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ABSTRACT: The abnormal expression of tumor-associated proteases 51 (ngfg) 7866 7.6
and lowered extracellular pH are important signatures strongly &F%
associated with cancer invasion, progression, and metastasis. However, b@
their malignant e ects were mainly identi ed using cell and tissue
studies. To noninvasively visualize the heterogeneous distribution of lMMP-Q
these abnormal indicators in vivo and further disclose their collective

ﬁGKGPL GLP(@

GGKGPLGLP
¥

Bl

behaviors, a target-triggered uorescent nanoprobe composed of a

ratiometric pH-sensitive dye, a near-infrared dye (Cy5.5), and LL
biocompatible Fe;O, nanoparticles was constructed. The pH-sensitive

dye was linked through a peptide substrate of matrix metalloprotease-9

(MMP-9) with Fe;O, nanoparticles to establish a Forster resonance energy transfer (FRET) system for sensing the pH of the
tumor microenvironment. Cy5.5 served as an internal reference for forming a secondary ratiometric uorescent system together
with the activated pH dye to enable the visualization of protease activities in vivo. Extensive imaging studies using a mouse
model of human colon cancer revealed that the overexpression of MMP-9 and abnormal microenvironmental pH quantitatively
visualized by this dual-ratiometric probe are spatially heterogeneous and synergistically guide the tumor invasion in vivo.

INTRODUCTION cyanine molecules covalently linked by an MMP-cleavable
Matrix metalloproteases (MMPs), a family of zinc-dependent peptide have been ”.S'Ed to det_ect Pfo}faii activity thml_‘gh the
secreted endopeptidases, initially drew attention to study an cleavage of the peptide linker In vivo.— I-_|ow_ever, th'.s turn-
exotic event, the dissolution of the tadpole tail." It was then on type of pro_bes cannot p_r0\_/|d_e quantitative information on
postulated that MMPs may also promote tumor invasion via MMP expression because it is impossible to separate probe
enzymatic degradation of basement membrane collagen, which concentration from enzymatic activity.

gained support through pathologic studies of tumor transition _In addition to abnormal MMP expression, the lowered pH
from in situ to invasive carcinoma2 Further cell studies in the tumor microenvironment caused by altered glucose

examining the degradation of collagen labeled with “C metabolism and enhanced glucose uptake is another important

revealed that the levels of MMPs secreted by melanoma and signature of cancer.* Low extracellular pH induces cancer cell
sarcoma cells were signi cantly increased, and in combination death, promotes angiogenesis through up-regulating vascular

with gel electrophoresis, the increased expression of MMPs in endothelial g_rowth factor. expression, ar]d accelerates extrac-
tumor explants of skin, colon, lung, ovary, and breast cancer ellularlsml%tnx_ degradation by a ecting proteolytic en-
were con rmed and quanti ed.® ° To date, MMPs are known Zymes. Microelectrode, magnetic resonance (MR) spec-
to associate not only with metastasis but also with the troscopy and imaging, and chemical exchange saturation
regulation of apoptosis, angiogenesis, and the growth of transfer, a new MR imaging technique, have been L_Jsegigf(g[
malignant tumors.® Unfortunately, the small tissue biopsies detecting the pH of the tumor microenvironment in vivo.™
typically collected do not necessarily re ect the overall In comparison with these techniques, —uorescence Imaging
distribution of MMPs in a tumor. Recent studies suggest 0 ers a more convenient and potentially sensitive approach,
that it is possible to image the activity of MMPs and other

proteases using in vivo uorescence imaging.” '° Nanoprobes Received: August 20, 2017

based on a cyanine dye and a quencher or two self-quenching Published: December 14, 2017
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Scheme 1. Nanoprobe Injected Intravenously Passes through the Impaired Blood Vessel to Enter Cancerous Tissue®
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20nce within a tumor, the peptide linker connecting ANNA (N-carboxyhexyl derivative of 3-amino-1,2,4-triazole fused 1,8-naphthalimide) to an
Fe;0, nanoparticle is cleaved by MMP-9 resulting in the activation of the pH sensing uorophore. By comparing the variable activated emission of
ANNA with the constant uorescence of Cy5.5, MMP-9 activity mapping can be quanti ed. In this design, Fe;O, particle carrier serves not only as
a quencher for ANNA but also as contrast agent for magnetic resonance imaging (MRI) of tumors.

however, the uorescence intensity of pH-responsive probes
can be compromised by a number of other factors. In contrast,
ratiometric uorescent probes can better mitigate these issues
and allow quantitative determination of pH,> #° yet few
ratiometric dyes have been developed for analyzing the
microenvironmental pH of tumors in vivo.”®?’

Furthermore, the imaging probes previously reported
measure only a single abnormal aspect of the tumor
microenvironment, but tumor-associated changes are often
multifactorial and strongly correlated.?®?° To our knowledge,
there is no existing literature that quantitatively describes the
correlation between MMP activity and the pH of the tumor
environment in vivo. We present a probe that can serve as a
noninvasive tool to map multiple tumor-associated signatures
simultaneously in order to determine tumor heterogeneity,
correlate abnormal characteristics with metastatic potential,
and potentially help predict tumor progression and optimal
treatment strategies.

Herein, we design a novel dual-ratiometric uorescent probe
for simultaneously mapping the MMP-9 activity and
extracellular pH of tumors in vivo. As depicted in Scheme 1,
the uorescence of a ratiometric pH dye ANNA is quenched
while attached to the surface of an Fe;O, nanoparticle,
representing the “o ” state. Upon cleavage of the peptide
linker by MMP-9, the uorescence of ANNA is activated,
representing an “on” state, which has been previously
demonstrated for in vivo pH mapping of tumor xenografts
after intratumoral injection.?® Herein we extend this concept
by colabeling our probe with the near-infrared uorescent dye
Cy5.5. Since Cy5.5 is always in an “on” state, the constant
Cy5.5 emission and MMP-dependent uorescence from
ANNA can be compared to quantitatively map MMP-9
activity across the entire tumor. In addition, the probe
structure was redesigned by replacing the previous tumor-
speci ¢ monoclonal antibody with folic acid (FA) whose
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receptor is overexpressed in a large number of malignant
tumors.®>3! Since FA has a much lower molecular weight, the
nanoprobe is smaller, which makes it more suitable for
systemic delivery. We thus developed a probe that preferen-
tially target the tumor while simultaneously measuring pH and
protease activity in a quantitative way.

EXPERIMENTAL SECTION

Experimental details on the preparation of PEGylated Fe;O,
nanoparticles with surface reactive maleimide moieties, speci ¢
binding assays for dual-ratiometric nanoprobes, animal model
construction, uorescence and MR imaging of tumors in vivo,
together with histopathological and immunohistochemical assays of
tumors harvested, are provided in Supporting Information.
Synthesis of ANNA-Labeled Peptide. ANNA was covalently
coupled with the peptide substrate through an amidation reaction
between the carboxyl group of ANNA and the side amino group of
Lys in the peptide. In brief, 0.84 mg of ANNA was dissolved in 0.2
mL of 0.01 M PBS bu er (pH 8.5), into which 0.2 mL of aqueous
solution containing 0.60 mg of 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium chloride was introduced. After 5 min, 0.4 mL of
aqueous solution containing 2 mg of MMP-9 peptide substrate with
the N-terminus protected with Boc was quickly introduced. After
reacting for 1 h under stirring, 0.8 mL of tri uoroacetic acid was
added to remove the Boc protecting group, which was then removed
via rotary evaporation after reacting for one additional hour. The pH
of the reaction mixture was then tuned to 6.5 with 5 M NaOH to
obtain ANNA-labeled peptide for the following synthesis.
Conjugation of the ANNA-Labeled Peptide with PEGylated
Fe;0, Nanocrystals. First, 0.15 mg of 2-iminothiolane hydro-
chloride was introduced to the solution of ANNA-labeled peptide.
After stirring at room temperature for 2 h, 2.5 mL of aqueous solution
containing 10 mg of (mal-PEG-dp)-coated Fe;O, nanoparticles was
quickly introduced. After 1 h reaction, the resulting conjugates were
obtained after puri cation through ultra Itration for 4 cycles.
Conjugation of Folic Acid with Peptide-Modi ed Fe;0,
Nanoparticles. Je amine derivative of FA was prepared and
conjugated to Fe;O, nanoparticles through an amidation reaction
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Figure 1. (a) Schematic drawing of structure of the nal nanoprobe. (b) TEM image of the Fe;O, nanoparticles. (¢) Ultraviolet visible absorption
spectrum of Fe;O, nanoparticles. (d) Protonation-/deprotonation-induced structural transformation of ANNA, chemical structure of Cy5.5, and
two sets of uorescence spectra of ANNA and Cy5.5 recorded at di erent pH values excited at 455 and 675 nm, respectively.

between the amino group of Je amine and the carboxyl residue of the
peptide attached on the Fe;O, particle surface. Typically, 1.92 mg of
1-(3-(dimethylamino)propyl)-3-ethylcarbodiimide hydrochloride and
2.88 mg of N-hydroxysuccinimide were dissolved in 3 mL of 0.01 M
PBS containing 10 mg of Fe;O, particles premodi ed with ANNA-
labeled peptide. After approximately 15 min, 1 mL of 0.01 M PBS
containing 1.40 mg of FA-Je amine was introduced. Typically, the
conjugation reaction was lasted for 10 h. The nal conjugates were
puri ed through ultra Itration and then stored in 1x PBS at 4 °C.

Final Cy5.5 Labeling. Cy5.5 labeling was indirectly achieved
through the speci ¢ interaction between biotin and Cy5.5-labeled
streptavidin. Brie y, 0.75 mg of Je amine-modi ed biotin and 0.30
mg of 2-iminothiolane hydrochloride were rst dissolved in deionized
water. After stirring for 3 h, another solution containing 10 mg of
Fe;O, nanoparticles colabeled with ANNA and FA was introduced.
The reaction for biotin labeling via the remaining maleimide groups
on the particle surface was allowed to run for 1 h in order to obtain
biotin-modi ed nanoparticles bearing ANNA and FA moieties linked
through the peptide substrate of MMP-9.

Cyb.5-labeled streptavidin was prepared as follows: First, 11.75 mg
of Cy5.5 was dissolved in 11.75 mL of dimethylformamide and mixed
with 2 mL of PBS (0.01 M) containing 3.02 mg of streptavidin. The
pH of the reaction mixture was then adjusted to 8.5 with 0.2 M PBS
to enable the labeling reaction which was performed for 4 h.

The resulting conjugates were puri ed through ultra Itration with 3
kDa MWCO centrifugal Iter (Millipore YM-100), then mixed with
the biotin-labeled particles obtained above. After approximately 2 h,
the dual-ratiometric nanoprobe puri ed through ultra Itration was
obtained and stored at 4 °C for the following experiments. All animal
experiments reported herein were performed according to a protocol
approved by Peking University Institutional Animal Care and Use
Committee.
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RESULTS

Construction of the Dual-Ratiometric Fluorescent
Nanoprobe. Hydrophobic Fe;O, nanoparticles of 7.2 + 0.6
nm were rst prepared and PEGylated to obtain bIOCO bpatlble
particles with surface-reactive maleimide moieties.®* * Next,
as illustrated in Figure 1a, an ANNA-labeled peptide substrate
of MMP-9 (i.e., GGKGPLGLPG), was attached to the particle
surfaces through click reaction between the particle surface
maleimide group and a thiol group stemming from the N-
terminus of the peptide. Then, a Je amine derivative of FA was
linked to the glycine moiety at the C-terminus of the peptide
through amidation. Lastly, a Je amine derivative of biotin was
conjugated to the particle surface through the remaining
maleimide groups on the particle surface for further coupling
Cy5.5-labeled streptavidin to obtain the dual-ratiometric

uorescent nanoprobe. Through absorption spectroscopy, the
number of Cy5.5, ANNA, and FA moieties per Fe;0, particle
were estimated to be ca. 11, 90, and 86, respectively. More
details are provided in the Supporting Information.

Since the Fe;O, nanoparticles presented in Figure 1b exhibit
a broad featureless absorption covering almost the entire
visible region (Figure 1c), they are also excellent quenchers for
ANNA, as previously demonstrated®® but not for Cy5.5
because the absorption and emission of Cy5.5 are both in the
far near-infrared regions.

Due to the protonation-/deprotonation-induced internal
charge transfer, ANNA presents variable emission pro les at
di erent pH as shown in Figure 1d, which makes it possible to
optically detect the environmental pH, irrespective of ANNA
emission intensity. Most importantly, the integrated ANNA
emission is almost independent of pH with only 3% of the
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Figure 2. (a) Fluorescence spectra of the nanoprobe recorded upon excitation at 455 and 650 nm, respectively, before (0 min) and after incubation
with activated MMP-9 for di erent periods of time. (b) Temporal evolution of the uorescence peak intensity of ANNA (green) and Cy-5.5 (red).
(c) Fluorescence spectra recorded after the nanoprobes were incubated with di erent concentrations of activated MMP-9. (d) Linear relationship
of integrated emission intensity ratio between ANNA and Cy5.5 (Ianna/lcyss) against the concentration of activated MMP-9 recorded under a

xed incubation time of 30 min. The linear tting results led to a limit of detection of 0.74 nM with a con dence level of 99.9% for MMP-9 in vitro.
(e) Confocal microscopy images of LS180 cells (top row) and human broblast control cells (bottom row) obtained after incubation with the
nanoprobe for 6 h and then imaged through di erent channels according to the dye emissions (cell nuclei were stained with Hoechst, and the scale

bar corresponds to 10 m).
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Figure 3. Upper panel: uorescence images of the tumor site overlaid on the corresponding bright eld images of tumor-bearing mice showing the
signal variation of both Cy5.5 and ANNA (Right frame 1 9: heart, liver, spleen, lung, kidney, intestine, bone, muscle, and tumor). Lower panel:
color-coded T,-weighted MR images of tumor-bearing mice acquired before and at di erent time points after intravenous injection of the
nanoprobe (Right frame: temporal evolution of T, values of the tumor site with a similarly structured nanoprobe bearing no FA as control).

integrated intensity uctuating in pH range of 5 7 (shown in
Figure S1), which enables the following quanti cation of
MMP-9 activity by using the uorescence of Cy5.5 as an
internal reference, as the latter is nearly pH-independent.
Dynamic light scattering (DLS) studies revealed that the
hydrodynamic size of the nal probes was slightly increased
from 21 nm for the PEGylated Fe;O, particles to 24 nm. In
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addition, as shown in Figure S2, the size distribution pro le
remained nearly unchanged, suggesting that sequential
conjugation reactions took place in a well-controlled manner
and that particles did not agglomerate.

Protease-Activated Emission of the Dual-Ratiometric
Nanoprobe in Vitro. The temporal protease-responsive
behavior of the nal probe was rst evaluated in vitro upon

DOI: 10.1021/jacs.7b08900
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Figure 4. (a, b) In vivo contour mapping of MMP-9 activity and pH of the tumor site derived from the results given in Figure 3 (MMP-9 activity
derived according to integrated Iayna/lcys s ratio across the tumor site, and local pH calculated according to pH-dependent ANNA emissions (l5q0/
Is40) shown in Figure S5 are quantitatively color-coded with linear scale bars with ten units. With respect to pH, each scale represents 0.1 pH units),
together with those of the tumor harvested right after in vivo imaging (white dotted line indicates the cross-section of the tumor for tissue analysis).
(c) Three adjacent tissue slides stained with H&E, eosin & 3,3'-diaminobenzidine (DAB), and Prussian blue, respectively (scale bar corresponds to

100 m).

incubation with activated MMP-9 in phosphate-bu ered saline
(1x PBS, pH 7.4). As shown in Figure 2ab, the initial

uorescence intensity of ANNA was rather weak but becomes
activated upon prolonged incubation with an on/o ratio
quickly increasing to 13 within 1 h and approximately 17
within 4 h, while the uorescence intensity of Cy5.5 remains
nearly constant within the same period. In addition, the

uorescence from activated ANNA depends linearly on the
concentration of MMP-9 at xed incubation time, as shown in
Figure 2c,d, thus o ering a possibility to quantitatively detect
MMP-9 using the ratio between ANNA and Cy5.5 emission.

Cancer cell targeting and responsive behavior were
investigated by incubating the nanoprobe with LS180, a
human colorectal cancer cell line overexpressing MMP-9, or

broblasts serving as a negative control.*® The confocal images

shown in Figure 2e clearly reveal that the dual-ratiometric
probe can target LS180 cells and be activated locally, while
control cells do not show any observable uorescence under
the same conditions. In addition, the green emission from the
cleaved pH-sensitive dye is also mainly located on the cell
membrane. Further quantitative measurements on ANNA
emission revealed that the percentage of chromophores
remaining attached on the surface of the cell membrane
dropped to 76% after incubation with LS180 cells for 2 h. This
is probably due to the involvement of lysosomal processes
following endocytosis of the probe;*” however, the non-
interlined portion reached a steady state at slightly above 70%
after prolonged incubation, which ensures that ANNA
uorescence re ects extracellular pH. More details are
provided in Figure S3.

Multimodality Imaging of Tumors in Vivo. Multi-
modality imaging of LS180 tumor xenografts in vivo was
performed after intravenous delivery of the dual-ratiometric
nanoprobe via the tail vein of tumor-bearing mice. As shown in
Figure 3, the red uorescence of Cy5.5 begins to appear at the
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tumor site 1 h after injection, and the intensity of this red
emission continues to increase until it reaches a plateau
between 2 and 4 h postinjection before decaying. Alternately,
the emission of ANNA appears approximately 2 h post-
injection and reaches a signal maximum between 3 and 4 h
postinjection. The delay of ANNA reaching its maximum
signal can be understood by the cleavage kinetics of MMP-9
shown in Figure 2b. In contrast to the relatively constant
spatial intensity of Cy5.5 signal, ANNA intensity is spatially
heterogeneous, which was further con rmed by MR imaging as
shown in the bottom row of Figure 3. Regarding the
inconsistency between the signal patterns of Cy5.5 and
ANNA, this could occur because Cy 5.5 signal is strongly
associated with the distribution of folate receptor, whereas the
ANNA signal is largely governed by the distribution of MMP-
9.

Importantly, no signal was evident at the tumor site in
control experiments using similarly structured nanoprobes
bearing either no FA or mlgG instead of FA, as shown in
Figure S4. This demonstrates that the FA moieties endow the
dual-ratiometric probe with its tumor targeting ability.*®

Major organs including the heart, liver, spleen, lung, kidney,
intestine, bone, and muscle, as well as the tumor, were excised
immediately after the imaging studies and subjected to ex vivo

uorescence imaging. The results in the top-right corner of
Figure 3 reveal that the nanoprobes are present in most organs
and tissues except for muscle. The uptake of nanoprobes by
liver, spleen, and bone marrow has been previously observed,
as these tissues are rich in phagocytic cells, while the presence
of nanoprobes in kidney and intestine suggests that these
nanoprobes are eliminated via the renal and biliary clearance
pathways.>* Nanoprobes were also uptaken by the lung, which
is similar to what has been previously observed.*® Although the
biodistribution of the nanoprobe is not the central topic of the
current study, Cy5.5 can help to indicate the probe’s in vivo
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Figure 5. (a) Variation in MMP-9 activity in response to tumor pH adjusted upon intratumoral injection of PBS (pH 6.2). (b) Quanti ed
expression level of MMP-9 obtained through colorimetric assays (left) and relative MMP-9 activity obtained using multimodality imaging (middle),
together with tumor microenvironment pH quanti ed using ANNA emission (right). (¢) Quanti ed pH and MMP-9 expression mapping of
tumors obtained at D+0, D+2, and D+4 (in color bar shading from black to yellow for reading MMP-9 expression ranging from of 4.3 6.8 ng/mL,
each step thus corresponds to 0.25 units). (d) Photographs of subcutaneous tumors showing their growth over 4 days. (¢) Top: microscopic image
of a tissue slide stained with H&E; bottom: merged immuno uorescence microscopic image of two adjacent slides stained for E-cadherin
expression (red) and MMP-9 expression (green), respectively (scale bar corresponds to 200 m). The orange arrows point to boundaries between

healthy tissue and the tumor where MMP-9 is highly expressed.

biodistribution. In contrast, the ANNA signals are only
observed in the intestine, bone, and tumor. Though it remains
unclear why intestine and bone present some signal, the signal
in these locations is substantially lower than that in the tumor,
which suggests that the current dual-ratiometric probe is
su ciently speci ¢ for tumor imaging owing to the protease-
responsive design.

DISCUSSION

According to our previous studies, pH mapping of tumors can
be achieved by quantitatively comparing 500 and 540 nm
channel emissions of ANNA upon in vivo activation of the
ANNA-Fe;O, probe delivered through intratumoral injec-
tion.”® The tissue absorption was taken into consideration for
calibrating the 1500/1549 ratio which was highly sensitive to pH
as shown in Figure S5. With improved design, the current
probe delivered via the tail vein not only exhibits excellent
tumor targeting ability, as demonstrated by the consistency of
Cyb5.5 signal with T, value of the tumor site (Figure 3) but
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also presents a dramatically increased on o ratio for ANNA
after activation (Figure 2b). Most importantly, the broad time
window for Cy5.5 to show constant emission from the tumor
site (Figure S6) enables accurate quanti cation of activated
ANNA for mapping MMP-9 activity in vivo.

The results shown in Figure 4a suggest that the expression of
MMP-9 is spatially heterogeneous but remarkably consistent
with the pH mapping given in Figure 4b, especially when
ANNA is fully activated 4 h postinjection (Figure S6). This
consistency was further veri ed through ex vivo mapping of
both MMP-9 activity and the pH of the tumor harvested
immediately after in vivo imaging experiments, although the
signals largely dissipate, as shown in right frames of Figure
4ab. To understand the uneven distribution of MMP-9
activity, histopathological and immunohistochemical analyses
were performed. The results presented in Figure 4c
demonstrate that the transplanted tumor cells have formed
solid tumors as characterized by large and intensely colored
nuclei and irregular sizes and shapes. Although the cells in the
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green dashed line square are rather similar to those outlined by
the orange dashed line upon H&E staining (left panel of Figure
4c), these two regions show di erent degrees of DAB staining
(middle panel of Figure 4c), con rming the heterogeneous
distributions of MMP-9 within the tumor. Furthermore,
Prussian Blue staining displaying the distribution of the
Fe;O,-based probe revealed that upon intravenous injection
the dual-ratiometric  uorescent probes are almost evenly
distributed across the inspected tumor region (right panel of
Figure 4b), indicating that MMP-9 mapping using the dual-
ratiometric probe appropriately re ects the heterogeneous
distribution of MMP-9 in vivo.

To further validate the consistency between these two
abnormal signatures in vivo, the protease activity was mapped
while adjusting the tumor microenvironmental pH upon
intratumoral injections of 20x PBS bu er (pH 6.2). The
results shown in Figure 5a suggest that the activity of MMP-9
is enhanced after the bu er injection but quickly recovered
within 20 min, which corresponds well with the pH variations
reported by ANNA uorescence. These phenomena are also
reproducible within the same tumor during the second round
of pH adjustment after 90 min. Similar experiments carried out
via intratumoral injection of 20x PBS bu er (pH 7.4) gave rise
to a reverse tendency for the protease activities as shown in
Figure S7. The conserved variation of pH and MMP-9 activity
thus suggests a strong correlation between these two major
abnormal signatures of cancer. To our knowledge, the real-time
observation of these two abnormal signatures in vivo has not
been previously reported. In fact, previous in vitro cell
experiments, based on gel zymography, Western blot, and
reverse transcription PCR, have demonstrated that the
expression of MMP-9 can be regulated by altering the
environmental pH of cells.?®*°*! Moreover, the pH-dependent
activity of MMPs was also observed through uorometric
assay.“® In contrast to these time-consuming methods, MMP-9
activities can instantly be observed with the dual-ratiometric
probe according to Figure 5a, typically within 10 min, which
makes it suitable for real-time acquisition of protease activity
for in vivo cancer studies.

As a result, it is very important to determine whether
secondary dual-ratiometric system established with ANNA/
Cy5.5 enables the quanti cation of protease activity in vivo
apart from local pH through ANNA. To answer this question,
tumor-volume-dependent MMP-9 expression was rst deter-
mined ex vivo through conventional colorimetric assays as seen
in the left frame of Figure 5b. Then, the relative protease
activity of MMP-9 in tumors of di erent sizes was determined
through in vivo imaging with the dual-ratiometric probe for
comparison. As shown in the middle frame of Figure 5b, this
imaging method o ers a pro le for tumor-size-dependent
MMP-9 activity that is rather similar to the pro le obtained
using the conventional method except that the sensitivity is
slightly lower for larger tumors probably due to the increased
light absorption of the tissue in larger tumors. In addition, the
ratiometric emissions of ANNA also provide a tumor-size-
dependent environmental pH (right frame of Figure 5b) that
coincides well with the trend measured using a needle pH
microelectrode.*

Since the tumor-size-dependent protease activity obtained
through imaging is consistent with the tumor-size-dependent
MMP-9 activity determined via colorimetric assays (Figure
5b), it is interesting to know whether the imaging signal for
MMP-9 activity can further be quantitatively converted to
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MMP-9 expression level independent of tumor size. The
results given in Figure S8 show that integrated imaging signal
intensity for MMP-9 activity is linearly related to MMP-9
expression, which enables quanti cation of uorescent images
for further monitoring of tumor malignancy. This ability may
be especially important when assessing the synergistic e ects of
the overexpressed MMP-9 and lowered tumor environmental
pH that are thought to correlate with the invasiveness and
metastatic potential of tumors based on in vitro studies. By
continually monitoring the tumor xenografts for 4 days, the
imaging results shown in Figure 5¢ reveal that the lowered pH
regions and high protease activity regions are highly correlated
in time and space, pointing to the tumor invasion directions
along the development of tumors. This is also supported by the
histopathological and immuno uorescence analyses given in
Figure 5e, showing that MMP-9 is highly expressed at the
boundary between normal and tumorous tissues of the highly
invasive site.

CONCLUSIONS

A protease-triggered dual-ratiometric  uorescent probe has
successfully been constructed based on a FRET system
comprised of Fe;O, nanoparticles, pH-sensitive ratiometric
uorescent dye, NIR dye, MMP-9 speci ¢ peptide substrate
linker, and FA as a tumor active targeting moiety. In addition
to MRI compatibility enabled by Fe;O, portion of the
nanoprobe, this rational design allows these intravenously
delivered nanoparticles to simultaneously map the protease
activity of MMP-9 and microenvironmental pH of tumors.
Systematic studies further demonstrate that the dual-
ratiometric systems provide not only instant but also
quanti able information on the local protease activity of
MMP-9 and pH in tumors. The current study also
demonstrated that the overexpression of MMP-9 is well-
correlated, in both time and location, with abnormal pH in
vivo. The synergistic e ects of these two characteristics largely
govern the heterogeneous invasion of malignant tumors.
Therefore, the key novelty of the current study lies in the
quantitative and real-time detection of multiple tumor
microenvironmental factors through noninvasive multimodal-
ity imaging. Thus, we believe that the general concept of the
probe design demonstrated herein may represent a powerful
tool for studying and characterizing abnormal tumor signatures
in vivo.
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