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affecting the activity of enzymes.[4,13,14] 
Therefore, detecting the parameters in 
tumor microenvironment and clarifying 
their relationship are significant for diag-
nosing tumor, predicting the invasion 
potential, evaluating therapeutic effi-
cacy, planning the treatment, and cancer 
prognostics.

The tumor-associated microenviron-
ment factors are commonly analyzed in 
vitro at the molecular level by identifying 
the characteristic proteins in certain tumor 
cells and the different gene expressions 
between tumor and normal tissues.[15,16] 
However, the in vitro characterizations 
cannot reveal the spatial heterogeneity of 
these tumor-associated parameters and 

their evolution with time. Therefore, the method for analyzing 
these physiological parameters in vivo is becoming essential.

Most reported in vivo investigations on tumor microenviron-
ment are through invasive methods. For example, in order to 
detect oxygen or pH in tumor,[17–22] microelectrodes are inserted 
into accessible tumors, such as cervix, prostate, head, and neck. 
Although they are accurate, these invasive methods are unable 
to provide the information of the entire tumor region because 
only one value of a location can be obtained at one time.

In comparison with invasive methods, noninvasive molec-
ular imaging with the aid of delicate imaging probes can pro-
vide spatiotemporal information of cellular or even molecular 
level biological process.[23–29] The probes have been designed to 
target at the certain cell or proteins and produce signal which 
can be received and analyzed. Tumor-associated microenviron-
ment physiological parameters are important hallmarks, ren-
dering them attractive targets when designing bioresponsive 
“smart” nanoprobes.[30] Thus, well designing upon novel chem-
istries is significant to construct ultrasensitive target-triggering 
probes for success of noninvasive molecular imaging in vivo.

A series of molecular imaging probes have emerged, 
including small molecular probes,[31] biomolecular probes,[32] 
nanoparticle (NP)-based probes,[33–38] etc. NP provides an ideal 
platform for developing novel probes, especially for tumor 
microenvironment imaging.[39] NPs with regular size tend to 
accumulate in tumor region instead of normal tissue due to 
the newly formed leaky vessels and poor lymphatic drainage, 
which is referred to the enhanced permeation and retention 
(EPR) effect.[40,41] In addition, NPs provide an ideal platform 
for loading tumor-targeting molecules, such as tumor specific 
monoclonal antibody, and for designing activatable “smart” 
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Activatable Molecular Imaging Nanoprobe

1. Introduction

Prognostic factors of malignant tumor, such as growth, inva-
sion, and metastasis, are closely associated with variations in 
physiological parameters, including hypoxia,[1] low extracellular 
pH,[2–4] enzyme,[5–7] reducing conditions, etc.[8] For instance, 
hypoxia is considered to be a common feature in solid tumor 
microenvironment, which is related to cell behavior changing, 
extracellular matrix remodeling, and the metastatic behavior 
increasing.[9–11] The lowered extracellular pH is also deemed 
to be a hallmark of cancer due to the lactic acid from high 
aerobic glycolysis,[12] which would induce the cell apoptosis, 
promote angiogenesis via affecting the concentration of the vas-
cular endothelial growth factor, and enhance invasion through 
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probes which can respond to stimuli in tumor microenviron-
ment through novel surface engineering. The smart nano-
probes can be designed to sensitively produce signals at the 
target region, and provide information of the physiological 
parameters in tumor microenvironment, which is helpful for 
generating images of the anatomical structures of living organs 
with high resolution and real-time quantitative detection of the 
certain biomarkers. Thus, the responsive molecular imaging 
nanoprobes show limitless prospect in studying biological pro-
cess and analyzing diseases directly in vivo.[42,43] In the current 
review, we will summarize the preparation strategies, response 
mechanisms, and biological applications of activatable optical 
imaging nanoprobes, magnetic resonance (MR) imaging nano-
probes, and photoacoustic (PA) imaging nanoprobes (Figure 1).

Optical imaging is a method that generates the images based 
on the detecting of the photons from fluorescent or lumines-
cent probes in target region. Among activatable molecular 
imaging nanoprobes, optical imaging nanoprobes seem to 
attract the most attention from researchers due to the real-time 
feedback of this imaging modality, the rapid change of optical 
materials under various stimuli, and the excellent quenching 
ability of certain nanoparticles including gold nanoparticles,[44] 
iron oxide nanoparticles,[45] and so on. Fluorescence imaging is 
one of the most potential optical imaging. After excitation of the 
fluorescence nanoprobes, the signal can be observed directly by 
the naked eye, camera systems, or optical microscopy at higher 
resolution.[46–48] Besides, the large anti-Stokes upconversion 
luminescent (UCL) process owned by rare earth upconversion 
luminescent nanoparticles (UCNPs) avoids the photodamage 
to organisms, reduces the background autofluorescence, and 
greatly improves tissue penetration depth of excitation light. 
These fascinating characters enable UCNPs as promising plat-
form to design activatable optical imaging nanoprobes.[35,49–56]

MR imaging is a common imaging technique in clinical 
tumor diagnosis, which is based on imaging of the relaxation 
signals of water proton spins. It has been demonstrated as a 
powerful tool due to its cellular and even subcellular spatial 
resolutions for anatomical structure imaging.[36,37] However, 
due to unsatisfied sensitivity, enhancing the contrast between 
the malignant tumor and normal tissues remains a big chal-
lenge. In recent years, various nanoprobes,[57–65] especially acti-
vatable magnetic resonance imaging (MRI) nanoprobes,[57,66–68] 
were designed to enhance the sensitivity. Thus, it is covered in 
this review.

PA imaging is a newly emerged imaging modality that relies 
on the photoacoustic effect. Combining optical and ultrasound 
imaging techniques, this imaging modality shows better tissue 
penetration ability and improved spatial resolution in vivo.[69,70] 
A series of responsive PA imaging probes are reported for the 
detection of tumor microenvironment under the stimuli of pH 
or enzyme.[71–73] Thus, we also summarize the development of 
the smart PA imaging nanoprobes.

2. Activatable Optical Imaging Nanoprobes

To design successful activatable optical imaging probes, the 
optical properties of materials and the adopted activatable 
principle are both needed to be elaborated. Among the various 

designs that have been reported recently, anyway, an over-
whelming majority of responsive optical imaging probes can 
be summarized as “turn-on” type. The “turn-on” type, in other 
words, “off–on” type implies that signal in responsive probes is 
quenched and can be activated to the fluorescent state. Besides 
the nanoprobes turned on by single stimulus, the novel mul-
tiresponsive type optical imaging nanoprobes have been 
reported by pioneers and our group. Therefore, these types of 

Tiancong Ma received a B.S. 
degree in polymer materials 
science and engineering 
in 2013 at the South China 
University of Technology. He 
is currently a Ph.D. student 
in the Institute of Chemistry, 
Chinese Academy of Sciences 
supervised by Prof. Mingyuan 
Gao. His research interests 
include synthesis and applica-
tions of inorganic functional 
nanomaterials.

Yi Hou is an Associated 
Professor in the Institute of 
Chemistry, Chinese Academy 
of Sciences. He received 
his B.S. (2000) and Ph.D. 
(2009) in physical chemistry 
at the University of Science 
and Technology of China. 
He worked as a Postdoctoral 
fellow in the University of 
Toronto from 2010 to 2011. 
He took his current position 

in 2011. His major research focuses on synthesis and 
bioapplications of functional nanomaterials.

Mingyuan Gao is a Full 
Professor in the Institute of 
Chemistry, Chinese Academy 
of Sciences. He received his 
B.S. (1989) and Ph.D. (1995) 
in polymer chemistry and 
physics at the Jilin University. 
He worked as a research 
assistant and associate in 
Germany from 1996 to 2002 
and was an A. v. Humboldt 
fellow between 1996 and 

1998. He took his current position upon a “Hundred-talent 
Program” of the CAS in 2001. He received the “National 
Science Fund for Distinguished Young Scholars” from the 
NSFC in 2002. His research focuses on the synthesis as 
well as biological and biomedical applications of functional 
nanomaterials.

Adv. Healthcare Mater. 2018, 1800391



© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1800391  (3 of 17)

www.advancedsciencenews.com www.advhealthmat.de

responsive optical nanoprobes are concluded in this part, and 
in each section, activatable nanoprobes according to different 
stimuli are included.

2.1. Single Stimuli–Responsive “Turn-On” Type Nanoprobes

To target the single tumor-associated microenvironment bio-
marker, an ideal “off–on” type responsive optical probe should 
be almost nonemission in the blood or normal tissue micro-
environment while highly luminous in tumor microenviron-
ment. There are several quenching mechanisms for designing 
activatable optical imaging nanoprobe, including fluorescence 
resonance energy transfer (FRET), photon-induced electron 
transfer (PeT), charge transfer, and H-dimer formation. The 
FRET effect, the mechanism describing energy transfer from 
donor to acceptor, is the most widely used mechanism for acti-
vatable fluorescence probes and almost available in all stimuli. 
In addition, ratiometric type responsive optical probes are also 
discussed in the following sections.

2.1.1. O2-Sensitive Nanoprobes

As a tumor grows, the rapid proliferative cancer cells will 
become far beyond oxygen (O2) delivery from tumor vascula-
ture, resulting in the intratumor regions having a significantly  

lower oxygen concentration than healthy tissues. Thus, hypoxia 
is a common feature in tumor microenvironment.[74–76] For 
hypoxia imaging, nitroaromatic, azobenzene derivatives, 
polypyridyl, and pyrenyl units are widely applied to design 
responsive probe due to their relatively high sensitive conver-
sion under hypoxic conditions. As an example, azobenzene, 
which will degrade in hypoxic environment, is widely used in 
responsive hypoxia imaging as bioreductive linker, and has 
been reported in targeted small interfering ribonucleic acid 
(siRNA) delivery.[77] To improve the sensitivity and specificity 
for in vivo imaging, oxygen-sensitive groups instead of hypoxia-
responsive groups, were considered to fabricate smart nano-
probes, such as transition metal complexes.[78,79]

Zheng et  al. achieved ultrasensitive detecting of tumor or 
even a tiny amount of tumor cells via developing an oxygen-
sensitive, near-infrared optical imaging probe in 2015.[79] The 
iridium (III) complex, containing a large conjugated ligand, 
is the key functional components of this complex probe (Ir–
poly(N-vinylpyrrolidone) (PVP)). This complex can be quenched 
by O2 in normal tissues and emit light in near-infrared (NIR) 
region in tumor microenvironment due to the low O2 concen-
tration. The phosphorescence emission at 710 nm endows the 
probe light penetration for deep-tissue imaging. They devel-
oped nanoprobes based on the same O2-sensitive chromo-
phore.[80] The nanoprobe is the micelle prepared by the Ir–PVP 
and poly(e-caprolactone)-b-poly(N-vinylpyrrolidone) (PCL–
PVP). The O2-sensitive chromophore and the PCL block form 
the core due to their hydrophobicity, while the PVP chains  
constitute the shell because of their hydrophilicity and biocom-
patibility. The performance of this activated nanoprobe was 
evaluated in various animal models. The results demonstrated 
that, this hypoxia-activated optical imaging nanoprobe success-
fully obtained the 60-fold stronger phosphorescent signal in 
metastases-bearing lung than that in normal tissue 48 h after 
injection. In addition, 30-fold stronger signals from lymph 
nodes in metastases-bearing mice comparing with that from 
normal mice 1 h after injection were also detected.

Semiconductor nanocrystals have also been reported to 
design quantum dot (QD)–dye oxygen sensor due to their excel-
lent optical properties.[81] Based on ratiometry between oxygen 
indicator and the QDs, Amelia et al. reported an oxygen-respon-
sive luminescent nanosensor with high dynamic range.[82] The 
CdSe@ZnS QDs’ surface was modified by O2-sensitive chromo-
phore, pyrenyl units, through chemical adsorption. The emis-
sion of QDs is quite stable under the aerobic condition, while 
pyrenyl units are strongly quenched by O2. Thus, ratiometric 
response between these two emissions can be used to measure 
O2 pressure. Though these QDs are strongly hydrophobic and 
need further modified for sensing in vivo, the probe function 
can measure a dynamic range from 0 to 1.013 bar O2.

For in vivo imaging, lanthanide-doped UCNPs have 
attracted great attention and have been applied as a plat-
form to fabricate activatable probe, because of the unusual 
upconversion optical properties correlated with f-electrons. 
Liu et  al.[83] prepared an O2-sensitive nanoprobe by encapsu-
lating [Ru(dpp)3]2+Cl2, oxygen indicator, into the hollow space 
of UCNP@hollow mesoporous SiO2 (mSiO2) (Figure 2). The 
luminescence of [Ru(dpp)3]2+Cl2 at 613 will be quenched in the 
presence of oxygen. Upon 980 nm excitation, the upconversion 
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Figure 1.  Illustration of stimuli-responsive mechanism of smart nano-
probes within different tumor microenvironment parameters. The low pH 
induced by high level of anaerobic glycolysis could serve as a trigger to 
release optical or magnetic elements, or self-assemble, leading to acti-
vated optical, MR, and PA imaging. The parameters including unusual 
redox conditions, tumor-associated enzymes, and hypoxia, can be used 
to design probes, in which the linkers would be cut off to release optical 
molecules in tumor tissues. Activated MRI tumor nanoprobes based on 
nanoparticle aggregation triggered by redox species and proteases have 
also been developed.
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luminescent emissions of NaYF4:Yb,Tm@NaYF4 UCNPs at  
450 and 475 nm can excite [Ru(dpp)3]2+Cl2 and form the lumi-
nescence resonance energy transfer system. The reversible 
luminescent quenching and recovery of nanoprobe dependent 
upon O2 concentration were observed in zebrafish embryos’ 
brain via confocal laser scanning microscopy for several times. 
The results demonstrated that the nanoprobe based on UCNP 
platform and oxygen indicator can be a powerful tool to achieve 
hypoxia detection in vivo.

2.1.2. pH-Sensitive Nanoprobes

Acidic extracellular fluid caused by the significantly enhanced 
aerobic glycolysis, is a universal phenomenon of solid tumors 
and a critical signature of carcinoma. The extracellular pH 
(pHe) of normal tissues is kept constant in a range of 7.2–7.4. 
However, in most tumors, pHe is typically lower than that of 
normal tissue and range in 6.2–6.9. Thus, designing pH-sensi-
tive nanoprobes is promising in monitoring tumor and tumor 
microenvironment. A large amount of pH-sensitive optical 
probes have already been prepared. The typical pH-sensitivity 
mechanisms include the protonation of ionizable groups, the 
degradation of acid-cleavable bonds, and so on.

pH change can induce certain groups charge variation, 
which further induces the conformational transition. Based 
on this responsive action, Chiu et  al. reported a pH-sensitive 
nanoprobe composed by associating polyelectrolyte, N-palmi-
toyl chitosan (NPCS).[84] The NPCS bearing the donor (Cy3) 
or the acceptor (Cy5) moiety was first completely mixed in the 
aqueous solution and forms nanoscale network clusters at pH 
4.0. Under acidic conditions, the charge repulsion among the 
protonated amine groups results in the expanding of NPCS 
chains in nanoscale network. In this state, the distance between 
donor (Cy3) and acceptor (Cy5) will lie within the suitable range 
for FRET and the energy transfer will take place. On the con-
trast, higher pH can result in the deprotonation of the amine 
groups and the increase in hydrophobicity of NPCS. The dis-
tance between Cy3 and Cy5 moieties will be too far to achieve 
energy transfer. Hence, pH-sensitive FRET system induced by 
the conformational transition has successfully mapped spatial 
pH changes in the biological microenvironment.

pH change can also induce the degradation of pH-sensi-
tive materials. According to this mechanism, pH-activatable 
nanoprobes have been constructed based on energy transfer 
between fluorophores in aggregates, which can be dissolved 
at low pH. Li et  al. designed a pH-sensitive NIR nanoprobe 
relying on intramolecular energy transfer of IR783 in self-
assembling poly(l-lysine) (PLL) conjugated with dextran.[85] The 
self-quenching NIR fluorophore IR783, labeled in the polymer 
via pH labile hydrazone bonds, keeps an “off” state in normal 
tissue due to nonradioactive decay. While, the fluorescence 
will recover in the acidic tumor microenvironment because of 
the cleavage of fluorophores from the nanoprobes. The in vivo 
imaging suggested that the NIR fluorescence of IR783 in acidic 
tumor microenvironment increased 4.3 times at 24 h after 
injection of nanoprobes, providing a design strategy of pH-
activated NIR nanoprobes for noninvasively visualizing tumors 
in vivo.

Similarly, Zhou et  al. designed a series of tunable, pH-
activatable micelle nanoparticles (pHAMs) using an ioniz-
able block copolymer design. They first synthesized copoly-
mers (PEO-b-PR) with ionizable tertiary amine block (PR) 
and poly(ethylene oxide) (PEO) segments.[86] At high pH, the 
neutralized PR segments self-assemble into the micelles due 
to the increasing hydrophobicity, which results in fluorescence 
quenching through the mechanisms of FRET and PeT. In low 
pH environment, micelles disassembled because of protonated 
PR segments, and fluorophores emitted strong fluorescence. 
The pKa values of ammonium groups and PR hydrophobicity 
can be adjusted to render different pH transitions. These ultra-
pH-sensitive (UPS) nanoprobes have fast temporal response 
(<5 ms), sharp pH transitions (< 0.25 pH unit), and high emis-
sion intensity ratio between ON/OFF states (up to 55 times). 
Based on previous strategy to fine-tune the hydrophobicity of 
the PR segment, the same group expand the UPS design to a 
library with operator-predetermined pH transitions covering 
the entire physiologic pH (4–7.4) and wide fluorescent emis-
sions (400–820  nm).[87] There are 10 nanoprobes with 0.3 pH 
increment in this library which contain different fluorophores, 
respectively, and each nanoprobe maintained exquisite sensi-
tivity to the environmental pH. The different nanoprobes in the 
library can be applied in detecting lysosomal pH, monitoring 
acidic tumor microenvironment pH, studying the maturation 
of endosomes, and so on. For example, extracellular ultra-pH-
sensitive (UPSe) nanoprobes with a sharp pH transition at 6.9 
were synthesized and achieved in vivo tumor imaging in a wide 
variety of mouse cancer models in 2014.[88] UPSe nanoprobes 
were stable and kept silent fluorescence signals in blood pH as 
self-assembled micelles. However, the fluorescence intensity of 
nanoprobes was dramatically increased after being activated in 
acidic A549 tumor microenvironment with large organ to blood 
ratio (OBR, 355). This approach further achieves the pH-sensi-
tive detection of tumor tissues in 10 different tumor models, 
suggesting that it seems to be a universal strategy.

2.1.3. Enzyme-Sensitive Nanoprobes

The typical design of enzyme-sensitive nanoprobes is based on 
certain substrate linkers which can be cleavaged by targeted 
enzyme. Hydrolysis of ester bond is the widely used mecha-
nism for designing probes to targeting tumor-associated ester-
ases, including phosphatases, intracellular acid hydrolases, 
and so on. Although the amide bond is more stable than ester 
bond under chemical conditions in physiological environment, 
peptide sequences that are vulnerable to cleavage by certain 
enzymes have been applied for designing activatable probes 
to hydrolytic protease detections, such as fibroblast activation 
protein alpha. Azo structures are easily cleaved under reduction 
condition, so probes containing aromatic azo linkers can be 
activated by azoreductase enzymes, for hepatic cancer imaging.

Weissleder and co-workers first reported a method for in 
vivo imaging tumors and quantifying the activity of proteases 
in tumor cells.[89] A cathepsin B-sensitive peptide was used as 
the linker to couple the near-infrared-fluorescence (NIRF) dye 
Cy5.5 to a cross-linked iron oxide (CLIO). In the similar way, 
a linker of proteolytically resistant l-arginyl residues was used 
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to couple the dye Cy3.5 to CLIO. The Cy5.5 fluorescence will 
increase because of the cleavage of the linker, while the Cy3.5 
fluorescence remains constant. In other words, Cy5.5 fluores-
cence provides information on enzyme activity and Cy3.5 fluo-
rescence reflects the nanoprobes concentration. After mixing 
these two conjugates, the ratio between Cy5.5 and Cy3.5 can 
quantitatively monitor the enzyme activity in vivo, independent 
of the amount of nanoprobes. This research demonstrates that 
attaching the fluorochrome to the quencher through the smart 
surface engineer is a successful stratagem for imaging specific 
enzymes in vivo.

Matrix metalloproteinases (MMPs) are proteolytic enzymes 
which regulate various tumor cell behaviors including prolifera-
tion, apoptosis, invasion, and metastasis.[90,91] As a result, the 
overexpression of MMPs within the tumor microenvironment 
can serve as site-specific biomarkers for designing enzyme-
sensitive imaging nanoprobes. Conjugating the dye and the 
quencher with a MMP-cleavable peptide is a wide method to 
form the turn-on type of probes. Lin et al. chose an energy pair, 
Cy5.5 and black hole quencher (BHQ, a quencher of Cy5.5 that 
is widely utilized), to build MMP-sensitive nanoprobes.[92] Cy5.5 
was first labeled with peptide (Cy5.5-Gly-Pro-Leu-Gly-Val-Arg-
Gly-Cys), a sequence that can be cleaved by several types of 

MMPs. The dye and quencher were then coupled with ferritins, 
respectively. Finally, the ferritins labeled by Cy5.5 and quencher 
would aggregate to form assemblies under neutral pH. In 
vivo imaging on xenograft tumor demonstrated that the nano-
probes can be activated instantly after exposing to a MMP-rich 
microenvironment, due to the cleavage of Pro-Leu-Gly-Val-Arg 
(PLGVR) substrate and the release of Cy5.5.

Biocompatible Au nanoparticles (AuNPs) are commonly 
used as ultraefficient quencher in activatable imaging probes 
due to their excellent NIRF quenching properties. Lee et  al. 
described a protease-sensitive near-infrared fluorescence–
quenched probe, as shown in Figure 3.[93] The AuNPs (20 nm) 
and Cy5.5 were conjugated with a specific substrate peptide for 
MMP, that is, Gly-Pro-Leu-Gly-Val-Arg-Gly-Cys. The quenched 
NIRF signal of this typical AuNP-based enzyme-sensitive 
nanoprobes will recover in tumor microenvironment. Probes 
were evaluated in animal model and achieved visual detection 
of the activities of MMP. Furthermore, this stratagem can be 
applied to many other proteases in tumor microenvironment 
by altering the specific substrate linker.

Caspase, a family of protease enzymes associated with 
cell death, is an ideal biomarker for imaging tumor apop-
tosis. Designing caspase-sensitive nanoprobes for monitoring 
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Figure 2.  A) Illustration of the nanoprobe structure and the mechanism of O2-sensitive luminescence. B) Scanning electron microscopy and bright field 
scanning transmission electron microscopy images of UCNP@dense SiO2 and UCNP@dense SiO2@mesoporous SiO2. C) O2-sensitive UCL attenu-
ation of nanoprobes incubated with U87MG cells. D) Confocal laser scanning microscopy images of zebrafish embryos after injection of nanoprobes 
followed by adding 2,3-butanedione. Reproduced with permission.[83] Copyright 2014, American Chemical Society.
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apoptosis in tumor microenvironment will be greatly helpful 
in evaluating therapeutic efficacy and anticancer drug delivery. 
Ye et  al. designed a caspase-3/7-sensitive nanoaggregation 
fluorescent probe (C-SNAF) with NIR fluorescence spectrum, 
as shown in Figure 4.[94] In therapy-responsive tumor micro-
environment, increased caspase-3/7 cut the l-Asp-Glu-Val-Asp  
peptide, leading to the increase in hydrophobicity and the 
aggregation of the probes. Because these nanoaggregations 
tend to retain in apoptotic microenvironment, the probes can 
evaluate tumor response in vivo after therapy by comparing 
fluorescence intensity in tumor region.

2.1.4. Redox-Sensitive Nanoprobes

The redox conditions are central to various biochemical pro-
cesses for human beings. For instance, the thiol-containing bio-
molecules, such as cysteine (Cys) and glutathione (GSH), are 
important antioxidants in animal cells. It has been indicated 
that the reductive GSH concentration in tumor tissue is much 
higher than that in healthy tissues. Additionally, the reactive 
oxygen species (ROS) such as hydrogen peroxide (H2O2), are 

also found at high levels in most types of solid tumors. Thus, 
tumor-associated redox species are also alternative targets to 
design responsive probes.

Based on dithiobis(succinimidyl propionate) (DSP), a linker 
with the disulfide bond which can be cleaved in reducing con-
ditions, Niko et  al. developed a redox-sensitive fluorescencent 
imaging probe, in which the fluorescent dye NR12D molecules 
aggregate into micelles due to hydrophobic interaction, and 
their fluorescences are quenched.[95] The responsive linkers are 
polymerized to the micelles through conjugation with amino 
group of NR12D. The fluorescence of the probe can be dra-
matically increased in cellular reductive environment, because 
the DSP linkers would be degraded, and the NR12D micelles 
would be released and fused into membrane. Based on an 
organic chromophore IR1061 whose NIR absorption can be 
changed by •OH, generated by H2O2 in presence of the Fenton 
catalysis of Fe2+, Liu and co-workers developed a H2O2-sensi-
tive fluorescence imaging probe by using second near-infrared 
window upconversion nanoparticles.[96] The NaErF4:Ho@
NaYF4 nanoparticles show upconversion emission peaks at 980 
and 1180  nm under excitation of 1530  nm. Combining with 
the IR1061, which can effectively quench the fluorescence at 
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Figure 3.  A) The illustration of enzyme-triggered nanoprobe. B) Transmission electron microscopy (TEM) image of the nanoprobe. C) Ultraviolet–vis-
ible spectra of AuNP, nanoprobe, and Cy5.5–substrate solutions. D) Corresponding bright and NIRF image sections of a 96-well microplate of the 
AuNP probes containing various MMP-2 concentrations. E) NIRF tomographic images of normal mice, subcutaneous SCC7 tumor–bearing mice, and 
subcutaneous SCC7 tumor–bearing mice with inhibitor after injection of the AuNP probe (blue: low intensity, red: high intensity). Reproduced with 
permission.[93] Copyright 2008, Wiley-VCH.
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980  nm in absence of H2O2, the fluorescence imaging probe 
can reveal the concentration of H2O2 by the ratiometric fluores-
cence (I980/I1180).

2.2. Multiresponsive Type Nanoprobes

Such above probes are typically responsive to a single biological 
condition, but the progression of tumor is always the result of 
multibiological factors. And, these physiological parameters in 
tumor microenvironment are strongly correlated.[97–102] There-
fore, the strategies which rely on multi-biomarkers are devel-
oped in recent years. Considering that some acidic materials 
may potentially pose the tissue of nonspecific activation and 
cause, Zhao et  al. reported MMPs/pH dual-stimuli synergisti-
cally and reversibly activatable multifunctional nanoprobes for 
tumor specific imaging in vivo.[103] They used gold nanorods 
(AuNRs) as ultraefficient quencher and a pH-activated NIR 
asymmetric cyanine dye to build the probe. Asymmetric cya-
nine serves as the tumor-specific imaging probe due to its 
reversible pH-responsive near-infrared absorption and fluo-
rescence. Meanwhile, a MMP-sensitive peptide sequence 
(H2NGPLGVRGCSH) was used as the linker to couple the 
AuNRs and the asymmetric cyanine. The probe only lighted up 
with MMP-13 in acidic microenvironment, which enables it for 
tumor-specific imaging and no “false positive” result.

To reveal the correlation among the tumor-associated factors, 
Hou et al. proposed a protease-activated pH-sensitive ratiometric  

optical imaging nanoprobe.[45] A MMP-9-sensitive peptide 
served as the linker to conjugate the ratiometric fluorescent 
dye, N-carboxyhexyl derivative of 3-amino-1,2,4-triazole-fused 
1,8-naphthalimide (ANNA), to Fe3O4 nanocrystals, as shown in 
Figure 5. The Fe3O4 nanoparticle is an ideal quencher for this 
ratiometric dye. After the cleavage of the peptide in MMP-rich 
microenvironment, the fluorescence of dye will recover, namely 
the “on-state.” This strategy makes the nanoprobe significantly 
different from previous sensitive nanoprobes. MMP-9 respon-
sibility reduced nonspecific background, while ratiometric 
fluorescence can mitigate the negative effects of fluorophore  
concentration and tissue depth on fluorescence intensity, and 
allow quantitative determination.[104] In vivo imaging of the pH 
in tumor region demonstrates the feasibility of this protease- 
activated pH-sensitive design for microenvironmental pH analysis.

On this basis, Ma et al. extend the concept by adding the NIR 
fluorescent dye Cy5.5 as the internal reference (Figure 6). The 
constant emission of this internal reference and the fluores-
cence of MMP-activated pH-sensitive ratiometric dye (ANNA) 
can form another ratiometric fluorescent system to quantita-
tively map activity of MMP-9 in tumor microenvironment.[42] 
In vivo imaging experiments demonstrated that folic acid (FA), 
with a lower molecular weight than monoclonal antibody, 
makes the current nanoprobes a more desirable for systemic 
delivery and the MMP-9 activity is strongly associated with 
pH in location. For deeply understanding the relationship 
between pH and MMP-9, tumor microenvironmental pH was 
adjusted via intratumoral injections of phosphate-buffered 

Adv. Healthcare Mater. 2018, 1800391

Figure 4.  A) Illustration of the structure of caspase-3/7-sensitive nanoprobes and the mechanism of cyclization reaction. B) TEM image of nanoaggre-
gates after incubated with recombinant human caspase-3. C) The studies of enzymatic reaction kinetics and specificity. D) Illustration of the behavior 
of C-SNAF in vivo. E) Longitudinal fluorescent imaging of ×3 DOX or saline-treated tumor-bearing mice after injection of C-SNAF. Reproduced with 
permission.[94] Copyright 2014, Springer Nature.
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saline (PBS) buffer (20×) at different pH. The results suggest 
that the abnormal activity of MMP-9 is well correlated in time 
with abnormal lower pH in vivo. By continually imaging the 
tumor microenvironment for 4 days, the protease activity map-
ping and pH mapping results reveal that these two regions can 
predict the tumor invasion directions. The concept of dual-
ratiometric fluorescent probe design, which achieved simulta-
neous quantitative monitoring of multiple microenvironment 
biomarkers may provide a powerful noninvasive tool for better 
understanding tumor progression in vivo.

Single stimuli–responsive probes provide selective and 
sensitive stratagem for visualization of tumor microenviron-
ment with high signal to noise ratio. Comparing with the 
single stimuli–responsive probes, multistimuli ones not only 
provide a more exact specific imaging of tumor, avoiding the 
possibility of “false positive” result. In addition, individual 
imaging of multiparameter enables researchers to deeply 
understand relationship among these factors and the develop-
ment of tumor.

3. Activatable MRI Nanoprobes

Similar to optical imaging nanoprobes, activatable MRI nano-
probes were also designed.[105] There are several concepts to 
design activatable MRI nanoprobes: tumor-associated physi-
ological parameter–triggered release of paramagnetic ions, 

precisely controlling the contact between particles and sur-
rounding protons and aggregation of magnetic NPs. In this 
part, these MRI nanoprobes are concluded.

3.1. Paramagnetic Ion–Released MRI Nanoprobes

Release of paramagnetic ions within cancer area is the most 
popular method to boost the T1-MRI effect of nanoscale con-
trast agents.[106–109] Among these cations, Gd3+, Mn2+, and Fe3+ 
are widely used as T1-MRI contrast agents because of their long 
electron spin relaxation times and high magnetic moments. 
Thus, various Mn- or Fe-containing nanostructures have been 
designed as promising MR nanoprobes for tumor microenvi-
ronment imaging by releasing Mn2+ or Fe3+.[110–114] Such probe 
can response in specific area inside the tumor, thereby pro-
viding some clues for detecting and treating tumors.

Kataoka and co-workers reported an excellent pH-sensitive 
MRI nanoprobe based on Mn2+-doped calcium phosphate (CaP) 
nanoparticles with poly(ethylene glycol) (PEG) coating.[115] 
After accumulation in tumor area through EPR effect, the 
CaP matrix will dissolve and release Mn2+ ions in the acidic 
tumor microenvironment, selectively enhancing T1-MR sig-
nals in tumor region due to the Mn2+ interaction with the sur-
rounding biomolecules. With pH response, such Mn2+-doped 
CaP nanoparticles could progressively identify hypoxic tumor 
microenvironment for evaluating the tumor malignancy and 

Adv. Healthcare Mater. 2018, 1800391

Figure 5.  A) Schematic illustration of the fluorescent nanoprobe and the response to MMP-9. B) TEM image of nanoparticles. C) The pH-sensitive 
mechanism of ANNA. D) Fluorescence spectra of ANNA in different pH conditions. E) The pH-sensitive ratio of ANNA fluorescence. F) The pH map-
ping and optical image of the tumor region. Reproduced with permission.[45] Copyright 2015, American Chemical Society.
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further detecting small metastatic tumors via the significantly 
increased MR signal (Figure 7). This rapid and noninvasive 
hypoxia detection is of great significance for monitoring tumor 
prognosis and metastasis, which may be applied to identify the 
grading and staging of cancer in clinical diagnosis for some 
time to come.

More recently, Huang et al. prepared manganese–iron layered 
double hydroxide based on a coprecipitation strategy in which 
Mn(NO3)2 and Fe(NO3)3 serve as precursors. Such platelet-like 
nanostructures showed great sensitivity to the acidic tumor 
microenvironments and triggered the release of Mn2+ and Fe3+ 

ions, leading to the dramatic enhancement of T1-MRI contrast 
within solid tumors.[112] Analogously, Shi and co-workers group 
designed a T1-MRI contrast agent based on Mn2+ ions with the 
inner location of MnOx in hollow mesoporous silica nanoparti-
cles for efficiently imaging the acidic tumor microenvironment. 
MnOx will dissolve under weak acidic environment and release 
the Mn2+ ions. In this case, the relaxation rate r1 of probe can 
reach 8.81 mm−1 s−1 which achieves a great increase (11-fold) 
comparing with the neutral condition, and almost twofold 
higher than commercial Gd3+-based contrast agents.[116] These 
kind of pH-responsive MRI probes can sensitively respond to 

Adv. Healthcare Mater. 2018, 1800391

Figure 6.  A) Schematic of the behavior of nanoprobes in vivo and their response to enzyme. B) The MMP-9 activity mapping after adjusting pH in 
tumor. C) The continuous quantified mapping of pH and MMP-9 activity in vivo. D) The continuous photographs of tumors. E) The hematoxylin and 
eosin (H&E) staining histology tissue image (top) and immunofluorescence image for E-cadherin expression and MMP-9 expression (bottom).The 
scale bars correspond to 200 µm. Reproduced with permission.[42] Copyright 2018, American Chemical Society.
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the acidic microenvironment and enhance the signal appar-
ently in the tumor site.

MnO2 has also been developed for smart probes due to 
its enhanced T1-MRI signal via releasing Mn(ΙΙ) ion in the 
acidic tumor microenvironment. Ma et al. developed an acidic 
H2O2-responsive nanoplatform SiO2–MB@MnO2 with a SiO2 
core containing methylene blue (MB) as the photosensitizer 
of photodynamic therapy (PDT), and a MnO2 shell to shield 
the core. To selectively respond to overexpressed H2O2 in the 
acidic pathological microenvironment, the MnO2 shell can be 
reduced by H2O2, which not only generates O2 to overcome 
the hypoxia, but also releases Mn(ΙΙ) ion that highly improved 
the T1-MRI performance for tumor imaging and detection.[117] 
Thus, the probe can be expected to colocalize the H2O2 over-
expressive and acidic region, as well as treating the cancer. Liu 
et  al. designed the multistimuli-responsive nanoplatform for 
cancer imaging and cancer theranostic.[118] The bovine serum 
albumin-stabled MnO2 nanoparticles were modified with the 
cisplatin prodrug and hafnium (Hf) ions. The prodrug can be 
cleaved in the presence of GSH via redox process, thus the 
cisplatin can be released for chemotherapy. Meanwhile, the 
MnO2 can generate O2 in the presence of H2O2 and degraded 
into Mn(ΙΙ) ion in the acidic condition. Hf ions can serve as 
radiosensitizer. As a result, this probe can respond to multi-
stimuli including redox, low pH, and H2O2 in tumor microen-
vironment for imaging and therapy.

3.2. Surface Screening MRI Nanoprobes

Nanoenvironmental interface refers to the interface between 
nanoparticle and the molecules in the surrounding environ-
ment. The fundamental principle of nanoparticle as a contrast 
agent is based on changing the transverse relaxation time of its 
surrounding water protons, therefore it is possible to construct 
microenvironment-sensitive MRI contrast agent by adjusting 
the interaction between nanoparticles and surrounding water 
molecules.[57,119] Based on this, coating a shell on the surface 
of nanoparticle which can shield the contact between nanopar-
ticles and water molecules under normal conditions but dis-
solve to expose the NP surface in the microenvironment and 
consequently obtain increased enhancement of MR signal in 
the tumor site is a feasible idea to design surface screening–
responsive MRI nanoprobe.

A number of pH-sensitive MRI nanoprobes through encap-
sulating Fe3O4 nanoparticle with acid degraded polymeric 
micelles were developed to act as intelligent contrast agent, 
which was responded fleetly to an acidic microenvironment for 
MRI.[120,121] The polymeric micelle consisting of PEG and a pH-
sensitive poly(β-amino ester) could be self-assembled at physi-
ological pH, which made Fe3O4 NPs show limited T2 contrast 
ability because of the isolation state between water molecules 
and these NPs. However, in the tumor site, the pH-responsive 
constituent ionizable tert-amino groups can become protonated 
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Figure 7.  A) Schematic of the structure of pH-activatable nanoprobes. B) The MR images of subcutaneous C26 tumor–bearing mice before and after 
injection of nanoparticles. C) The MR image of the hypoxic region in tumor after injection of nanoparticles. D) The immunohistochemical image of 
tumor tissues with pimonidazole. Reproduced with permission.[115] Copyright 2016, Springer Nature.
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to be soluble and expose the Fe3O4 NPs to water molecules, sub-
sequently resulting in remarkably enhanced T2-MRI contrast.

Lately, Fan et  al. prepared an acidity-sensitive fluorescence/
MR dual-model probes (S-NP) via encapsulating the photosen-
sitizer chlorin e6 (Ce6) and Gd complex for imaging-guided 
treatment. The S-NP has a distinct three-layer nanostructure, 
and the middle layer can be dismantled by the slightly acidic 
microenvironment due to the amide bond cleavage. As a result, 
the PEG shell of S-NP will be deshielded, and water molecules 
around the NPs obtain more access to the open coordination 
site of Gd complex and enlarged MR signal intensity.[122]

In general, removing the surface polymer layer within 
tumor microenvironment to induce more frequent interaction 
between the nanoparticles and the ambient water protons is a 
practical way to design responsive MRI nanoprobe. But perhaps 
more usefully, some antitumor drugs can be embedded in the 
polymer layer, and will be released during the decomposition. 
Therefore, the MR imaging can not only selectively reveal the 
change of tumor microenvironment, but also monitor drug 
release.

3.3. Aggregation-Induced Enhancement MRI Nanoprobes

Aggregation of nanoagents is also a feasible strategy to enhance 
MRI signal intensity or to achieve conversion between T1 and 
T2 contrast in specific areas within tumor. The MRI relativities 
of iron oxide nanoparticles (IONPs) are closely related to their 
diameter. IONPs with a tiny size (<5 nm) and highly dispersed 
state can generate high T1-weighted MRI signal. The Fe ions 
on these nanoparticle surfaces can significantly affect both the 
longitudinal and transverse relaxation times of surrounding 
water protons.[61,105] However, after tiny-sized IONPs assemble 
together, T2 relaxation will gradually accelerate, leading to a 
strong enhancement of T2 contrast signal. Thus, IONPs can 
serve as an effective switch/transition MRI contrast agent. 
Motivated by this interesting property, Wang et al. prepared the 
3.5  nm ultrafine iron oxide nanoparticle (uIONP) with prefer-
able cancerous tissue permeability. Such uIONPs can assemble 
together and develop into clusters in the acid tumor micro-
environment, which not only prevent the nanoparticles from 
backing into the blood or lymphatic vessels, but also accom-
plish T1 to T2 contrast switching.[123]

In addition, aggregation of NPs can also lead to the enhance-
ment of T1 contrast effect. Li and co-workers developed a 
kind of gold nanoparticles carrying Gd chelation on the sur-
face.[124] The acidic tumor environment triggers the assembly 
of NPs with the concomitant activation of magnetic resonance 
signal improvement. Specifically, the r1 value of nanoprobe 
could reach 5.6 m m−1 s−1 at pH 6.5, significantly higher than 
5.1 m m−1 s−1 under pH 7.4 after 8 h incubation.

Besides acidic pH, enzyme digestion is another kind of 
methodology that can be used as the activated switch of aggre-
gation. Within the tumor microenvironment, several proteases 
or proteolytic enzymes are highly expressed in extracellular 
matrix. Thus, modifying enzymes’ corresponding substrates 
on the surface of the nanoparticles, thereby controlling their 
behavior within tumor region via cleavage of substrates, could 
be a possible way to construct microenvironment-responsive 

probes. Accordingly, Gallo et al. synthesized two sets of IONPs 
which had modified the substrates of MMP enzymes. After the 
cleavage of these substrates in the microenvironment, the azide 
or alkyne groups on either set of NPs would be exposed and 
selectively underwent a bio-orthogonal reaction with each other, 
thereby resulting in a self-assembled super-paramagnetic nano-
cluster network with T2 signal enhancement properties.[125]

Analogously, Chen and co-workers prepared hyaluronic 
acid (HA)-coated iron oxide nanoparticles (Fe3O4@HA) with 
a small-sized magnetic core and good penetration ability to 
obtain clear T1-weighted MRI images of the tumor. Responding 
to the HAase in the acidic tumor environment, the surface HA 
of probe would be degraded, and the primary iron oxide cores 
would aggregate to weaken T1 and increase T2 signal, thereby 
achieving the T1 to T2 signal shifting in the inner tumor. Thus, 
T1- and T2-weighted MRI images could be obtained at different 
time points and different positions in solid tumor to help with 
the related diagnostics.[126]

Protein- or enzyme-triggered MRI nanoprobes have also been 
developed. Liang and co-workers reported an enzyme-sensitive 
condensation to self-assemble Fe3O4@1 NPs in apoptotic cells 
of tumor for greatly enhanced T2 MRI (Figure 8).[43] Caspase-3/7, 
one of the important biomarkers of early apoptosis, instructed 
the aggregation of Fe3O4@1 NPs (r2  = 185 mm−1 s−1), which 
induced an ≈65% increase of r2 value when compared to the con-
trol group (r2 = 112 mm−1 s−1). More importantly, both in vitro and 
in vivo MRI experiments revealed that Fe3O4@1 NPs provided 
specific T2-enhanced contrast in apoptotic situation, whereas 
the control Fe3O4@1-Scr NPs displayed no MR signal enhance-
ment. After Fe3O4@1 NPs injected, the T2-weighted coronal 
MRI of doxorubicin (DOX)-treated mice shows that the probes  
provide a feasible MRI strategy for evaluating therapeutic  
efficiency and helpful for evaluating the curative effect of proap-
optotic antitumor drug in near future.

Compared with the narrow range of pH change in tumor 
area, the expression of enzyme in different intratumoral regions 
is quite different. Therefore, the enzyme-induced aggregation 
probe has better specificity, which is able to show the internal 
state of tumor more accurately.

Redox species including GSH, H2O2, O2•, •OH, and so on, 
can also serve as triggers to the aggregations of the responsive 
probes. Li et  al. designed an activatable nanoprobe for tumor 
cell recognition through connecting T2 contrast agent (Fe3O4 
NPs) with T1 contrast agent (Gd2O3 NPs) by cystamine which 
contains a disulfide linkage. The formation of nanocomplex 
will result in quenching T1 signal owing to the short distance 
between Gd2O3 NPs and Fe3O4 NPs. T1 signal of this nanocom-
plex will recover due to the cleavage of disulfide bond in GSH-
rich tumor microenvironment.[127] In this strategy, the T1-MRI 
signal can achieve on/off transition by adjusting the distance 
between a paramagnetic enhancer and a super-paramagnetic 
quencher, which can be called distance-dependent magnetic 
resonance tuning (MRET), which will be a prospective way to 
design microenvironment-responsive MRI nanoprobe.[128]

Recently, Gao et  al. reported a type of tumor microenviron-
ment–responsive nanoprobe which could enhance tumor MR 
imaging through in situ cross-linking of the Fe3O4 nanoparti-
cles.[66] After the NPs’ surface disulfide bond cleaving by GSH 
within tumor microenvironment, the exposed thiol groups 
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could react with the remaining maleimide moieties, which led 
to the aggregation of particles, and substantially improved the 
MRI contrast enhancement performance, as shown in Figure 9. 
The result of MRI in nude mice showed that with the aggre-
gation ability of probe, T2 value of the tumorous site reached 
≈50% after 8 h intravenous injection, while the control probe 
only gives rise to a decrement of around 18%. Remarkably, 
the T2 value recovered slowly with ∆T2 remaining around 20%  
96 h postinjection due to the self-peptide on the surface of 
probe, which had great potential to accomplish the in vivo long-
term temporal evolution MR imaging to monitor the microen-
vironment of tumor area in a particular period of treatment.

4. Activatable PA Imaging Nanoprobes

PA imaging is an imaging technique upon the photoacoustic 
effect, which combines optical and ultrasound imaging 

technologies. The photoacoustic effect was first reported in 
1880, but PA imaging had not been developed until the intense 
light sources and sensitive sensors spring up. In 1938, Vein-
gerov reported an application of photoacoustic effect, detecting 
low CO2 concentration in N2 gas, opening the further utiliza-
tion of PA imaging. In the past two decades, benefiting from 
the great development in the laser field and biomedical field, 
PA imaging has been developed to medical visualized diag-
nosis at anatomical or even molecular levels.[69,70,129] For ultra-
sensitive PA imaging in vivo, various probes based on organic 
chromophores or inorganic nanoparticles have been used to 
prepared PA contrast agents due to their excellent NIR absorb-
ance. Recently, several pH-, enzyme-, and redox-activatable PA 
imaging nanoprobes have also been reported.

The stratagem for the construction of pH-sensitive PA 
imaging nanoprobes is based on the PA signal ratio between 
a pair of dyes, which have pH-dependent and pH-inde-
pendent optical absorption, respectively. Chen et  al. reported 
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Figure 8.  A) Illustration of the caspase 3/7-sensitive MRI nanoprobes. B) The in vivo MR images of saline or DOX-treated mice at 0 h (top) or 3 h 
(bottom) after injection of nanoprobes. C) The dynamic MR images of DOX-treated mice after injection of nanoprobes. Reproduced with permission.[43] 
Copyright 2016, American Chemical Society.
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a ratiometric photoacoustic pH-sensitive NIR nanoprobe for 
in vivo imaging, as shown in Figure 10.[72] Benzo[α]phenoxa-
zine (BPOx) and IR825 serve as the pair of dyes. These two 
dyes can induce self-assembly of human serum albumin (HSA) 
and embedded into HSA nanoparticles. In this pair, the optical 
properties of IR825 is pH-independent, while BPOx performs 
a pH-dependent transformation under both ratiometric photo
acoustic and fluorescence imaging. Therefore, two dyes’ PA 
signal ratio and fluorescence signal ratio are both possible for 

measuring pH values in the acidic tumor microenvironment. 
After they evaluated pH detection using nanoprobe by two 
imaging modalities for samples under different tissue depth, 
the researchers found that the ratiometric values of photoa-
coustic signals remain almost constant along the increase 
of the tissue depth, and the signals were still detectable even 
under 10 mm tissue. On the contrary, the fluorescence signals 
from probe at both the wavelengths attenuated rapidly under 
just a thin layer of tissue (1.5 mm). In this study, comparing 
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Figure 9.  A) Schematic of 99mTc-labeled Fe3O4 NPs and their aggregation triggered by GSH within the tumor microenvironment. B) The MR image and 
single-photo emission computed tomography (SPECT)/computed tomography (CT) images of tumor-bearing mice after injection of the activatable 
nanoprobe and the control probe. Reproduced with permission.[66] Copyright 2017, Wiley-VCH.
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with traditional fluorescence imaging modality, PA imaging 
provided in vivo tumor microenvironmental pH imaging with 
improved spatial resolution and enhanced penetration depth. 
And, anatomical images of the mice proved the potential appli-
cation for 3D image of tumor microenvironment.

PeT can also be used to build the pH-sensitive PA 
probes. Miao et  al. reported a pH-activatable ratiometric 
PA imaging probe based on semiconducting oligomer (SO) 

nanoparticles.[130] The nanoprobe is synthesized by nanopre-
cipitation method using the amphiphilic triblock copolymer, 
SO, and the boron-dipyrromethene (pH-BDP). PeT occurs 
between pH-BDP and SO, leading to the silent fluorescence of 
SO and the enhanced PA signals of nanoparticles. The SO has 
a pH-independent absorption peak at 680  nm, while pH-BDP 
has a pH-sensitive absorption peak at 750 nm. In vivo imaging 
demonstrated that the PA signal can be detected clearly at the 

Figure 10.  A) Schematic of the structure and the pH-responsive fluorescent/PA dual-modal nanoprobes. B) TEM image of nanoprobes stained by 
phosphotungstic acid. C) pH-dependent absorbance spectra of nanoprobes. D) The pH-dependent signal ratios of nanoprobes. E) Time-dependent PA 
imaging of tumor-bearing mice after injection of nanoprobes. F) I680/I825 signal intensity ratios of tumors according to data in (E). G) The PA imaging 
of nanoprobes in different pH conditions, with pork tissue covered. H) The fluorescent imaging of nanoprobes in different pH conditions, with pork 
tissue covered. Reproduced with permission.[72] Copyright 2015, Wiley-VCH.
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depth of 2 cm which shows enhanced penetration depth. The 
pH value in tumor microenvironment was indicated in vivo by 
the ratiometric PA signal (PA680/PA750) after injection of probes 
into the tumor-bearing mice.

The reversible aggregation of materials is not only used to 
establish pH-sensitive nanoparticles, but also developed nano-
probes that are subjected to rapid metabolism in normal tissues 
under neutral condition, and pretend to be retained in acidic 
tumor microenvironment. Zeng et al. reported a novel pH-sen-
sitive photoacoustic imaging agent based on Fe(III)–gallic acid 
nanoparticles.[71] The activatable PA imaging nanoprobes keep 
stable under acidic condition (pH 5.0), but gradually dissolve 
in neutral environment (pH 7.0). In vivo experiments demon-
strated that the PA signal in normal organs including liver and 
spleen decreased to the background level after injection 24 h. 
This revealed the quick metabolization of the probes in these 
organs. On the contrary, the PA signal of nanoprobes in tumor 
microenvironment was still clearly detectable after 24 h postin-
jection because of the high stability of these probes in acidic 
tumor microenvironment.

Although many pH-sensitive PA imaging probes are devel-
oped, the background absorption interference in different tis-
sues must be taken into consideration to accurately measure 
microenvironmental pH in vivo. Considering the oxygenated 
hemoglobin (HbO2) and deoxygenated hemoglobin (Hb), Jo 
et  al. developed an activatable PA imaging contrast agent for 
quantitative pH mapping in vivo.[131] The pH-sensitive nano-
probes were prepared by encapsulating an optical pH indicator 
(5-(and-6)-carboxylic acid) into polyacrylamide nanoparticles 
(PAA NPs). The absorption of the indicator at 565 nm presents 
a pH-independent point, while the 600 nm point closely asso-
ciated with the different pH. Furthermore, 576 and 584  nm 
points were also measured to correct the background tissue 
affect considering the optical absorption of HbO2 and Hb. 
Accurate quantitative pH mapping in vivo can be achieved by 
quad-wavelength PA signal measurement and the error was 
less than 0.16 pH at 6 mm depth in tissue.

For enzyme-sensitive PA imaging, the cleavage of peptide 
by certain enzyme is a typical method which has been already 
utilized in other traditional detection techniques including fluo-
rescence imaging and MR imaging. To build enzyme-sensitive 
PA imaging contrast agent, two chromophores, BHQ3 and 
Aleca750 were linked by Geeee[Ahx]PLGLAGrrrrrK, which can 
be cleaved by MMP-2.[73] In the intact state, these two chromo-
phores showed two PA signals at 675 and 750 nm with similar 
intensity. In MMP-2-rich microenvironment, the cleavage of the 
peptide linker caused that only the PA signal of BHQ3, which 
accumulates in the tumor cells, can be seen. On the contrary, 
the other dye would diffuse away. Therefore, subtraction of the 
PA signal intensity at two wavelengths indicates the high activity 
of MMP-2. Based on similar enzyme-sensitive cleavage mecha-
nism, Ai et  al. described a strategy for tumor localization by 
enzyme-induced cross-linking of UCNPs.[132] The Nd3+-doped 
UCNPs were modified with PAA and polyethylenimine (PEI), 
which further connected with Ce6 and an enzyme-sensitive 
peptide. After cathepsin B (Cts B), whose upregulation is gener-
ally observed in tumor microenvironment, cleaves the peptide, 
the exposed cysteine and 2-cyanobenzothiazole will react with 
each other, inducing the covalent cross-linking among UCNPs. 

Such enzyme-sensitive cross-linking of UCNPs results in the 
increase of upconversion luminescence, the decrease of PA 
signal, and the enhanced reactive singlet oxygen generation.

5. Conclusion and Outlook

In this review, recent achievements of activatable molecular 
imaging nanoprobes for tumor-associated microenvironment 
detection including optical imaging, MR imaging, and PA 
imaging were summarized. Comparing with small molecular 
activatable imaging probes, nanoprobes are considered as a 
promising platform to design responsive mechanism upon dif-
ferent stimuli including O2, acidic condition, specific enzyme, 
redox, and so on, because their large specific surface area offers 
a big room to modified functional moieties. Although fruitful 
achievements have been reported in this area, great challenges 
remain in the development of activatable nanoprobes for tumor 
microenvironment imaging in vivo. For instance, because the 
progression of tumor is closely associated with multiphysi-
ological factors in microenvironment, designing multisensitive 
mechanisms is meaningful for fundamental studies and clinical 
applications. Furthermore, researchers still need to make great 
efforts to discover relevant biomarkers for understanding the 
tumor mechanism, and find their activatable strategies. Finally, 
a few researches have demonstrated the potential application of 
responsive imaging nanoprobes in clinic, including the image-
guided surgery, drug control release, evaluating therapeutic 
efficacy, and photothermal therapy. However, strenuous efforts 
still need to revolve around developing strategies to upload anti-
cancer agents with the nanoprobes for constructing stimuli-
responsive smart diagnostic and theranostic nanoplatforms.
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