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Yu Fu,® Lin Liu,® Xiaodong Li,P Hongda Chen, ©*c Zhenxin Wang,®
Wensheng Yang, 2 Hua Zhang @ *< and Huimao Zhang*®

Herein, a fluorescence turn-on nanosensor (MnlO@pep-FITC) has been proposed for detecting trypsin
activity in vitro and in vivo through covalently immobilizing an FITC modified peptide substrate of trypsin
(pep-FITC) on manganese-doped iron oxide nanoparticle (MnlO NP) surfaces via a polyethylene glycol
(PEG) crosslinker. The conjugation of pep-FITC with MnlO NPs results in the quenching of FITC
fluorescence. After trypsin cleavage, the FITC moiety is released from the MnlO NP surface, leading to
a remarkable recovery of FITC fluorescence signal. Under the optimum experimental conditions, the
recovery ratio of FITC fluorescence intensity is linearly dependent on the trypsin concentration in the
range of 2 to 100 ng mL™! in buffer and intracellular trypsin in the lysate of 5 x 10% to 1 x 10* HCT116
cells per mL, respectively. The detection limit of trypsin is 0.6 ng mL™* in buffer or 359 cells per mL
HCT116 cell lysate. The MnlO@pep-FITC is successfully employed to noninvasively monitor trypsin
activity in the ultrasmall (ca. 4.9 mm? in volume) BALB/c nude mouse-bearing HCT116 tumor by in vivo
fluorescence imaging with external magnetic field assistance, demonstrating that it has excellent

rsc.li/rsc-advances practicability.

1. Introduction

As paradigms of enzyme catalysis, serine (Ser) proteases play
critical roles in a variety of biological and physiological
processes such as cell differentiation, cell apoptosis, blood
coagulation, atherosclerosis, inflammation and cancer.*® The
Ser proteases normally contain a nucleophilic Ser residue at
their active site, which has nucleophilic activity against the
peptide bond resulting in the digestion of some proteins
implicated in vital activities. Trypsin (EC 3.4.21.4), a kind of Ser
protease produced by the pancreas, is the most popular diges-
tive enzyme, which is not only involved in the digestion of
dietary proteins but also induces proteolytic cascades by acti-
vating other proteases, such as matrix metalloproteinases
(MMPs) through the selective hydrolysis of polypeptide chains
of arginine (Arg) or lysine (Lys) in the C-terminal.”® It is found
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that trypsin expression is significantly increased in several
human cancer cells of the stomach, colon, lung and breast.*
Recently, trypsin has been regarded as a potential prognosti-
cator for cancer patients because dysfunction of trypsin has
been linked to the malignancy of several tumors including
colorectal cancer (CRC), gastric cancer and pancreatic
cancer.”'*® For instance, 5 year survival rate of patients with
trypsin-positive CRC is lower than that of patients with trypsin-
negative CRC."" Therefore, timely detection of trypsin activity is
critical for diagnosis and treatment of CRC.

At present, a large number of methods/assays have been
developed for quantification of trypsin levels in vitro including
chromatography,” radioimmunoassay® and biosensors with
different detection principles."*** Among of these techniques,
peptide substrate-based biosensors have been considered as
a promising way to determine trypsin activity in different matrixes
since peptide substrates exhibit several unique merits, such as
easy synthesis, low cost, high stability in harsh environments and
suitable to conjugate/modify with other label molecules.**** For
example, a variety of peptide-based fluorescence turn-on/off
strategies have been developed for sensing trypsin activity with
high sensitivity and selectivity.*>** Unfortunately, most of as-
developed sensing platforms are only capable of trypsin activity
detection in vitro, which does not necessarily reflect the quantita-
tive information on trypsin expression in a solid tumor. It is still
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a challenge to develop peptide-based biosensors for measurement
of tumor-related trypsin activity in vivo since it is difficult to effi-
ciently transport peptide substrate to tumor site.

Recently, magnetic nanoparticles (MNPs) have been
successfully employed to fabricate Forster resonance energy
transfer (FRET) sensing platforms for detecting MMP-9 activity
both in vitro and in vivo because there is inherent spectral
overlap interference of fluorescent dyes and MNPs.** The MNP-
based FRET sensing platform enables to quantitatively map
MMP-9 activity across the entire tumor because MNPs can
efficiently accumulate in tumors through the enhanced
permeability and retention (EPR) effect. In particular, the
accumulation amount of MNPs in the tumor site can be further
enhanced with the aid of an external magnetic field (MF).***
The phenomenon may increase the detection sensitivity of
MNP-based FRET sensing platforms.

Herein, a peptide-functionalized manganese-doped iron
oxide nanoparticle-based fluorescence turn-on sensing plat-
form (MnIO@pep-FITC) has been constructed for noninvasive
detection of trypsin activity in vivo through conjugation of FITC
modified peptide substrate on the MnIO NP surface. Under the
specific digestion of trypsin, the FITC was liberated from
MnlO@pep-FITC, and quenched fluorescence could be recov-
ered in response to trypsin activity. With the aid of an external
MF, we demonstrate that MnlO@pep-FITC can be used to
visualize ultrasmall (ca. 4.9 mm® in volume) trypsin-positive
subcutaneous tumor (HCT116) in BALB/c nude mouse
through intravenous administration, showing great promising
application in the diagnosis of tumor.

2. Experimental section
2.1 Materials and reagents

Sodium oleate was purchased from TCI Development Co. (Shanghai,
China). Oleic acid (OA, 90 wt%) and 1-octadecene (ODE, 90 wt%)
were purchased from Sigma-Aldrich Co. (St. Louis, USA). 3,4-dihy-
droxy benzyl amine-PEG-COOH (DIB-PEG-COOH, MW = 2000) was
synthesized by Shanghai Ponsure Biotech. Ltd. (Shanghai, China).
Fluorescein isothiocyanate modified peptide, GHCLRKGK(5-FITC)G
(pep-FITC) was purchased from ChinaPeptides Ltd (Shanghai,
China). Fetal bovine serum (FBS) was purchased from Gibco Ltd.
(New York, USA). 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetra-
zolium bromide (MTT) and RPMI 1640 culture medium were
purchased from Beijing Dingguo Biotechnology Ltd. (Beijing,
China). McCoy's 5A culture medium was purchased from KeyGen
Biotech. Ltd. (Jiangsu, China). The HCT116 and NCM460 cells were
purchased from Shanghai Cell Bank, Chinese Academy of Sciences
(Shanghai, China). BALB/c nude mice (female, 6-8 weeks old) with
average body weight of 18 g were purchased from Vital River Ltd.
(Beijing, China). Other reagents (analytical grade) were purchased
from Beijing Chemical Reagents Co. (Beijing, China). Milli-Q H,O
(18.2 MQ cm) was used in all experiments.

2.2 Fabrication of MnIO@pep-FITC

The OA capped MnFe,0, nanoparticles (MnIO NPs) were firstly
synthesized by the literature reported strategy with slight
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modifications (see ESIt for details).*® For transferring the
hydrophilic OA capped MnIO NPs to aqueous medium, 20 mg
OA capped MnlIO NPs were mixed with 20 mg DIB-PEG-COOH in
5 mL CHCI; and stirred at room temperature for 4 h. Then, the
DIB-PEG-COOH modified MnIO NPs (MnIO@PEG) were
collected by centrifugation (6000 rpm, 10 min), washed with the
10 mL mixture of hexane and CHCl; (6000 rpm, 10 min, 3
times), and redispersed in 1 mL H,O.

For the preparation of MnIO@pep-FITC, the MnIO@PEG
(1 mg mL™") were mixed with 5 mmol L™" sulfo-NHS (hydroxy-
2,5-dioxopyrrolidine-3-sulfonicacid sodium  salt) and
2 mmol L' EDC (1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide) in 10 mL MES (2-morpholinoethanesulfonic
acid) buffer (pH = 7.4, 10 mmol L™"). After incubated for 2 h,
the activated MnIO@PEG were collected by centrifugation
(6000 rpm, 10 min), and reacted with pep-FITC (0.1 mg mL ™" in
10 mL PBS (10 mmol L™, pH 7.4)) under stirring for another
24 h. Finally, the pep-FITC conjugated MnIO@PEG
(MnIO@pep-FITC) were purified by centrifugation at 4 °C
(6000 rpm, 10 mL PBS, 3 times) and resuspended in 1 mL PBS.

2.3 Sensing performance of MnIO@pep-FITC in buffer

For trypsin detection, 100 pg mL ™' MnIO@pep-FITC were
incubated with various concentrations of trypsin in 500 uL PBS
(10 mmol L%, pH 7.4) at 37 °C for 90 min. Subsequently, the
fluorescence spectra of mixtures were measured on a QE65 Pro
fiber optic spectrometer with 490 nm as the excitation wave-
length. To investigate its selectivity, MnIO@pep-FITC were
incubated with 100 ng mL™" a series of enzymes including
matrix metalloproteinases (MMP-2, MMP-7 and MMP-9),
caspase-3 and caspase-9 under optimized conditions.

2.4 Intracellular trypsin activity detection

The HCT116 and NCM460 cells (1.5 x 10* cells per well) were
seeded in the 48-well microtiter plate and cultured in 300 pL
fresh culture medium for 24 h. After washed with PBS (3 times),
the cells were incubated with 100 pg mL ™" MnIO@pep-FITC in
300 pL fresh culture medium at 37 °C for various time (0, 1, 2, 3
and 4 h), respectively. Then, the fluorescence imaging was
performed with a reconstructive Nikon Ti-S fluorescent micro-
scope at the FITC channel. For quantitative measurements, the
MnIO@pep-FITC stained cells were washed with PBS (300 uL, 3
times), detached from the 48-well plate, collected by centrifu-
gation (1000 rpm, 5 min), redispersed in 100 uL lysis buffer,
diluted by 400 pL PBS, and subjected to fluorescence
measurement. In addition, to investigate the intracellular
trypsin detection sensitivity, the unstained HCT116 cells were
also treated as previously described, and then the cell lysates
containing different cell numbers were incubated with 100 pg
mL~" MnIO@pep-FITC in 500 uL PBS at 37 °C for 90 min. The
fluorescence spectra of mixture were then measured at the
excitation wavelength of 490 nm. For the in vitro MF-assisted
fluorescence imaging, a magnet was placed under the center
of the cell culture dish while 100 pg mL™" MnIO@pep-FITC
were added into the dish. After co-cultured for 4 h, the cells
were washed with 1 mL PBS (3 times), and subjected to image by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a reconstructive Nikon Ti-S fluorescent microscope at the FITC
channel.

2.5 In vivo toxicity evaluation

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Jilin
University and experiments were approved by the Animal Ethics
Committee of Jilin University. For histology analysis, 200 pL
0.9 wt% NaCl solution with or without 10 mg kg~ * MnIO@pep-
FITC were injected intravenously into the healthy mice as
experimental group and control group, respectively. The healthy
mice were anatomized at 30 days post-injection, and the major
organs including heart, liver, spleen, lung and kidneys were
collected for hematoxylin and eosin (H&E) staining. Further-
more, blood biochemistry assay was also employed to evaluate
the biosafety of MnlO@pep-FITC.

2.6 In vivo fluorescence and magnetic resonance (MR)
imaging

Female BALB/c nude mice (6 to 8 weeks old) were selected for
establishing a HCT116 tumor model and injected subcutane-
ously with HCT116 cells (3 x 10° cells in 100 uL PBS) on the
right flanks of mice. A 0.5 T magnet was placed around the
tumor site for generate external MF. For in vivo MR imaging, the
HCT116 tumor-bearing mice (tumor size: 113 mm?®) were
injected intravenously with NaCl solution (0.9 wt%, 200 uL)
containing 10 mg kg~ MnIO@pep-FITC. After placed in the MF
for 15 min, T,-weighted MR images of mice were collected by
using a GE Signa 3 T MR unit with the following imaging
parameters: repetition time (TR), 240 ms; echo time (TE), 15.9
ms; field of view, 120 mm x 72 mm; slice thickness, 2.0 mm.
For in vivo fluorescence imaging, the tumor-bearing mice
(tumor size: 4.9 mm and 126 mm?®) were injected intravenously
with NaCl solution (0.9 wt%, 200 pL) containing 10 mg kg™
MnlO@pep-FITC. Subsequently, the mice were placed in the
MF for 15 min and then the in vivo fluorescence imaging was
collected by the Davinch Invivo HR imaging system at pre-
determined time intervals (excitation wavelength: 490 nmj;
emission wavelength: 520 nm, exposure time: 5 s). For quanti-
tative analysis, the regions of interest (ROI) were drawn over
tumors and measured by the Image] software. The tumor
volumes were calculated according to the following formula:
tumor volume (V) = (length x width x hight x 7)/6.

3. Results and discussion
3.1 Synthesis and characterization of MnIO@pep-FITC

The construction procedure and detection principle of as-
proposed fluorescence turn-on nanosensor MnlO@pep-FITC
was illustrated in Scheme 1. Using MnFe,(C;3H330,)s as
synthetic precursors, the OA capped MnIO NPs were firstly
synthesized by thermal decomposition method with slight
modification.***** The hydrophobic OA capped MnIO NPs were
transferred into aqueous phase through ligand exchange of OA
with DIB-PEG-COOH by formation of Mn(u)/Fe(u)-DIB
complex.*” The MnIO@pep-FITC was constructed subsequently
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Scheme 1 (a) The construction procedure and detection principle of

fluorescent turn-on nanosensor MnlO@pep-FITC. (b) The detailed
structure of MnlO@pep-FITC. The illustration is not drawn to scale.

through the amidation reaction between the carboxy group of
PEG on the DIB-PEG-COOH coated MnIO NP (MnlIO@PEG)
surface and amine group of FITC-pep. Herein, FITC was
employed as the energy donor, while MnIO NP was used as the
energy acceptor. The FITC dye was linked through a peptide
substrate of trypsin with MnIO nanoparticles to establish
a Forster resonance energy transfer (FRET) system for sensing
the trypsin. The MnIO@pep-FITC exhibited weak fluorescence
emission due to the strong interaction of MnIO NP with FITC.
Due to the specific cleavage of C-terminal of arginine and lysine
in the peptide by trypsin, the FITC dissociated from MnIO NP
surface resulting in concomitant recovery of FITC fluorescence
emission. The recovery of FITC fluorescence is proportional to
the trypsin activity, enabling direct measurement/visualization
of trypsin activity by fluorescence spectroscopy/imaging.
Because of excellent magnetic property of MnIO NP, the sensi-
tivity of MnIO@pep-FITC in vivo can be clearly improved
through the external MF enhanced accumulation amount of
MnIO@pep-FITC in tumor, creating the opportunity for sensi-
tively visualizing small tumor.

The size of as-synthesized OA capped MnlIO NPs is 30.5 +
2.9 nm in diameters (as shown in Fig. 1a). The X-ray diffraction
(XRD) measurement indicates that the diffraction peaks of
MnIO NPs is consistent with the manganese ferrite standard
card (MnFe,0,, JCPDS 73-1964, as shown in Fig. S11). The IR
bands at 1443 em™' and 1653 cm ™" are attributed to C=C
symmetric stretching vibration band of aromatic ring of the DIB
group (as shown in Fig. S27), suggesting that DIB-PEG-COOH is
modified on the MnIO NPs surface. The IR band at 2088 cm ™" of
FITC (vibration band of isothiocyanate) is observed in the FTIR
spectrum of MnIO@pep-FITC (as shown in Fig. S2t), indicating
that pep-FITC is successfully conjugated to MnIO-PEG. The size
and morphology of MnIO NP exhibits negligible changes after
modification with DIB-PEG-COOH and pep-FITC, respectively
(as shown in Fig. 1b and c). The hydrodynamic sizes of MnIO-
PEG and MnIO@pep-FITC are 53.77 + 6.82 and 64.95 + 4.87
(as shown in Table S17), respectively, indicating that they have
good monodispersity. Because of the out-layer of carboxyl
group, the MnIO-PEG has relatively low zeta potential (—12.8 +
1.01 mV, as shown in Table S1f). The zeta potential of
MnlO@pep-FITC (—7.09 £ 0.56 mV) is higher than that of
MnIO-PEG (as shown in Table S1f), also confirming the
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Fig. 1 TEM micrographs of (a) MnlO, (b) MnlO@PEG, (c) MnlO@pep-
FITC, respectively. (d) Magnetic hysteresis loop of MnlO@pep-FITC.

conjugation of pep-FITC with MnIO-PEG. The MnIO@pep-FITC
shows relatively high saturation magnetization value
(132 emu g~ " at 300 K, as shown in Fig. 1d), indicating that it
has excellent superparamagnetic property. The fluorescence
intensity of pep-FITC is decreased significantly after conjuga-
tion with MnIO-PEG (as shown in Fig. S31). Based on fluores-
cence intensity results of original pep-FITC and supernatant, it
can be calculated that there are about 429 pep-FITC molecules
on one MnlIO NP surface. The experimental result indicates that
the fluorescence emission of FITC can be efficiently quenched
by the MnIO NP. In addition, the fluorescence emission of FITC
of MnIO@pep-FITC exhibits negligible changes after dispersed
in different matrixes and/or stored in dark for 4 weeks (as
shown in Fig. S471), suggesting the good fluorescent and
colloidal stability of MnIO@pep-FITC.

3.2 Sensing performance of MnIO@pep-FITC in buffer

The fluorescence intensity of FITC is gradually increased as the
reaction time prolongs and reaches saturation at approximately
90 min, when the concentrations of trypsin and MnIO@pep-
FITC are kept as constants (as shown in Fig. 2a). Taking
together with the cytotoxicity of MnIO@pep-FITC, the trypsin is
detected under following conditions, 90 min reaction time with
100 pug mL~' MnIO@pep-FITC. The fluorescence intensity of
FITC is increased proportionally with the concentration of
trypsin increasing (as shown in Fig. 2b). The fluorescence
recovery ratio (Fg) has a good linear fit to the trypsin concen-
tration within the range from 2 ng mL™" to 100 ng mL™ " (as
shown in the Fig. 2c). Here, Fr = AF/Fy, AF = F — F,, F, and F are
the fluorescence intensities of FITC of MnIO@pep-FITC before
and after trypsin digestion. The limit of detection is calculated
to be 0.6 ng mL ™" or 25.2 pmol L™" (3 times the standard
deviation of Fy of blank solution), which is lower than those of
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Fig. 2 (a) Fluorescence spectra of 100 pg mL™* MnlO@pep-FITC in
the presence of 60 ng mL™ trypsin at various incubation times. Inset is
Fgr of various incubation times. (b) Fluorescence spectra of MnlO@-
pep-FITC in the presence of various concentrations of trypsin
following incubation for 90 min. (c) Fr of MnlO@pep-FITC as a func-
tion of trypsin concentration. (d) The selectivity of the MnlO@pep-
FITC. The inset of (d) is the corresponding fluorescence spectra. The
error bars mean standard deviations (n = 3).

literature reported.*®*® The performance of the method is better
than or comparable to those of other methods (as shown in
Table S2t). In order to evaluate its selectivity, MnIO@pep-FITC
was exposed to five proteases including MMP-2, MMP-7, MMP-
9, caspase-3 and caspase-9, which possibly coexist with trypsin
in real samples (such as cells and tumor tissues). The Fg values
of those interferences are much lower than that of trypsin (as
shown in the Fig. 2d), suggesting that MnIO@pep-FITC has
good selectivity.

3.3 Detection of intracellular trypsin activity

Prior to the detection of intracellular trypsin activity, the
NCM460 cells (normal colonic epithelial cell) and HCT116 cells
(CRC cell) were selected to evaluate the cytotoxicity of
MnIO@pep-FITC by traditional MTT assay. The cell viabilities
of NCM460 cells and HCT116 cells are still above 90% after
incubated with 100 ug mL~' MnIO@pep-FITC for 24 h (as
shown in Fig. S51). The result indicates that MnIO@pep-FITC
has low cytotoxicity.

For demonstrating its sensing capability, MnIO@pep-FITC
was employed for evaluating intracellular trypsin activities of
NCM460 cells and HCT116 cells. As expected, the FITC fluo-
rescence signals of cells were increased with increasing incu-
bation time, when the cells were incubated with a certain
concentration of MnIO@pep-FITC (as shown in Fig. 3a, b, S6
and S71). Under the same experimental condition, the result of
ICP-MS measurement demonstrates that there is no significant
difference of internalization amounts between HCT116 cells
and NCM460 cells (as shown in Fig. 3c), while the fluorescence
intensity of HCT116 cells is much higher than that of NCM460

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Fluorescence spectra of (a) HCT116 cells and (b) NCM460 cells
cultured with 100 pg mL~! MnlO@pep-FITC for various times (0—4 h),
and the lysates of normal cultured HCT116 cells and NCM460 cells
were used as backgrounds, respectively. (c) Corresponding ICP-MS
results of HCT116 cells and NCM460 cells, and control groups are the
results of normal cultured HCT116 cells and NCM460 cells. (d) The
fluorescence spectra of 100 pg mL™* MnlO@pep-FITC incubated with
the lysates of various amounts of HCT116 cells. Inset is the corre-
sponding calibration curve of Fr versus cell numbers in 1 mL reaction
solution. The error bars mean standard deviations (n = 3).

cells. The results demonstrate that HCT116 cells express higher
level of trypsin than that of NCM460 cells. In addition, the
fluorescence intensity of mixtures is gradually increased with
increasing cell numbers when MnIO@pep-FITC were incubated
with HCT116 cell lysates. And the Fgr value shows a linear
correlation with the cell lysate within the range of 5 x 10> to
1 x 10 cells per mL with a detection limit of 359 cells per mL.
The result also demonstrates that MnIO@pep-FITC has high
sensitivity for detection of intracellular trypsin activity.

Furthermore, there is an apparent local accumulation of
MnIO@pep-FITC guided by the MF (i.e., only the cells localized
close to the magnet show strong fluorescence signal (as shown
in Fig. 4)). All of the experimental results suggest that
MnlO@pep-FITC could be used to sensitively visualize tumor
through in situ monitoring of trypsin activity in cancer cells with
the aid of external MF.

3.4 Detection of trypsin activity in vivo

Before detection of trypsin activity in vivo, the toxicity of
MnIO@pep-FITC was evaluated by blood test and histology
analysis. There is little difference in blood examinations
between control group and MnIO@pep-FITC treated group (as
shown in Table S31). No hemolytic phenomenon is observed by
hemolysis test (as shown in Fig. S87). The histology analysis
suggests that there is neither noticeable tissue damage nor
inflammation of MnIO@pep-FITC on major organs (as shown
in Fig. S97). These results demonstrate that MnIO@pep-FITC
has good biocompatibility.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Fluorescence micrographs of HCT116 cells co-cultured with
100 pg mL™* MnlO@pep-FITC in the MF for 4 h, (a) bright field mode,
(b) FITC mode and (c) merging image. The scale bar is 100 um.

For demonstrating its sensing capability in vivo, MnIO@pep-
FITC were injected into in the HCT116 tumor-bearing BALB/c
nude mice through the tail veins with external MF assistance,
respectively. The in vivo T,-weighted MR and fluorescence
imaging were performed after injection of
MnIO@pep-FITC. Generally, the tumor site displays a clearly
signal enhancement on both of the MR images and FITC fluo-
rescence images at 1 h post-injection of MnIO@pep-FITC (as
shown in Fig. 5). The MR signal enhancement is gradually
decreased after reaching maximum MR signal enhancement at
2 h post-injection (as shown in Fig. 5a and d). The fluorescence
intensity of FITC continuously increases until it reaches the
maximum value at 4 h post-injection before decaying (as shown
in Fig. 5b and e). The delay of maximum fluorescence intensity
of FITC to maximum MR signal can be understood by the
cleavage kinetics of trypsin (as shown in Fig. 2a) because the

intravenous
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Fig. 5 (a) In vivo MR images of HCT116 tumor-bearing nude mice
injected intravenously with MnlO@pep-FITC (0 h means pre-injec-
tion). (b and c) In vivo fluorescence images of HCT116 tumor-bearing
nude mice with intravenous injection of MnlO@pep-FITC (0 h means
pre-injection, (b) large tumor (126 mm? in volume) and (c) ultrasmail
tumor (ca. 4.9 mm? in volume)). (d) Relative MR signal values of tumor
after intravenous injection of MnlO@pep-FITC at different time
intervals. (e) Quantification of fluorescence intensities at the tumor
sites of (b) and (c) after intravenous injection. The error bars mean
standard deviations (n = 3).

fluorescence intensity of FITC is mainly governed by the trypsin
activity. The results suggest that MnIO@pep-FITC can be
employed to in situ monitor trypsin activity of tumor by in vivo
fluorescence imaging. Encouraging by its strong trypsin detec-
tion capacity, MnlO@pep-FITC was injected into nude mice-
bearing ultrasmall HCT116 tumor xenografts (4.9 mm® in
volume) through the tail veins. Strong fluorescence signal
enhancement of tumor site was successfully observed at 4 h
post-injection (as shown in Fig. 5¢ and e). The result further
demonstrates that MnIO@pep-FITC could be used as an effi-
cient tool to diagnose tumor through sensitive measurement of
trypsin activity.

The in vivo MR images of mice organs were recorded for
evaluating the in vivo clearance pathway of the MnlO@pep-
FITC. During the whole experiment process, the MR signals of
liver exhibit significant variation, while MR signals of kidneys
show negligible change (as shown in the Fig. S10 and S11t).
Only a small amount of MnIO@pep-FITC accumulated in the
kidney and were excreted within 24 hours. The MR signal of
liver decreased by 42% at 5 h post-injection. And after 24 hours,
the degree of MR signal reduction returned to 31%. The result
demonstrates that MnIO@pep-FITC are metabolized by the
liver.

4. Conclusions

In summary, a fluorescence turn-on nanosensor, MnlIO@pep-
FITC has been developed for highly sensitive and selective
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determination of trypsin activity both in vitro and in vivo. The
results indicate that the MnIO@pep-FITC has relatively low
detection limits for both of pure trypsin and intracellular
trypsin integrated with a reasonable dynamic range. In partic-
ular, the MnIO@pep-FITC enables to noninvasively visualize
BALB/c nude mouse-bearing ultrasmall (ca. 4.9 mm? in volume)
trypsin-positive subcutaneous tumor by in vivo fluorescence
imaging with the aid of an external MF. Combination with its
excellent biocompatibility and long-term stability, the
MnIO@pep-FITC shows great promise for screening trypsin-
positive tumors at early stage.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The author would like to thank the National Natural Science
Foundation of China (Grant No. 61901438, 21775145 and
81871406), and Science and Technology Developing Foundation
of Jilin Province (Grant No. 20200404192YY) for financial
support.

References

1 H. Steller, Mechanisms and Genes of Cellular Suicide,
Science, 1995, 267, 1445-1449.

2 M. Lee, R. Fridman and S. Mobashery, Extracellular
proteases as targets for treatment of cancer metastases,
Chem. Soc. Rev., 2004, 33, 401-409.

3 T. H. Bugge, T. M. Antalis and Q. Wu, Type II
Transmembrane Serine Proteases, J. Biol. Chem., 2009, 284,
23177-23181.

4 A. S. Rothmeier and W. Ruf, Protease-activated receptor 2
signaling in inflammation, Semin. Immunopathol., 2012, 34,
133-149.

5 K. Y. Choi, M. Swierczewska, S. Lee and X. Chen, Protease-
Activated Drug Development, Theranostics, 2012, 2, 156-178.

6 T. W. Stone, Dependence and Guidance Receptors-DCC and
Neogenin-In Partial EMT and the Actions of Serine
Proteases, Front. Oncol., 2020, 10, 94.

7 K. Tanizawa and Y. Kanaoka, Inverse Substrates for Trypsin
and Trypsin-like Enzymes, Acc. Chem. Res., 1987, 20, 337~
343.

8 M. Hirota, M. Ohmuraya and H. Baba, The role of trypsin,
trypsin inhibitor, and trypsin receptor in the onset and
aggravation of pancreatitis, J. Gastroenterol., 2006, 41, 832-
836.

9 K. Soreide, E. A. Janssen, H. Korner and J. P. A. Baak, Trypsin
in colorectal cancer: molecular biological mechanisms of
proliferation, invasion, and metastasis, J. Pathol., 2006,
209, 147-156.

10 S. Miyata, N. Koshikawa, S. Higashi, Y. Miyagi,
Y. Nagashima, Y. Kato, H. Yasumitsu and K. Miyazaki,
Expression of trypsin in human cancer cell lines and
cancer tissues and its tight binding to soluble form of

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra08171j

Open Access Article. Published on 11 January 2021. Downloaded on 10/19/2025 4:41:00 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Alzheimer amyloid precursor protein in culture, J. Biochem.,
1999, 125, 1067-1076.

H. Yamamoto, S. Iku, Y. Adachi, A. Imsumran, H. Taniguchi,
K. Nosho, Y. F. Min, S. Horiuchi, M. Yoshida, F. Itoh and
K. Imai, Association of trypsin expression with tumour
progression and matrilysin expression in human colorectal
cancer, J. Pathol., 2003, 199, 176-184.

A. Paju, J. Vartiainen, C. Haglund, O. Itkonen, K. von
Boguslawski, A. Leminen, T. Wahlstrom and U. Stenman,
Expression of trypsinogen-1, trypsinogen-2, and tumor-
associated trypsin inhibitor in ovarian cancer: prognostic
study on tissue and serum, Clin. Cancer Res., 2004, 10,
4761-4768.

P. Nyberg, M. Ylipalosaari, T. Sorsa and T. Salo, Trypsins and
their role in carcinoma growth, Exp. Cell Res., 2006, 312,
1219-1228.

P. G. Adamopoulos, P. Tsiakanikas and A. Scorilas,
Kallikrein-related peptidases and associated microRNAs as
promising prognostic biomarkers in gastrointestinal
malignancies, Biol. Chem., 2018, 399, 821-836.

K. S¢reide, M. Roals¢ and J. R. Aunan, Is There a Trojan
Horse to Aggressive Pancreatic Cancer Biology? A Review of
the Trypsin-PAR2 Axis to Proliferation, Early Invasion, and
Metastasis, Journal of Pancreatic Cancer, 2020, 6, 12-20.

A. Kasurinen, A. Laitinen, A. Kokkola, U. Stenman,
C. Bockelman and C. Haglund, Tumor-associated trypsin
inhibitor (TATI) and tumor-associated trypsin-2 (TAT-2)
predict outcomes in gastric cancer, Acta Oncol, 2020, 59,
681-688.

K. Kasai, Trypsin and affinity chromatography, J.
Chromatogr. A, 1992, 597, 3-18.
M. Rainio, O. Lindstrom, A. Penttild, O. Itkonen,

E. Kemppainen, U. Stenman and L. Kyldnpaa, Serum
Serine Peptidase Inhibitor Kazal-Type 1, Trypsinogens 1 to
3, and Complex of Trypsin 2 and al-Antitrypsin in the
Diagnosis of Severe Acute Pancreatitis, Pancreas, 2019, 48,
374-380.

P. T. Fiori and M. F. Paige, Detection of enzymatic activity by
means of a diffraction-based biosensor, Anal. Bioanal.
Chem., 2004, 380, 339-342

R. E. Ionescu, S. Cosnier and R. S. Marks, Protease
Amperometric Sensor, Anal. Chem., 2006, 78, 6327-6331.

P. A. Neff, A. Serr, B. K. Wunderlich and A. R. Bausch, Label-
Free Electrical Determination of Trypsin Activity by a Silicon-
on-Insulator Based Thin Film Resistor, ChemPhysChem,
2007, 8, 2133-2137.

D. A. Raorane, M. D. Lim, F. F. Chen, C. S. Craik and
A. Majumdar, Quantitative and Label-Free Technique for
Measuring Protease Activity and Inhibition using
a Microfluidic Cantilever Array, Nano Lett., 2008, 8, 2968-
2974.

Y. Wang, Y. Zhang and B. Liu, Conjugated Polyelectrolyte
Based Fluorescence Turn-On Assay for Real-Time
Monitoring of, Protease Activity, Anal. Chem., 2010, 82,
8604-8610.

X. Li, S. Zhu, B. Xu, K. Ma, ]J. Zhang, B. Yang and W. Tian,
Self-assembled graphene quantum dots induced by

© 2021 The Author(s). Published by the Royal Society of Chemistry

25

26

27

28

29

30

31

32

33

34

35

36

View Article Online

RSC Advances

cytochrome c: a novel biosensor for trypsin with
remarkable fluorescence enhancement, Nanoscale, 2013, 5,
7776-7779.

L. Chen, X. Fu and ]J. Li, Ultrasensitive surface-enhanced
Raman scattering detection of trypsin based on anti-
aggregation of 4-mercaptopyridine-functionalized
nanoparticles: an optical sensing platform
proteases, Nanoscale, 2013, 5, 5905-5911.

Q. Hu and C. Jang, Imaging Trypsin Activity through
Changes in the Orientation of Liquid Crystals Coupled to
the Interactions between a  Polyelectrolyte and
a Phospholipid Layer, ACS Appl. Mater. Interfaces, 2012, 4,
1791-1795.

C. Duan, M. A. Alibakhshi, D. Kim, C. M. Brown, C. S. Craik
and A. Majumdar, Label-Free Electrical Detection of
Enzymatic Reactions in Nanochannels, ACS Nano, 2016,
10, 7476-7484.

L. Wang, F. Shi, Y. Li and X. Su, An ultra-sensitive and label-
free fluorescent probe for trypsin and inhibitor based on
DNA hosted Cu nanoclusters, Sens. Actuators, B, 2016, 222,
945-951.

Y. Wang, L. Zhou, Q. Kang and L. Yu, Simple and label-free
liquid crystal-based sensor for detecting trypsin coupled to
the interaction between cationic surfactant and BSA,
Talanta, 2018, 183, 223-227.

M. Liu, J. Zhou, Y. He, Z. Cai, Y. Ge, J. Zhou and G. Song, &-
Poly-L-lysine-protected Ti;C, MXene quantum dots with
high quantum yield for fluorometric determination of
cytochrome c and trypsin, Microchim. Acta, 2019, 186, 770.
W. Kong, Q. Li, L. Xia, X. Li, H. Sun, R. Kong and F. Qu,
Photoelectrochemical determination of trypsin by using an
indium tin oxide electrode modified with a composite
prepared from MoS, nanosheets and TiO, nanorods,
Microchim. Acta, 2019, 186, 490.

F. Zheng, Ji. Wu and G. Zhao, Peptide-quantum dot
bioconjugates for label-free trypsin detection based on the
exciton energy transfer, Anal. Methods, 2012, 4, 3932-3936.
S. Xu, F. Zhang, L. Xu, X. Liu, P. Ma, Y. Sun, X. Wang and
D. Song, A fluorescence resonance energy transfer
biosensor based on carbon dots and gold nanoparticles for
the detection of trypsin, Sems. Actuators, B, 2018, 273,
1015-1021.

A. S.-Y. Law, M. C.-L. Yeung and V. W.-W. Yam, Arginine-
Rich Peptide-Induced Supramolecular Self-Assembly of
Water-Soluble Anionic Alkynylplatinum (II) Complexes: A
Continuous and Label-Free Luminescence Assay for
Trypsin and Inhibitor Screening, ACS Appl. Mater.
Interfaces, 2017, 9, 41143-41150.

Y. Lin, R. Shen, N. Liu, H. Yi, H. Dai and J. Lin, A highly
peptide-based  biosensor using NiCo0,0,
nanosheets and g-C3;N, nanocomposite to construct
amplified strategy for trypsin detection, Anal. Chim. Acta,
2018, 1035, 175-183.

S. Park and H. Yang, Sensitive and selective trypsin detection
using redox cycling in the presence of L-ascorbic acid,
Analyst, 2014, 139, 4051-4055.

silver
toward

sensitive

RSC Adv, 2021, 11, 2213-2220 | 2219


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra08171j

Open Access Article. Published on 11 January 2021. Downloaded on 10/19/2025 4:41:00 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

37 C. M.-S. Martin, M. Pedrero, M. Gamella, A. Montero-Calle,
R. Barderas, S. Campuzano and J. M. Pingarron, A novel
peptide-based  electrochemical  biosensor for the
determination of a metastasis-linked protease in
pancreatic cancer cells, Anal. Bioanal. Chem., 2020, 412,
6177-6188.

38 Z. Dong, L. Cheng, P. Zhang and G. Zhao, Label-free
analytical performances of a peptide based QCM biosensor
for trypsin, Analyst, 2020, 145, 3329-3338.

39 T. Ma, Y. Hou, ]J. Zeng, C. Liu, P. Zhang, L. Jing,
D. Shangguan and M. Gao, Dual-Ratiometric Target-
Triggered Fluorescent Probe for Simultaneous Quantitative
Visualization of Tumor Microenvironment Protease Activity
and pH in Vivo, J. Am. Chem. Soc., 2018, 140, 211-218.

40 J. Liu, H. Chen, Y. Fu, X. Li, Y. Chen, H. Zhang and Z. Wang,
Fabrication of multifunctional ferric oxide nanoparticles for
tumortargeted magnetic resonance imaging and precise
photothermal therapy with magnetic field enhancement, J.
Mater. Chem. B, 2017, 5, 8554-8562.

41 X. Guo, W. Li, L. Luo, Z. Wang, Q. Li, F. Kong, H. Zhang,
J. Yang, C. Zhu, Y. Du and Ji. You, External Magnetic Field-
Enhanced Chemo-Photothermal Combination Tumor
Therapy via Iron Oxide Nanoparticles, ACS Appl. Mater.
Interfaces, 2017, 9, 16581-16593.

42 Y. Fu, X. Li, H. Chen, Z. Wang, W. Yang and H. Zhang, CXC
Chemokine Receptor 4 Antagonist Functionalized Renal
Clearable Manganese-Doped Iron Oxide Nanoparticles for
Active-Tumor-Targeting Magnetic Resonance Imaging-

2220 | RSC Adv, 2021, N, 2213-2220

View Article Online

Paper

Guided Bio-Photothermal Therapy, ACS Appl. Bio Mater.,
2019, 2, 3613-3621.

43 R. Chen, M. G. Christiansen and P. Anikeeva, Maximizing
Hysteretic Losses in Magnetic Ferrite Nanoparticles via
Model-Driven Synthesis and Materials Optimization, ACS
Nano, 2013, 7, 8990-9000.

44 G. Huang, H. Li, J. Chen, Z. Zhao, L. Yang, X. Chi, Z. Chen,
X. Wang and J. Gao, Tunable T-1 and T-2 contrast abilities
of manganese-engineered iron oxide nanoparticles through
size control, Nanoscale, 2014, 6, 10404-10412.

45 H. Zhang, L. Li, X. L. Liu, ]. Jiao, C. T. Ng, J. B. Yi, Y. E. Luo,
B. H. Bay, L. Y. Zhao, M. L. Peng, N. Gu and H. M. Fan,
Ultrasmall Ferrite Nanoparticles Synthesized via Dynamic
Simultaneous  Thermal Decomposition for High-
Performance and Multifunctional T-1 Magnetic Resonance
Imaging Contrast Agent, ACS Nano, 2017, 11, 3614-3631.

46 R. E. Ionescu, S. Cosnier and R. S. Marks, Protease
Amperometric Sensor, Anal. Chem., 2006, 78, 6327-6331.

47 A. S.-Y. Law, M. C.-L. Yeung and V. W.-W. Yam, Arginine-
Rich Peptide-Induced Supramolecular Self-Assembly of
Water-Soluble Anionic Alkynylplatinum (II) Complexes: A
Continuous and Label-Free Luminescence Assay for
Trypsin and Inhibitor Screening, ACS Appl Mater.
Interfaces, 2017, 9, 41143-41150.

48 A.-W. Lee, C.-C. Cheng, C.-J. Chang, C.-H. Lu and J.-K. Chen,
Optical assay of trypsin using a one-dimensional plasmonic
grating of gelatin-modified poly (methacrylic acid),
Microchim. Acta, 2020, 187, 280.

© 2021 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra08171j

	Peptide modified manganese-doped iron oxide nanoparticles as a sensitive fluorescence nanosensor for non-invasive detection of trypsin activity in vitro and in vivoElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08171j
	Peptide modified manganese-doped iron oxide nanoparticles as a sensitive fluorescence nanosensor for non-invasive detection of trypsin activity in vitro and in vivoElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08171j
	Peptide modified manganese-doped iron oxide nanoparticles as a sensitive fluorescence nanosensor for non-invasive detection of trypsin activity in vitro and in vivoElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08171j
	Peptide modified manganese-doped iron oxide nanoparticles as a sensitive fluorescence nanosensor for non-invasive detection of trypsin activity in vitro and in vivoElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08171j
	Peptide modified manganese-doped iron oxide nanoparticles as a sensitive fluorescence nanosensor for non-invasive detection of trypsin activity in vitro and in vivoElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08171j
	Peptide modified manganese-doped iron oxide nanoparticles as a sensitive fluorescence nanosensor for non-invasive detection of trypsin activity in vitro and in vivoElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08171j
	Peptide modified manganese-doped iron oxide nanoparticles as a sensitive fluorescence nanosensor for non-invasive detection of trypsin activity in vitro and in vivoElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08171j
	Peptide modified manganese-doped iron oxide nanoparticles as a sensitive fluorescence nanosensor for non-invasive detection of trypsin activity in vitro and in vivoElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08171j
	Peptide modified manganese-doped iron oxide nanoparticles as a sensitive fluorescence nanosensor for non-invasive detection of trypsin activity in vitro and in vivoElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08171j

	Peptide modified manganese-doped iron oxide nanoparticles as a sensitive fluorescence nanosensor for non-invasive detection of trypsin activity in vitro and in vivoElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08171j
	Peptide modified manganese-doped iron oxide nanoparticles as a sensitive fluorescence nanosensor for non-invasive detection of trypsin activity in vitro and in vivoElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08171j
	Peptide modified manganese-doped iron oxide nanoparticles as a sensitive fluorescence nanosensor for non-invasive detection of trypsin activity in vitro and in vivoElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08171j
	Peptide modified manganese-doped iron oxide nanoparticles as a sensitive fluorescence nanosensor for non-invasive detection of trypsin activity in vitro and in vivoElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08171j
	Peptide modified manganese-doped iron oxide nanoparticles as a sensitive fluorescence nanosensor for non-invasive detection of trypsin activity in vitro and in vivoElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08171j

	Peptide modified manganese-doped iron oxide nanoparticles as a sensitive fluorescence nanosensor for non-invasive detection of trypsin activity in vitro and in vivoElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08171j
	Peptide modified manganese-doped iron oxide nanoparticles as a sensitive fluorescence nanosensor for non-invasive detection of trypsin activity in vitro and in vivoElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08171j
	Peptide modified manganese-doped iron oxide nanoparticles as a sensitive fluorescence nanosensor for non-invasive detection of trypsin activity in vitro and in vivoElectronic supplementary information (ESI) available. See DOI: 10.1039/d0ra08171j


