even after one month storage. The
greatly enhanced colloidal stability of MPPP NSs can be ascribed
to the high conjugation efficiency of thiol-PEG by covalent bio-
functionalization. Taken together, PDA provides an efficient and
versatile nano-bio interface for biomolecules conjugation to
MoS, NSs, and can improve the stability of MoS, NSs-based
biosensors, suggesting the distinct advantage of covalent biofunc-
tionalization strategy compared to non-covalent biofunctionaliza-
tion method.

3.3. In vitro detection of caspase-3 activity

In order to study the validity of the MPPP biosensor for caspase-
3 detection, in vitro enzymatic assays were performed. As shown in
Fig. 4a, the MPPP biosensor retains “off” state owing to the efficient
FRET from FAM to MP NSs, whereas the fluorescence intensity at
518 nm increases significantly after the addition of caspase-3,
due to the specific cleavage of peptide sequence DEVD by
caspase-3, resulting in the release of FAM from MPPP NSs and sub-
sequent recovery of fluorescence. Additionally, in the presence of
caspase-3 inhibitor (Z-DEVD-FMK), only very weak fluorescence
is observed, suggesting that the fluorescence recovery is a
caspase-3 specific event. Then the time-dependent fluorescence
response of MPPP biosensor was investigated. Fig. 4b shows that
the fluorescence intensity of MPPP biosensor gradually increases
with the presence of caspase-3 and reaches its maximum at
60 min. The response time of the MPPP biosensor is 60 min, which
is similar to other fluorescent caspase-3 nanobiosensors [9,13,45-
47]. As shown in Fig. 4c, the fluorescence intensity enhances lin-
early with the increased concentration of caspase-3 and the linear
range is from 2 ng/mL to 360 ng/mL with a limit of detection (LOD)
of 0.33 ng/mL, which is better than previous reports of intracellular
fluorescent caspase-3 biosensors (Table S4) [8-10,47]. Further-
more, the specificity of the MPPP biosensor was evaluated by mea-
suring the fluorescence response to other biomolecules possibly
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Fig. 3. (a) Ultraviolet-visible-near infrared (UV-vis-NIR) spectra of the caspase-3 substrate peptide (P1), MoS,@PDA-P1, MoS,-P1, MoS,@PDA, and MoS, NSs.
The concentrations of P1 is 2.4 pM and the concentration of MoS, in MoS,@PDA-P1, MoS,-P1, and MoS,@PDA dispersions are all 4.2 ug/mL. (b) Photographs of the
MoS,-PEG-P1/P2 (MPP’) and MoS,@PDA-PEG-P1/P2 (MPPP) NSs dispersed in pure fetal bovine serum (FBS), phosphate buffer saline (PBS, pH = 7.4), and Dulbecco’s modified
Eagle medium (DMEM) for 36 h at 4 °C. The concentrations of MoS, in all of the three samples are 20 pg/mL.
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Fig. 4. (a) Fluorescence spectra of the MPPP biosensor (8 pg/mL) in caspase-3 assay buffer, MPPP biosensor (8 pg/mL) with 360 ng/mL of caspase-3, MPPP biosensor (8 pg/mL)
with 360 ng/mL of caspase-3 plus 100 pM of caspase-3 inhibitor (Z-DEVD-FMK). (b) Time-dependent fluorescence response of the MPPP biosensor (8 pg/mL) at 518 nm in the
absence and presence of caspase-3 (360 ng/mL). (c) Fluorescence response of the MPPP biosensor in the presence of various concentrations of caspase-3. Inset: plot of relative
fluorescence intensity changes at 518 nm versus caspase-3 concentrations. (d) Relative fluorescence response of MPPP biosensor at 518 nm to caspase-3, bovine serum
albumin (BSA), human serum albumin (HSA), glutathione (GSH), pepsin, L-cysteine, and transferrin. Data are presented as average + standard deviation (SD) from three
independent measurements.

coexisting with caspase-3, including bovine serum albumin (BSA), cence recovery of MPPP biosensor to these species can be
human serum albumin (HSA), glutathione (GSH), pepsin, neglected, indicating high selectivity of the MPPP biosensor for

L-cysteine, and transferrin (Fig. 4d). Results show that the fluores- caspase-3 detection.
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Fig. 5. (a) Viability of HeLa cells after incubation with a range of concentrations of MPPP biosensors for 24 h determined by the LDH-Cytotoxicity Assay Kit. (b) Caspase-3
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deviation (SD) from three independent measurements.

The cytotoxicity of the MPPP biosensor was examined by the
LDH assay using human cervix carcinoma (HeLa) cells as model
(Fig. 5a). After incubating with different concentrations of the
MPPP biosensor up to 128 pg/mL for 24 h, HeLa cells still maintains
viability over 95%, suggesting that the MPPP biosensor possesses
good biocompatibility.

Since caspase-3 plays a significant role in cell apoptosis and can
be activated by the cell apoptosis inducer of staurosporine (STS),
[48] we then investigated whether caspase-3 could be activated
in HeLa cells after the treatment of STS by using a commercial
Caspase-3 Colorimetric Assay Kit. As shown in Fig. 5b, compared
with HelLa cells without STS, the absorbance at 405 nm increases
remarkably in apoptotic HelLa cells after treatment with STS
(2uM) for 2h at 37°C, suggesting significantly enhanced
caspase-3 activity during STS-induced cell apoptosis. In contrast,
HelLa cells pretreated with caspase-3 inhibitor (Z-DEVD-FMK,
100 uM) before STS treatment showed no obvious fluorescent sig-
nal, indicating that the fluorescence enhancement only happens in
the condition of caspase-3 activation.

Fluorescent Bright-field Merged

2l

A
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3.4. Intracellular detection of caspase-3 activity

The intracellular detection of caspase-3 activity by MPPP
biosensor was further explored in apoptotic HeLa cells. After incu-
bation with the MPPP biosensor (8 pg/mL) for 3 h at 37 °C, HelLa
cells were treated with or without STS for another 4 h. As shown
in Fig. 6a (Row 1), there is little fluorescence signal in the absence
of STS, indicative of limited caspase-3 activity in nonapoptotic cells
[8,9]. In sharp contrast, as shown in Fig. 6a (Row 2), after treated by
STS, very bright fluorescent images are achieved, thereby evidenc-
ing effective caspase-3 activation and specific peptide cleavage of
the MPPP biosensor in apoptotic cells. Furthermore, the control
group that Hela cells pretreated with caspase-3 inhibitor Z-
DEVD-FMK before incubating with STS shows little fluorescence
signal (Raw 3 in Fig. 6a), confirming the specificity of the MPPP
biosensor for intracellular detection of caspase-3 activity. More-
over, the Z-scanning confocal images were taken to visualize the
intracellular fluorescence distribution in HeLa cells (Fig. S5). It is
apparent that bright green fluorescence exists in the cytoplasm,

(b) 1.5 B Control
I MpPP
MPPP+Caspase-3

z 1.2 - I MPPP+Caspase-3
g +Inhibitor
=
=
2 0.9
=
=
o
N
= 0.6
g
o
S
4

0.3

0 - A—

0 10° 10¢
PL Intensity (a.u.)

Fig. 6. (a) Confocal laser scanning microscope (CLSM) images of HeLa cells treated with MPPP biosensor (8 pg/mL) for 3 h (Row 1), followed by being treated with STS (2 uM)
in the absence (Row 2) and presence (Row 3) of 100 pM of Z-DEVD-FMK. The scale bar is 20 um. (b) The normalized frequency of HeLa cells with different PL intensity after
incubation with no MPPP biosensor (green curve), 8 pig/mL MPPP biosensor (orange curve), 8 pg/mL MPPP biosensor and 2 M STS in the absence (yellow curve) and presence
(purple curve) of 100 pM Z-DEVD-FMK. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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which suggests that the MPPP biosensor can be efficiently translo-
cated to HeLa cells and act as intracellular caspase-3 biosensor for
high-contrast imaging of cell apoptosis.

Then the fluorescence signal caused by caspase-3 activation
was quantitatively studied by flow cytometry analysis via monitor-
ing the fluorescence of FAM. As shown in Fig. 6b, compared with
the control group without any treatment or the group only treated
by MPPP biosensor without STS, HeLa cells treated by MPPP
biosensor in the presence of STS show the strongest fluorescence
signal which is about three times of the group only treated by
MPPP biosensor. However, if cells are pretreated by Z-DEVD-FMK
before STS treatment, their fluorescence signal decreases by a half.
These results are consistent well with the confocal laser scanning
microscope (CLSM) imaging results and suggest that the MPPP
biosensor with “turn-on” feature has high sensitivity and selectiv-
ity for the intracellular detection of caspase-3 activity.

4. Conclusion

In this study, we developed a covalent biofucntionalization
strategy of MoS, NSs with high conjugation efficiency of peptides
by utilizing PDA as nano-bio interface, and constructed an intracel-
lular fluorescent biosensor for caspase-3 activity detection with
high sensitivity and selectivity. Benefitting from the covalent bio-
functionalization strategy, thiol-containing peptides and PEG can
be facilely conjugated to the surface of MoS,@PDA NSs, which sig-
nificantly improves the efficiency of peptides conjugation by 3.08
times of that via thiol-metal coordination, and greatly enhances
the colloidal stability of MoS,@PDA NSs in complicated biological
environments. In vitro assays revealed that MPPP biosensor pos-
sesses high sensitivity and selectivity for the detection of
caspase-3 activity with a linear range from 2 ng/mL to 360 ng/mL
and a limit of detection (LOD) of 0.33 ng/mL, which is better than
previous reports of intracellular fluorescent caspase-3 biosensors
[8-10,47]. Confocal laser scanning microscopy and flow cytometry
analysis results show that the MPPP biosensor can enter human
cervical carcinoma (HeLa) cells and serves as an efficient “turn-
on” intracellular fluorescent biosensor for caspase-3 detection. This
study not only demonstrates a novel intracellular fluorescent
caspase-3 biosensor based on MoS, NSs, but also provides a facile
and efficient covalent biofucntionalization strategy for the con-
struction of high-performance biosensors, which will further facil-
itate the construction of 2D multifunctional nanoplatform for
various biomedical applications.
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