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I
t is well-known that the tumor microen-
vironment is strongly correlated with
prognostic factors relating to growth,

invasion, and metastasis of malignant
tumors.1�9 Furthermore, there is increasing
awareness of the impact of spatiotemporal
heterogeneity in tumor properties that im-
pact therapeutic administration. Therefore,
developing noninvasive methods for visua-
lizing the tumor microenvironment is criti-
cal for tumor diagnostics and for predicting
metastasis potential, determining thera-
peutic efficacy, therapy development, and
prognostics. In a clinical scenario, this infor-
mation could also direct personalized care
specified by the tumor response.
Tumor cells need to breach extracellular

matrices to invade. Conventionally, matrix
metalloproteases (MMPs), a family of zinc-
dependent secreted endopeptidases, are
involved in homeostatic regulation and pro-
cessing of extracellular matrices.2 However,
their overexpression observed in tumors
compromises extracellular matrix integrity
and correlates with an advanced tumor
stage, increased invasion and metastasis,
and shortened survival.4�7 Normally, MMPs
occur in unactivated zymogen form,whereas
they are activated and upregulated in almost
all types of human cancers.

Apart from abnormal expression of pro-
teases, the tumor microenvironment is also
often characterized by abnormal extracellu-
lar pH as a result of anaerobic glycolysis,
typically in a range of 6.2�6.9 and slightly
lower than that (7.2�7.4) for normal
tissues.3 The acidic environment of malig-
nant tumors correlates with a significant
number of harmful consequences, such as
increased invasion and mutation rates as
well as and radio resistance.8,9 Monitoring
the MMP activity and pH in tumors is there-
fore of major significance in the study and
treatment of cancer.
Various optical imaging labels have been

developed as facile and hypersensitive tools
for biosensing, yet they often suffer in vivo

from the interference of autofluorescence.10

One solution to reduce the background
noise arising from autofluorescence is to
quench the fluorescence of the probes be-
fore reaching the designated target. If the
fluorescence can be activated at the target
site, by endogenous enzymes for example,
hypersensitive and enzyme-specific fluores-
cent probes can be realized.11�16

Inorganic nanoparticles such as Au parti-
cles are often chosen as a quencher for
constructing hypersensitive optical probes
based on fluorescence resonance energy
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ABSTRACT A protease-activated ratiometric fluorescent probe based on fluorescence resonance

energy transfer between a pH-sensitive fluorescent dye and biocompatible Fe3O4 nanocrystals was

constructed. A peptide substrate of MMP-9 served as a linker between the particle quencher and the

chromophore that was covalently attached to the antitumor antibody. The optical response of the

probe to activated MMP-9 and gastric cell line SGC7901 tumor cells was investigated, followed by

in vivo tumor imaging. Based on the ratiometric pH response to the tumor microenvironment, the

resulting probe was successfully used to image the pH of subcutaneous tumor xenografts.
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transfer (FRET).15 In comparison with Au particles, iron
oxide nanocrystals exhibit broad featureless absorp-
tion in the visible domain due to the electronic transi-
tion of d-orbitals.17,18 Therefore, magnetic iron oxide
nanoparticles can, in principle, also be used as a
quencher for constructing FRET-based target-activated
optical probes, which remains to be explored. An
additional benefit of using magnetic iron oxide parti-
cles instead of Au particles is that they can enhance the
local contrast of magnetic resonance imaging.19�22

Regarding pH sensing, most fluorescent probes
developed so far solely rely on the variation of fluores-
cence intensity, which is usually compromised by
many non-pH factors such as the local concentration
of chromophores.23 In contrast, ratiometric fluorescent
probes can avoid such problem and thus allow quanti-
tative determination of pH.23�29

Herein, we propose a protease-activated fluores-
cence imaging probe based on Fe3O4 nanocrystals
and ratiometric fluorescent dye that are covalently
linked through a peptide substrate of MMP-9, as
depicted in Figure 1. In its “off-state”, the Fe3O4 particle
is designed to quench the fluorescence of the dye,
that is, the N-carboxyhexyl derivative of 3-amino-1,2,4-
triazole-fused 1,8-naphthalimide (ANNA). When
MMP-9 cleaves the peptide linker, the quenching
particle is lost and the dye fluoresces, representing
the “on-state”. It is worthy to mention that a tumor-
specific antibody covalently coupled to the C-terminal

of the peptide substrate remains attached to the
chromophore after detachment. This is intended for
retaining the chromophores within the tumor extra-
cellular matrix to enable pH mapping. This design
makes the current probe significantly different from
activatable probes reported before.11�15 Through a
series of in vitro and in vivo experiments, the perfor-
mance of the probe was evaluated. The pH of the
tumors in vivo was imaged to demonstrate the feasi-
bility of the probe design for tumor microenvironmen-
tal analysis.

RESULTS AND DISCUSSION

Construction of Protease-Activated Fluorescent Imaging
Probe. The Fe3O4 nanocrystals with an average size of
7.2 ( 0.6 nm, as shown in Figure 2a, were prepared
through a conventional thermal decomposition meth-
od by using oleic acid as surface ligands.30 By using an
asymmetric polyethylene glycol (PEG) ligand bearing a
diphosphate group at one end and a maleimide group
at the other end to displace the hydrophobic ligands,
PEGylated Fe3O4 nanoparticles were obtained.22

Through the maleimide group, ANNA-labeled peptide
(i.e., Gly-Pro-Leu-Gly-Leu-Pro-Gly-Lys-Gly-Gly) was
covalently linked to the particle surface.31,32 Thereafter,
a gastric-cancer-specific anti-gastric cancer antibody
MGb2 was attached to the C-terminal of the peptide
substrate through an amidation reaction. MGb2 is a
mousemonoclonal antibody developed by immunizing

Figure 1. Transition from “off-state” to “on-state” of the fluorescent probe can be triggered by MMP-9.

Figure 2. TEM image of the as-prepared Fe3O4 nanoparticles (a), protonation/deprotonation induced structural transforma-
tion of ANNA (b), pH-dependent fluorescence of ANNA recorded under excitation of 455 nm (c), and ratiometric fluorescence
behavior of ANNA against pH (d).
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BALB/c mice with the KATOIII gastric cancer cell line.
Its antigen identified as TRAK1 (trafficking protein,
kinesin-binding 1) is expressed in 81.48% of gastric
carcinomas and 100% of signet ring cell carcinomas,
which makes MGb2 a promising ligand for targeting
gastric tumor.33

Due to the deprotonation and internal charge
transfer from the electron-rich amino group to the
electron-poor imide moiety, as illustrated in Figure 2b,
ANNA presents a strong pH-dependent ratiometric
emission, as shown in Figure 2c. The resulting intensity
ratio of the fluorescence acquired at 480 and 510 nm
(i.e., I480/I510) exhibits a sharp decrease especially in the
range of 5.7�7.1 (Figure 2d), which is especially inter-
esting for detecting tumor-associated microenviron-
mental pH. Most importantly, owing to the rational
design, the fluorescence of ANNA is heavily quenched
after being conjugated to the surface of Fe3O4 nano-
particles, and this quenching effect is almost pH-
independent in 5.0�7.4, as shown in Supporting
Information Figure S1, presenting the “off-state” of
the nanoprobe.

Dynamic light scattering (DLS) measurements re-
vealed that the hydrodynamic size of the final probe
was of 42 nm, reasonably larger than that (31 nm) for
the PEGylated mother particle. Most importantly, as
shown in Figure S2, the size distribution profile of the
conjugates remains nearly unchanged in comparison
with that of the mother particles, which strongly sup-
ports that the sequential conjugation reactions took
place in a controlled manner.

Protease-Responsive Fluorescence of the Activatable Nanop-
robe. The temporal protease-responsive behavior of
the nanoprobe was evaluated in 1� phosphate buf-
fered saline (PBS) (pH= 7.4) containing 15 nMactivated
MMP-9. As shown in Figure 3a, the initial fluorescence
intensity of the conjugate is rather weak but is readily
enhanced in the presence of MMP-9 by a factor of >6
within 120 min, as illustrated in Figure 3b. In contrast,
the fluorescence intensity of the probe remained
nearly unchanged over 8 h in the absence of MMP-9
(off-state), indicating excellent sensitivity to MMP-9.

The cancer cell-responsive behavior of the probe
was studied by incubating the final probe with tumor
cells overexpressing MMP-9, such as human gastric
cancer cell line SGC7901.34 Data shown in Figure 3c
clearly reveal that fluorescence is effectively activated
by SGC7901 cells. Fluorescence imaging revealed that
SGC7901 cells present green-colored fluorescence 6 h
after being incubated with the probe, while the human
fibroblast control cells do not show any observable
fluorescence under the same conditions, as shown in
Figure S3, consistent with the expectations for the
MMP-9 expressing cells.

According to the temporal evolution of the I480/I510
ratio provided in Figure 3d, the local pH for the
chromophore remains above 6.85 during the early
stage of incubation (<6 h), then it is decreased to
approximately 6.60 while the I480/I510 ratio enters into
a plateau region after 24 h incubation. The lowered
pH is probably associated with the lysosomal process
following the endocytosis of the fluorescent moiety

Figure 3. Fluorescence spectra of the probe incubatedwith theMMP-9 in 1�PBS (a), temporal evolutionoffluorescencepeak
intensity in the presence (green) or absence (red) of MMP-9 (b), fluorescence spectra of the probe incubated with SGC7901
cells (c), and ratiometric fluorescence behaviors recorded in the presence of SGC7901 cells (green) and human fibroblast
cells (red) (d).

A
RTIC

LE



HOU ET AL. VOL. 9 ’ NO. 3 ’ 3199–3205 ’ 2015

www.acsnano.org

3202

remaining attached to the antibody. Nevertheless,
roughly 90% of the chromophores remain located on
the cellmembrane if we assume that the local pH of the
lysosome is around 5.0,35 which is greatly in favor of the
detection of extracellular pH of tumors in the following
in vivo studies.

pH Imaging of Tumors in Vivo. On the basis of afore-
mentioned results, in vivo imaging of the probe in a
subcutaneous SGC7901 tumor xenograft was sub-
sequently conducted via intratumor injection of the
nanoprobe. This was conducted as a proof of principle
to demonstrate the feasibility of applications with
the probe. As shown in Figure 4a, the fluorescence
from the tumor site becomes detectable 5 min post-
injection, increases, and then reaches a plateau region
between 30 and 60 min. Beyond this time point, the
integrated fluorescence intensity slightly decreases.
Since the fluorescent area expands in size, the fluores-
cence intensity of the central tumor area decreases
slightly. Since no fluorescence recovery is recorded
after subcutaneous injection of the nanoprobe into
healthy tissue of normal mice, which served as the
control (Figure S4), the appearance and following
enhancement of the fluorescence from the tumor

region can be attributed to the probe activation by
MMP-9. The latter expansion of the fluorescent area
can be interpreted by outward diffusion of the released
chromophores that are much smaller than the initial
nanoprobe. However, the outward diffusion of the
detached dye�antibody conjugate should also be
balanced by antibody�target recognition. As a con-
sequence, within a 30 min time window between, the
size and shape of the fluorescent area remain nearly
unchanged, allowing extraction of the extracellular pH
information within tumor.

It should be noted that, due to the limitation of the
imaging system used here, fluorescence measure-
ments were restricted only down to 500 nm. Fluores-
cence at 500 nm (Figure 4b) and 540 nm (Figure 4c)
instead of 480 and 510 nmwas recorded to extract the
pH of the tumor matrix, though with slightly reduced
sensitivity (Figure S5a).

Though accurately extracting the pH information
solely based the two-dimensional (2D) optical imaging
results remains difficult due to the three-dimensional
nature and inhomogeneous structure of a given tumor,
the absorption and scattering of excitation and emis-
sion by both tumor tissue and the overlying skin, etc.,

Figure 4. Color-coded fluorescence images of tumor-bearing mice based on emission of 500�600 nm (a), 500 nm (b), and
540 nm (c), with temporal variations of the integrated optical intensity lying aside. Pictures in row d are pH mapping of the
tumor region with an optical image of the harvested tumor placed at right-hand side.
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semiquantitative analysis was carried out by taking the
absorption of skin into consideration. More detailed
calibration processes on the optical signals are pro-
vided in Supporting Information. The corrected I500/
I540 ratio together with its pH dependency (Figure S5b)
then allows pH mapping of the tumor region. We
observe here that the pH falls in the range of 6.6�7.5
with an average value of ∼6.8 for the entire tumor
observed 20�60 min postinjection. The detailed re-
sults given in Figure 4d further reveal that, during the
early stages after administration, the pH imaging con-
trast remains low but gradually enhances with time. At
around 60min postinjection, the pH inhomogeneity of
the entire tumor is maximized. It is worth mentioning
that, at this imaging time point, the size of 2D fluor-
escent image remains rather comparable with that
for the tumor extracted right after the imaging experi-
ment (right corner of Figure 4d). Thereafter, the
pH imaging contrast is gradually reduced. In fact,
the integrated fluorescence intensity only decreases
by 5.1% from 1 to 2 h postinjection, but the size of
fluorescent area is obviously enlarged. Therefore, the
following reduced pH contrast is reasonably attributed
to the outward diffusion of the chromophores into
healthy tissue, whose pH is typically around 7.4.
Assuming that the diffusion takes place isotropically,
the chromophores that get closer to skin also contri-
bute to the reduced pH imaging contrast upon pro-
longed observation.

The fluorescence imaging results indicate that
the current probe can rapidly respond to the tumor-
associated protease and then sense the extracellular
pH of the tumor. Nonetheless, due to the lack of a
diffusion coefficient of the dye�antibody conjugate
within tumor, the local receptor density, and binding
kinetics of the targeting moiety in vivo, it remains
difficult to disclose the correlation between the

pH imaging and the heterogeneity of the tumor. More-
over, the optical properties of the ratiometric dye can
further be optimized for in vivo applications by shifting
the fluorescence and excitation more to
the red. Regarding the current probe design, higher
antibody-to-dye ratio is in favor of more accurate
tumor pH imaging but is unfavorable for the probe
to escape the uptake by the immune system if deliv-
ered through intravenous injection. However, the tar-
geting moiety used in the current design is not
restricted to the antibody; small targeting molecules
may be helpful for further improving the signal-to-
noise ratio for the pH mapping. In addition, the core
particle of the current protease-activable probe;
Fe3O4 nanocrystals;also offers the possibility to
visualize the heterogeneous structure of tumors via

magnetic resonance imaging for better understanding
of the pH mapping results, which is currently still
underway.

CONCLUSIONS

In summary, a protease-activated fluorescent probe
is designed and constructed based on FRET between
ratiometric fluorescent dye and biocompatible Fe3O4

nanocrystals covalently coupled through a MMP-9 spe-
cific peptide substrate linker. In vitro cell studies prove
that the resultingnanoprobe canbeactivatedbyMMP-9
secreted by tumor cells. The detached chromophores
can effectively tag the tumor cells through the cova-
lently coupled antibody. Further in vivo imaging experi-
ments in combination with semiquantitative analysis
suggest that the current probe can be used for realizing
sensitive pH mapping of the tumor microenvironment.
Although a satisfying heterogeneity tumor model is still
lacking, the current study paves an effective way to
achievenovel probes suitable for noninvasive analysis of
tumor-associated microenvironment.

EXPERIMENTAL SECTION
Chemicals. The following materials were purchased from

Sigma-Aldrich: FeCl3 3 6H2O, oleic acid, 1-octadecene, and
4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
chloride (DMTMM). Analytical grade chemicals such as ethanol,
cyclohexane, and tetrahydrofuran (THF) were purchased from
Sinopharm Chemical Reagent Beijing, Co., Ltd. The mal-PEG-dp
was a customized product provided by Beijing Oneder Hightech
Co. Ltd. Human gastric cancer cell line SGC7901 and MGb2
monoclonal antibody were obtained from the Fourth Military
Medical University. Human fibroblast was obtained from the
Oncology School of Peking University. Ironoleate complex was
prepared according to a previous report.30

Synthesis of Hydrophobic Fe3O4 Nanoparticles. Fe3O4 nanoparti-
cles with core size of 7.2 nmwere also synthesized according to
a previous report.30 In brief, 3.6 g (4 mmol) of freshly prepared
iron oleate and 3.39 g (4 mmol) of oleic acid were dissolved in
25 mL of 1-octadecene. The resulting solution was heated to
310 �C at a rate of 3.3 �C/min and then maintained at 310 �C for
30 min under nitrogen protection. The preparation was termi-
nated by cooling the reaction mixture to room temperature.

The resulting nanoparticles were precipitated by acetone,
collected by magnetic separation, washed with acetone several
times, and finally redispersed in THF or cyclohexane for further
experiments.

Ligand Exchange. As a typical example, 150 mg of PEG deri-
vative was dissolved in 10 mL of THF containing 10 mg of
hydrophobic Fe3O4 nanoparticles. Then, the reaction mixture
was heated to 60 �C and kept at this temperature for 12 h under
stirring. After that, the Fe3O4 nanoparticles were precipitated
by cyclohexane, washed with cyclohexane three times, and
dried under vacuum at room temperature. To remove excess
PEG ligand, the resulting aqueous solutions containing the
PEGylated Fe3O4 nanoparticles were purified by ultrafiltration
for 4 cycles using a 100 kDa MWCO centrifugal filter (Millipore
YM-100) at 6000 g.

Synthesis of Chromophore-Labeled Peptide. The ratiometric fluor-
escent dye ANNA was covalently bound 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
(pH 8.5). Then, 0.2 mL of aqueous solution containing 0.6 mg
of DMTMMwas added quickly under stirring. After 5min, 0.4mL
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of aqueous solution containing 2 mg of the Boc-protected
N-terminal peptide substrate of MMP-9 was added quickly
under stirring. The reaction solution was stirred for 1 h. To
remove the terminal Boc group, 0.8 mL of trifluoroacetic acid
was added. After 1 h, TFA was removed by rotary evaporation.
Then, 5 M NaOH was added to the resulting solution, and the
pHwas adjusted to 6.5. The product was finally obtained for the
following synthesis.

Conjugation Reaction between Chromophore-Labeled Peptides and the
PEGylated Fe3O4 Nanocrystals. To the solution of chromophore-
labeled peptide obtained in the previous step was added
0.15 mg of 2-iminothiolane hydrochloride (ca. 1.1 equiv to
amino groups). After being stirred for 2 h at room temperature,
2.5 mL of aqueous solution containing 10 mg of (mal-PEG-dp)-
coated Fe3O4 nanoparticle was added quickly. The mixture was
stirred for 1 h, after which the product was purified by ultra-
filtration with 1� PBS for 4 cycles using a 100 kDa MWCO
centrifugal filter (Millipore YM-100) to remove the uncoupled
peptide.

Further Coupling Reaction with MGb2 To Achieve the Final Probe. The
mAb MGb2 was conjugated to Fe3O4 nanoparticles through
an amidation reaction between the amino group of MGb2 and
the carboxyl residue of the peptide attached to the particle
surface. The conjugation reaction with mAb MGb2 was per-
formed at 4 �C. Typically, EDC (10 μmol) and sulfo-NHS (25 μmol)
were dissolved in 3 mL of 1� PBS containing 10 mg of Fe3O4

nanoparticles modified with chromophore-labled peptides.
After approximately 15 min, 1 mL of 1� PBS containing
1.15 mg of mAb MGb2 was introduced. Typically, the reaction
lasted for 10 h. The conjugates were washed several times in
1� PBS and then stored at 4 �C.

Specific Binding Assays for the Nanoprobes. Fluorescence micro-
scopy and spectroscopy were used to qualitatively evaluate
the binding specificity of the nanoprobes to SGC7901 cells
and human fibroblast cells. In detail, approximately 1 � 105

SGC7901 and human fibroblast cells were seeded in the wells of
two 8-well chamber slides and incubated overnight at 37 �C
under 5% CO2 to allow a firm adherence. After being rinsedwith
PBS, the cells were incubated with the nanoprobes at 37 �C
under 5% CO2 for 6 h. After that, the cells were rinsed three
times with PBS. The fluorescence micrographs were captured
using a fluorescence microscope (Olympus X71).

The fluorescence spectra were recorded on a microplate
reader (Thermo, Varioskan Flash). In brief, cells were seeded into
a 96-well cell culture plate by 1 � 105 cells/well under 100%
humidity and incubated overnight at 37 �C under 5% CO2 to
allow a firm adherence. After being rinsed with PBS, the nano-
probes were added at different time points to different wells,
and the cells were incubated with the nanoprobes at 37 �C
under 5% CO2. Subsequently, the cells were rinsed three times
with PBS, and the fluorescence spectra were recorded.

Animal Tumor Model. The tumor model used was established
upon subcutaneous injection of SGC7901 cells (∼5 � 106) into
male BALB/c nude mice (4�6 weeks old) at the flank region
of the right hind leg. The tumor imaging studies were carried
out when the tumor size reached 8�10 mm in diameter.

Fluorescence Imaging of Tumors in Vivo. The fluorescence images
of a nude mouse bearing a subcutaneous tumor at the
flank region of the right hind leg were acquired with a Maestro
in vivo spectrum imaging system (Cambridge Research &
Instrumentation, Woburn, MA). Nude mice bearing SGC7901
tumor xenografts were anesthetized, and then the probe was
injected into the tumor (10mg of Fe per kilogram body weight).
The excitation filter was a narrow-band filter to allow light with
wavelength of 435�480 nm to pass through; the emission filter
was a 500 nm long-pass filter. The exposure time for acquiring
each fluorescence image was set at 300ms. TheMaestro optical
system consists of an optical head that includes a liquid crystal
tunable filter (with a bandwidth of 20 nm and a scanning
wavelength range of 500�950 nm) with a custom-designed,
spectrally optimized lens system that relays the image to a
scientific-grade megapixel CCD. The CCD captured the images
at each wavelength. The captured images can be analyzed by
the vendor software, which uses spectral unmixing algorithms
to separate autofluorescence from chromophore signals.

The intensity ratio of fluorescence images captured at
500 and 540 nm, respectively, was then calculated with
ImageJ software, based on which pH mapping of the tumor
was achieved by converting the I500/I540 ratio mapping into pH
mapping according to their relationship normalized by taking
the absorption of tissue and skin into consideration.

All animal experiments reported herein were performed
according to a protocol approved by the Peking University
Institutional Animal Care and Use Committee.
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