1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Adv Healthc Mater. Author manuscript; available in PMC 2022 March 01.

-, HHS Public Access
«

Published in final edited form as:
Adv Healthc Mater. 2021 March ; 10(5): €2000690. doi:10.1002/adhm.202000690.

Internally Responsive Nanomaterials for Activatable Multimodal
Imaging of Cancer

Zachary T. Rosenkrans,
Department of Pharmaceutical Sciences, University of Wisconsin-Madison, Madison, WI 53705,
USA

Carolina A. Ferreira,
Department of Radiology and Department of Medical Physics, University of Wisconsin-Madison
Madison W1 53705, USA

Dalong Ni,
Department of Radiology and Department of Medical Physics, University of Wisconsin-Madison
Madison WI 53705, USA

Weibo Cai

Department of Pharmaceutical Sciences, University of Wisconsin-Madison, Madison, WI 53705,
USA; Department of Radiology and Department of Medical Physics, University of Wisconsin-
Madison Madison WI 53705, USA

Abstract

Advances in technology and nanomedicine have led to the development of nanoparticles that can
be activated for multimodal imaging of cancer, where a stimulus induces a material modification
that enhances image contrast. Multimodal imaging using nanomaterials with this capability can
further combine the advantages and overcome the limitations of any single imaging modality.
When designed with stimuli-responsive abilities, the target-to-background ratio of multimodal
imaging nanoprobes increases because specific molecular targets in the tumor enhance the signal.
Several aspects of the tumor microenvironment can be exploited as an internal stimulus response
for multimodal imaging applications, such as the pH gradient, redox processes, overproduction of
various enzymes, or combinations of these. In this review, design strategies are discussed and an
overview of the recent developments of internally responsive multimodal nanomaterials is
provided. Properly implementing this approach improves noninvasive cancer diagnosis and staging
as well as provides a method to monitor drug delivery and treatment response.
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Internally responsive nanomaterials that respond to low pH, redox gradients, overexpressed
enzymes, or combinations for activatable multimodal imaging is a significant advancement in the
nanomedicine field in recent years. Designs using this strategy maximize disease-to-background
signals while simultaneously providing anatomical and biological information for improved
disease diagnosis, treatment monitoring, or image-guided surgical resection of diseased tissue.
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1. Introduction

The biomedical technology for noninvasive cancer imaging applications has matured over
time. The toolbox available in pre-clinical or clinical settings includes optical imaging,
photoacoustic (PA) imaging, positron emission tomography (PET), single photon emission
computed tomography (SPECT), magnetic resonance imaging (MRI), X-ray computed
tomography (CT), or others to inform cancer diagnosis and monitor treatment.[1] These
modalities are often classified as either molecular or anatomic imaging, depending on the
type of information they provide.[?] Traditionally, molecular imaging techniques (PET,
SPECT, and optical) are used to visualize biological processes at the cellular and molecular
levels. In contrast, structural imaging techniques (CT, MRI, and PA) provide anatomical
information.[3] The nature of these various imaging modalities, in part, introduces
advantages and disadvantages for each (Figure 1). Proper implementation of these
modalities provides valuable information for cancer diagnosis and guide treatment regimens.
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Multimodal imaging is a powerful strategy that combines two or more imaging modalities to
provide complementary and reliable information about disease sites.l[4l The coalescence of
these conventional imaging techniques is done to combine their strengths and limit
deficiencies.[®] While a functional and structural imaging technique is not always integrated,
multimodal imaging often integrates anatomical information that provides high spatial
resolution and biological information that offers high sensitivity at the molecular level and
temporal resolution. In this manner, novel information about the diseased site is available for
proper diagnosis and staging or treatment monitoring.

The nanotechnology field has been extensively explored in recent decades.[6] Nanomaterials
are generally designed to alter pharmacokinetic properties to permit controlled delivery.
With the progression of biomedical research, studies have found that nanoparticles (NPs)
have ideal characteristics for multimodal imaging applications.[”] First, the size, surface
charge, and shape can be modified to improve circulation and enhance delivery to disease
sites. Second, NPs have been engineered with various surface chemistries that permit a wide
array and multiple imaging agents to be incorporated into the design. Finally, the large
surface area or internal volumes enable numerous imaging agents to be delivered to the
disease site for enhanced signal.

Researchers have found that the signal-to-background of nanoprobes in imaging applications
is improved by designing them to be stimuli-responsive.[8] Activatable imaging agents are
those that are “turned on” for intensified image contrast once modified by a stimulus, which
typically occurs by degradation or cleavage of the nanocomplex. The stimuli for signal
activation may be internal or external to the imaging subject. Internally responsive
nanomaterials exploit the microenvironment in disease sites for improved imaging and
therapy applications.[®] Nanomaterials have been designed to be responsive to numerous
internal stimuli that exist in the tumor microenvironment (TME), such as pH, redox
processes, or through interactions with enzymes and proteins.[1% Another advantage of
internally responsive nanosystems is that the distinction of whether an imaging modality is
classified as a molecular or structural begins to blur. For example, a pH-responsive MRI
nanomaterial contrast agent provides context of the diseased-tissue anatomy but also
provides physiological information.[*] Importantly, this can provide precise information for
imaging biological processes. While not the focus of this article, the stimuli for nanomaterial
activation might alternatively be exogenous, such as light, magnetic fields, ultrasound,
radiation, etc. For readers interested in imaging and therapeutic applications with
nanomaterials that are responsive to exogenous stimuli, we refer them elsewhere.[12]

The focus of our review is internally responsive activatable multimodal imaging
nanoplatforms, emphasizing the strategies required to engineer these systems. These
nanoprobes exploit aspects of the TME, such as slightly more acidic pH, high levels of
hydrogen peroxide (H»O5) and glutathione (GSH), overexpression of enzymes, or various
combinations of these. Specific and rapid imaging of biological processes using multimodal
systems that are activated in response to interaction with a specific molecular target is a
powerful tool. While providing complementary anatomic, pathological, and molecular
information of the tumor, activatable multimodal imaging nanoprobes hold immense
potential for informed, personalized medicine. These nanoplatforms may support the
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accurate diagnosis, guide therapeutic inventions, monitor drug distribution and therapeutic
response, and facilitate image-guided surgery. In contrast, imaging strategies that are
“always on” often have difficulty distinguishing anatomical features or biological events due
to poor target-to-background signal ratios. In the following sections, we briefly describe the
aspect of the TME that are used as stimuli for activatable multimodal imaging nanoprobes.
We then outline applications reported categorized by the stimuli employed, where an internal
stimulus activates at least one of the imaging modalities.

2. Tumor Microenvironment

Over the years, significant research efforts have elucidated the unique composition of the
TME. These commonalities are valuable since they would exist in theory in all tumor types.
The TME is complex, composed of vasculature, cancer-associated fibroblasts, immune cells,
tumor-associated endothelial cells, and extracellular matrix.[13] Since a thorough discussion
of the TME is beyond the scope of this review, we refer readers to other excellent reviews.
[14] Together, the components of the TME are responsible for the unique properties that can
be exploited for stimuli response.

The aspects of the TME frequently exploited when developing internally stimuli-responsive
multimodal imaging agents are pH gradients, redox potential, and protein expression levels.
The uncontrolled cellular growth in tumors generates high glycolytic rates under aerobic and
anaerobic conditions in combination with poor lymphatic drainage generates excess lactic
acid that leads to a TME is often slightly more acidic compared to physiological pH.[1%]
While the pH difference is usually small (~1), careful material design can exploit this and
result in drastic changes to imaging properties.[16] The reductive environment in tumors
stems from elevated levels of reactive oxygen species (ROS) as well as high levels of GSH
relative to NADPH.[17] This difference in redox potential leads to GSH levels that are
approximately four times higher in tumor tissue compared to normal tissue.[28] As such, this
is a stimulus-specific to cancer cells that can be used for activation. Another valuable
stimulus is enzymes, which are essential regulators of cellular processes. The expression of
enzymes, such as proteases, is often altered in various disease states such as cancer.l19 The
increased enzyme levels enable imaging activation by enzymatic conversion of the
nanomaterial. While each of these stimuli are valuable to achieve activatable imaging on
their own, it is possible to design an intelligent nanosystem that can respond to a
combination of them. Exploiting these elements of the TME for multimodal imaging
applications can provide a comprehensive overview of the anatomical, physiological, and
molecular information of the tumor using a single imaging nanoplatform.

3. Internal Targets for Nanomaterial Activation

In the following sections, we will discuss biomedical applications of nanomaterials that
exploit variations in pH, redox potential, enzyme expression, or a combination of these to
achieve activatable multi-modal imaging.
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3.1. pH

The slight acidity of the TME compared to healthy tissue and blood has been widely used to
design activatable imaging and therapeutic nanosystems.[2%] Several strategies have been
proposed to endow nanoprobes with pH-responsive multimodal imaging properties.
Typically, pH-activated imaging is achieved by designing nanomaterials that are degraded,
including moieties that are altered by protonation of amine groups, or incorporating
segments that are cleaved or released under slightly acidic conditions. Inorganic, organic,
and hybrid nanomaterials have all been used in this strategy and often dictate the mode of
activation. Imaging probes with this functionality enable the visualization of pH variations
during cancer diagnosis and throughout treatment regimens. pH visualization provides
invaluable information about changes in metabolism and may inform clinicians of treatment
efficacy by reflecting changes in the glycolytic rates.

3.1.1. pH Activation by Material Degradation—Manganese (Mn%*)-based
nanomaterials are often used to design nanoprobes that are activated by acid-mediated
degradation, which are usually formed using nanosheets or by coating materials. Manganese
(1) oxide (MnO) NPs are often used as longitudinal relaxation time (T)-weighted MR
contrast agents because they decompose and release paramagnetic Mn?* under weakly acid
conditions. Gao and co-workers prepared small-sized octapod-shaped hollow porous MnO
(HPMO) NPs for activatable MR and FL imaging.[21] This nanosystem could also be loaded
with various cargo (Cargo@HPMO), such as camptothecin (CPT) or Rhodamine 123
(Rh123), for additional FL functionality. When HPMO was degraded in an acidic
environment, the Mn2* produced enhanced the T1-weighted contrast. CPT and Rh123 were
simultaneously released and increased the FL intensity because of the decreased
aggregation-caused quenching (ACQ) effect. In a theranostic approach, this nanosystem
could be loaded with therapeutic cargo to enable drug delivery visualization as it is released
in the tumor. The delivery and endocytosis of MnO-based nanomaterials can be improved by
adding targeting ligands. This enhances the nanomaterial design when the intracellular pH
(~5.5) is required for activation compared to the extracellular pH (~6.5). Wang and
colleagues utilized this strategy when they encapsulated MnO NPs and coumarin-545T
(C545T) inside a poly(ethylene oxide)-based silica nanocapsules (MC-NCs) that were
decorated with folate receptor targeting folic acid (FA).[22] Under normal physiological
conditions, the FL intensity of C545T was quenched by the MnO NPs due to ACQ.
However, acidic conditions released Mn?*, which decreased the quenching of the C545T FL
and enhanced MR contrast. A significant limitation of MnO-based nanoprobes is that they
frequently experience rapid Mn?* release in acidic conditions, which prevents prolonged T1-
contrast. To overcome this problem, Liu et al. synthesized porous gold nanocluster decorated
MnO nanocomposites (MnO@Au NCs).[23] The Au NCs decorated on the surface of the
MnO NPs enabled excellent qw and broad near-infrared (NIR) absorption. Due to the porous
nature of the Au NCs layer, the MnO core was still accessible to agueous environments.
However, this unique structure increased the stability at normal physiological pH and slowed
the release of Mn2* for delayed T;-contrast under acidic conditions.

Calcium carbonate (CaCO3) is another inorganic nanomaterial that can be used to design
nanosystems in the acid milieu of tumors. Dong et al. used CaCOs as the foundation to
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develop organic-inorganic hybrid NPs that could be activated for enhanced T1-MR contrast
in response to the low pH of the tumor microenvironment.[2425] The CaCO3 NPs were
prepared using a gas diffusion reaction under vacuum where ammonia bicarbonate
(NH4HCO3) was used to precipitate CaZ* ions in an ethanol solution, resulting in CaCO3
formation under the alkaline conditions. In an initial study, chlorine e6 (Ce6) and MnCl,
were loaded into the NPs by dissolving them in the ethanol solution and then PEGylated
under sonication (Ce6(Mn)@CaCO3-PEG). The Ce6(Mn)@CaCO3-PEG NPs were sensitive
to pH due to the CaCOg3 that was used as the backbone. Under increasingly acidic
conditions, the Ce6(Mn)@CaCO3-PEG NPs were degraded and released loaded Ce6(Mn)
(Figure 2a). As a result, the T1-contrast for MR imaging was enhanced due to the increased
coordination of water molecules with unpaired Mn electrons. This effect was also observed
using in vivo murine tumor models that showed a high T, signal in MR imaging studies
(Figure 2b). Simultaneously, FL imaging was possible because of the excitation and
emission properties of Ce6, which characterized the biodistribution of the nanomaterial on a
systemic level. In another study, the synthesis was slightly altered by adding dopamine in the
ethanol solution, which accelerated CaCO3 growth and was oxidized to form polydopamine
(PDA), resulting in the formation of CaCO3-PDA-PEG hollow composite NPs. The
incorporation of PDA in this design made it possible to chelate various metal ions (e.g.,
Fe3*, Zn2*, Mn2*, or Co?*) for multiple imaging modalities and provided absorbance in the
NIR region for PA imaging. In vivo imaging of this nanosystem after chelating Mn2*
provided both structural and functional information regarding the tumor using MR and PA
imaging (Figure 2b). As shown in Figure 2c, pH-responsive FL imaging occurred as a result
of the breakdown of the NP structure in a slightly acidic environment that released Ce6 and
decreased PDA-mediated FL quenching.

3.1.2. pH Activation by Amine Protonation—Incorporating proton-sensitive amine
groups into nanomaterials is an effective method to control image contrast, which is often
accomplished using pH-sensitive polymers to prepare either organic or hybrid nanoparticles.
A significant advantage is that highly specific activation can be achieved based on the pKa
of the component for selective activation in the extracellular or lysosomal pH. Chen and co-
workers developed PEGylated-gadolinium metallofullerene-polypyrrole (PEG-GMF-PPy)
NPs.[26] The pH-sensitive polymer (PEG-PC7A), which was conjugated to the surface of the
PPy NPs, underwent a hydrophobic-to-hydrophilic conversion after acid-activation
(transition pH is ~6.9) that increased the accessibility of water molecules to the GMF layer
to enhance Tyweighted contrast. Since PPy NPs also absorbed NIR light strongly, PA
imaging could also be used to visualize the tumor. Imaging sensitivity can be further
improved by using nanoprobe designs with bimodal activation capabilities. A dual PA and
FL imaging activatable nanosystem based on pH-responsive perylenediimide (PPDI) NPs
was synthesized by Yin and colleagues.[27] Their strategy incorporated a pH-sensitive
piperazine ring and perylenediimides that self-assembled into NPs. In acidic environments,
FL and PA signal increased after the piperazine ring was protonated. Signal enhancement
was attributed to the resulting limitation of PET from the methyl-substituted nitrogen atoms
to the perylene chromophore. However, a gradual increase in the FL and PA intensity was
observed as the pH decreased from 7 to 5, which may increase the tumor-to-background
ratio compared to nanomaterials that have sharp signal enhancements. A much more specific
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pH activation was reported by Wang et al. when they prepared photosensitizer-conjugated
acid-switchable micelles for acid-activatable FL and MR imaging.[28] Core—shell micelles
were self-assembled from a Gd-chelated Ce6 conjugated to the ultra-pH-responsive diblock
copolymer poly(ethylene glycol)-b/ock-poly(diisopropanol amino ethyl methacrylate
cohydroxyl methacrylate (PDPA) complex. In moderately low pH conditions (<6.2), the
tertiary amines on PDPA were protonated and induced dissociation of the micelles. Strong
FL intensity and Tqcontrast were generated by limiting the fluorescence resonance energy
transfer effect/photoinduced electron transfer from the nitrogen atom of PDPA and increased
accessibility of water molecules to Gd3*, respectively.

Hybrid organic—inorganic nanomaterials can also be used for activatable multimodal
imaging mediated by protonation of amines under acidic conditions. pH-sensitive magnetic
nanogrenades (PMNs) were prepared by Hyeon and colleagues for ultrasensitive bimodal
imaging of tumors.[29] The PMNSs were composed of extremely small-sized iron oxide
nanoparticles (ES-IONs) self-assembled with two ligands, both containing Ce6 and
imidazole for FL capacity and pH sensitivity, respectively (Figure 3a). Additionally, one
ligand was conjugated with catechol groups that have a high affinity for ESIONs, and the
other was used to produce a critical phase transition in response to acidic conditions. As
shown in Figure 3b, the pH decreased, imidazole in the PMNs is protonated and causes the
platform to swell. Further decreases in pH cause the PMNs to disassemble as a result of
diminished hydrophobic interactions in the core. The authors demonstrated that when the pH
was reduced from 7.5 to 5.5, PMNs had a longitudinal relaxivity (r1) increase and transverse
relaxivity (7>) decrease, both of which are required for iron oxide NPs to be used as
Tiweighted contrast agents (Figure 3c). These effects resulted from increased and sustained
coordination of water molecules with the ESIONSs. Similarly, fluorescence intensity from
PMNs was partially quenched at pH 7.4 due to fluorescence resonance energy transfer
caused by aggregation of the fluorophores but increased at a pH less than 6 (Figure 3d).
Interestingly, both effects were reversible and enabled pH mapping of tumors in real-time.
PMNs were then injected intravenously into ultrasmall HCT116 tumor-bearing mice (~3
mm) to determine whether these effects would be observed in vivo. As shown in Figure 3e,f,
FL and MR imaging studies delineated the tumor and facilitated the monitoring of the
various organ uptake. These results indicated that PMNs could be used to effectively
diagnosis tumors and provide valuable information regarding the pH of the tumor
microenvironment.

3.1.3. pH Activation by Incorporating an Acid Liable Group—The last commonly
used strategy for pH-activatable multimodal imaging nanoprobes involves incorporating an
acid liable group.[3% This method of activation also benefits from the high specificity of the
pKa of the functional group used for acid-mediated ligation. The Yang group used this
approach when they prepared a pH-activatable TAT peptide functionalized on the surface
polymeric NPs loaded with Ce6 and Gd3* (PATAT-NPs), where 2,3-dimethylmaleic
anhydride (DA) was conjugated to the TAT via lysine residues.[31] In a slightly acid
environment, the amide bond formed in PATAT-NPs would degrade to the reactive TAT
peptide for active targeting to increase FL and MR signal but did not occur when succinic
anhydride was used as a control (SATAT-NPs).
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Studies have shown that acid liable groups can also be incorporated into hybrid organic—
inorganic nanomaterials for activatable multimodal imaging. Zhu and co-workers developed
an acid-cleaved nanoprobe for activatable FL and CT imaging. Their nanosystem was
composed of gold nanoparticles (GNPs) conjugated via a ketal linker to a NIR fluorophore
(Cy5.5) and decorated with FA to enable active targeting of the folate receptor (GNPs-CKL-
FA).[321 The GNPs core enhanced CT contrast and also quenched FL from Cy5.5 under
physiological pH. Hydrolysis of the ketal linker occurred under pH conditions comparable to
the TME (6.5), which dramatically enhanced the FL signal from GNPs-CKL-FA.
Intravenous injection of GNPs-CKL-FA was able to clearly delineate subcutaneous Hel a
tumors in mice. More detailed quantification of pH at the cellular levels was achieved by Yu
et al. when they prepared dual-modal smart nanovehicles for pH-sensing.[331 Gold
nanoparticles were synthesized for the core of the material, which was decorated with cyclic
arginineglycine-aspartic acid peptide (CRGD) to target a, 33 expressed on tumors and a
mitochondria targeting group (Mito-S). Dual pH-sensitivity was endowed by incorporating
rhodamine (Rh-S) and fluorescein (Flu-S) derivatives, where the FL intensity of both was
modulated by ring-opening of the spiro-ring unit under acidic or basic conditions,
respectively. Finally, a Gd3* containing moiety (Gd-S) was embedded on the GNPs surface
for T1-weighted MR imaging. The multifunctionality of this nanoprobe (D-Au@Gd&RGD)
enabled sensitive detection of pH because the two FL compounds had different emission
wavelengths. In vivo MR and FL imaging of D-Au@Gd&RGD in U87 tumor-bearing mice
successfully visualized the tumor, which was compared to a nontargeted control.

The Mn2* used in many of the previously mentioned bioresponsive platforms introduces
toxicity concerns. Properly designing nanomaterials that are activated by cleavage at low pH
has been used to overcome this problem. Gao and colleagues developed an activatable,
multimodal imaging core—shell nanoprobe composed of upconversion luminescence
nanoparticles (UC-NPs) as the core and an iron (Fe3*)/gallic acid (GA) complex as the shell
(UCNP@GA-Fe!').[34] The nanomaterials were prepared by synthesizing NaGdF,
nanocrystals doped with Yb, Tm, and Ca, which were then PEGylated by ligand
displacement and conjugated with GA that could complex Fe!'!. While pH-responsive T1-
weighted contrast is typically arduous to achieve using Fe3* because of the stability of Fe-O-
Fe under slightly acidic conditions, it was possible in this case because the Fe!!l complex
was unsaturated by coordination with HO™ and H,O. Under acidic conditions, phenylic
hydroxyls were protonated, breaking the superexchange coupling, and released Fe!!! from
GA (Figure 4a). This careful design resulted in a molar relaxivity increase from 3.2 mM™1s
~latpH 7t0 9.2 mM~1 s at pH 4 for UCNP@Ga-Fe'!!. Since the Ga-Fe!!! coating
absorbed multiple emissions from the UCNPs, it was demonstrated the ratio of two
emissions (/47¢/ /g02) could be used to quantitatively monitor the release of Fe3* in response
to pH (Figure 4b,c). In vivo MR imaging of tumors demonstrated sustained Tq-contrast
enhancement up to 24 h, which was attributed to the sustained release of Fe3* (Figure 4d.e).
At equivalent doses, upconversion luminescence imaging studies correlated the T-contrast
enhancement with Fe3* release by relating emission at 475 and 802 nm. This novel design
employs sensitive imaging modalities to monitor the release of Fe3*. Importantly, the Fe3* in
this system eliminates many of the toxicity concerns of Mn2* used in many other activatable
multimodal nanoplatforms.
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3.2. Redox Potential

The reductive TME possesses another unique stimulus that can be used to design activatable
multimodal imaging nanosystems. The two aspects of tumors that are often exploited in
tumors are the elevated levels of GSH and ROS. In this section, we discuss examples of
strategies that have been utilized for both targets.

3.2.1. Biothiols, Including GSH—The most representative biothiol is GSH, which is a
three amino acid peptide that has the primary role of maintaining the balance of oxidative
stress in cells.[3%] The antioxidant properties of GSH arise from the equilibrium between its
reduced and oxidized forms. Elevated levels of GSH have been observed in diverse cancer
types, which often increases the resistance of tumor tissue to chemotherapies.[3¢! The
majority of biological GSH resides in the cytosol of cells, where concentrations can be as
high 10 x 1073 m as opposed to the extracellular environment.[37] Unsurprisingly, GSH has
arisen as an attractive stimulus to activate multimodal imaging nanoprobes. GSH sensitivity
is typically accomplished by including bonds that can be reduced by GSH, such as disulfide
bonds, or by using materials that can be degraded by GSH.

Many GSH-responsive nanomaterials are designed by exploiting moieties that are easily
reduced, such as disulfide bonds or sulfonyl groups.[38] Santra and colleagues utilized this
strategy to develop an activatable multimodal imaging nanosystem.[3%] Dihydrolipoic acid-
modified superparamagnetic iron oxide nanoparticles (IONPs) were used as the core and
conjugated with FA- and STAT3 inhibitor-functionalized CdS:Mn/ZnS quantum dots (QDs)
(MMCNP). After GSH-mediated reduction, the QDs were released via disulfide bond
cleavage from the IONPs, which eliminated the FL quenching. Structural information could
also be obtained using the MR-contrast provided by the IONPs core. Another interesting
example was reported by Hu et al. when they prepared human serum albumin
nanoassemblies (HSA NAs).[40] GSH-sensitivity resulted from the facile method used to
make the HSA NAs, where GSH was used to obtain free sulfhydryl groups that were cross-
linked and then loaded with Ce6 via hydrophobic interactions and later chelated with Mn2*
(HSA-Ce6-Mn2* NAs). Endocytosis of HSA-Ce6-Mn2* NAs into the GSH-rich cytoplasm
of cancer cells cleaved the disulfide bonds, breaking the NAs, and triggering FL signal
recovery as the Ce6 was released. Simultaneous MR and PA imaging also visualized tumors
in murine models and enhanced the information obtained from HSA-Ce6-Mn2* NAs.

In 2016, Zheng et al. synthesized self-assembled NPs that were activated in a GSH-rich
environment for trimodal responsive imaging.[41] Their nanomaterial was assembled from
7r,—r interactions of a probe containing a Gd3* chelate, 1°F moiety, and a disulfide-capped
amino-oxyluciferin fluorophore (Figure 5a). The principle for the nanomaterial was the
paramagnetic relaxation enhancement (PRE) effect, which involves an increase in nuclear
relation rates from magnetic dipolar interactions between a nucleus and unpaired
paramagnetic electrons.[42] Due to the proximity of the Gd3* chelate and 1°F moiety and
quenching from hydrophobic interactions, the 19F signal was absent under physiological
conditions. However, T1-weighted 1H-MR contrast from the Gd3* chelate would be high.
When delivered to the reductive TME containing elevated biothiols, such as GSH, the 19F
compound capped by a disulfide bond to the fluorophore was cleaved. Disulfide cleavage
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also initiated spontaneous disassembly of the nanoparticle by removing the linker to the
caging group. As shown in Figure 5b, disassembly induced by GSH resulted in a 70-fold
increase in fluorescence intensity, 30-fold amplification of 1°F MRS signal, and 68%
decreased r, relaxivity (0.5 T). Subcutaneous injection of Matrigel containing the self-
assembled NPs with 10 x 1073 m GSH resulted in drastically increased FL intensity (Ex/Em
= 420/540 nm) and decreased T1-weighted MR signal compared to when GSH was omitted
(Figure 5c,d). Additionally, the self-assembled NPs with (1) or without (1-ctrl) a reducible
disulfide bond were compared by intravenous injection into HeLa tumor-bearing mice.
Owing to reduction from biothiols, T1-weighted MR images demonstrated that NPs 1 had
reduced signal intensity in the tumors compared to NPs 1-ctrl as rapidly as the 1 h time
point. This promising platform could be slightly modified to include linkers that are cleaved
in response to other stimuli for activatable multimodal imaging of different biological
processes.

Researchers have also found that GSH can induce the degradation of nanomaterials, which
can be exploited for the activatable multimodal imaging applications. Several reports of this
strategy are based on manganese dioxide (MnO5) nanosheets, which decompose after
reduction by GSH. In the native MnQ, state, Mn atoms do not influence proton relativity
because they are shielded from the aqueous environment by oxygen atoms. The degradation
of MnO, nanosheets releases large amounts of Mn2*, which dramatically enhances T1-
weighted MR contrast. The generated contrast from MnOs is significantly enhanced
compared to other materials, such as commercially available Gd-based CAs.[43]
Multifunctionality with MnO, nanosheets is easily accomplished by absorbing compounds
onto their surface. Incorporating a FL moiety, which is quenched by MnO,, is an example of
a design strategy to provide activatable FL imaging as it is released from the nanosheets and
no longer quenched.[44]

The sensitivity and specificity of the GSH-induced degradation strategy can be enhanced by
adding a targeting feature. Tan and colleagues reported a dual activatable FL/MR imaging
platform based on reducible MnO, nanosheets.[45] Ultrasonication of bulk MnO,
synthesized from MnCl, was used to prepare MnO, nanosheets. After Cy5-labeling and
adding an additional 19 base at the 5" terminus, a 60-base sgc8 aptamer targeting protein
tyrosine kinase 7 (PTK7) was absorbed onto MnO, nanosheets (2.9 pmol pg~t of MnO,
nanosheet). Prior to interacting with cells, the FL intensity from Cy5 was quenched by the
MnO, nanosheets, and MR contrast was weak due to a low Mn2* concentration. Endocytosis
of the MnO, nanosheet-aptamer nanoprobe was enhanced after binding to PTK7-positive
cells. Subsequently, the reduction of the nanoprobe by intracellular GSH led to a release of
the Cy5-labeled aptamer and fluorescent activation and dissolution of the nanosheet into
Mn2* for MR contrast. The authors confirmed this by comparing the FL intensity of flow
cytometry with PTK7-positive cells (CCRF-CEM) and PTK7-negative cells (Ramos).
Additionally, adding GSH to the MnO, nanosheet-aptamer nanoprobe resulted in 77 and 7,
enhancements of 48- and 120-fold, respectively. In subsequent studies, the Fan group
modified the MnO, nanosheets with using Ce6 and Ce6-labeled DNAzymes for activatable
FL/MR imaging and were also applied for photodynamic therapy and gene silencing.[46] The
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mechanism in these similarly required GSH-mediated reduction of the MnO, nanosheets for
FL/MR activation and therapy.

3.2.2. Reactive Oxygen Species—Abnormal GSH expression disrupts related cellular
processes that result in high levels of oxidative stress.[47] The associated elevated levels of
ROS in cancer cells can also be used as a stimulus for activatable imaging. Excess ROS have
been found in many cancer types, with examples including hydrogen peroxide (H,05),
superoxide anion (O, *7), hydroxyl radicals ("OH), among others.[48] Under normal
homeostasis, low ROS levels are carefully maintained by cells using various mechanisms.
However, levels of ROS in almost all cancers are aberrantly high due to increased metabolic
activity, mitochondrial dysfunction, and other oncogenic functions.[49] With proper design,
ROS-activated multimodal imaging nanoprobes are very promising.

MnO,-based nanomaterials also have redox-sensitive properties that can be exploited for
activatable multimodal imaging applications.[°%] Degradation of MnO, nanosheets can occur
via the following reaction, which is catalyzed by MnQO,: 2H,05, — 2H,0 + O,. As an
example, Peng et al. prepared biodegradable Prussian blue (PB)/MnO5 hybrid nanocrystals
(PBMn-52) via the reduction of potassium permanganate (Figure 6a,b).[1 The MnO,
incorporated into the PB framework, which contains both Fe(ll) and Fe(lll), decreased the r»
while also increasing the ;. Interestingly, when PBMn-52 was incubated with H,O5, both
the i, and 7> increased from 4.9 and 15.2 mM~1 s71 to 32.4 and 28.3 mM~1 571, respectively.
As demonstrated in Figure 6¢,d, PA and MR imaging studies demonstrated that PBMn-52
was an effective contrast agent. While this is an important aspect of MnO,-based NPs, they
are often shown to have enhanced signal contrast combined with other stimuli such as low
pH or increased GSH levels. As such, they are discussed in further detail in the multistimuli-
responsive section.

Other ROS-activated nanoprobes can be designed using ROS-sensitive polymers. Bouché et
al. prepared an H,0,-activated CT and PA imaging.[®2] In their design, gold nanoparticles
(AuNPs) were loaded into hybrid polyphosphazene derived polymer nanogels formed
through ionic interactions (PPB NPs). The sensitivity of this nanoprobe to ROS stemmed
from the nanogel coating composed of poly[di(carboxylatophenoxy)phosphazene] (PCPP)
and the arylboronate polyphosphazene derivative (PPB). PPB degrades in response to ROS
through the formation of an unstable glycine-functionalized polyphosphazene that self-
catalyzes additional backbone degradation into phosphates and ammonia. At the same time,
PCPP biodegrades into products that are nontoxic and have a neutral pH. Erosion of the
nanogel coating by H,O, released the AuNPs payload, which reduced the PA signal
intensity by decreasing the collective plasmon resonance effect. In comparison, the CT
contrast was unaffected after PPD NPs were incubated with H,O,. The PPB NP nanosystem
was then evaluated in vitro using a macrophage cell line (RAW264.7) incubated with and
without lipopolysaccharide and interferon-y. Decreased PA signal but high CT contrast were
observed for the inflamed macrophages incubated with PPB NP compared to controls. In
comparison, similar NPs without the PPB moiety had a PA signal independent of ROS and
were unable to differentiate ROS levels in the RAW264.7 cell line. While this design may
provide a ratiometric method to differentiate ROS levels using PA and CT imaging, the
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negative PA signal enhancement may complicate in vivo imaging with this nanosystem,
which was not performed in this study.

3.3. Enzymes

Enzymes are proteins that act to accelerate chemical reactions by lowering the catalytic
energy barrier in biological systems. In many cancer types, various genes are upregulated,
leading to overexpression of enzymes.[53] Nanoprobes designed to activate selectively in
response to the increased enzymatic catalysis can lead to a dramatic signal enhancement for
disease diagnosis. In the following sections, we discuss enzyme-activated multimodal
imaging nanosystems classified by the enzyme type used for activation.

3.3.1. Matrix Metalloproteinases (MMPs)—Matrix metalloproteinases include 26
calcium-dependent endopeptidases with functionality traditionally ascribed to degrading the
extracellular matrix and are upregulated at all cancer stages.[>¥] Typically, MMP-activated
multimodal imaging probes are designed by incorporating an MMP-cleavable peptide.[3°]
After enzymatic catalysis, the nanoprobe is turned on from a quenched to an active state.
Here, we discuss multimodal imaging applications that involve MMP activation.

Gelatinases are a subtype of MMPs, which include MMP-2 and MMP-9, that have been
extensively studied and implicated in angiogenesis and tumor growth.[56] The Tsieng group
first reported gelatinase-activated bimodal imaging nanoplatform, composed of a
functionalized dendrimer.[57] Cha et al. prepared an IONP core-silica shell NPs that were
decorated with the same MMP substrate (GPLGVRG) (PCM-CS).I58] The FL signal from
Cy5.5 was efficiently quenched by the IONP core, but increased by more than 97% after
PCM-CS was activated by MMP-2. In vivo imaging after intravenous injection of PCM-CS
was able to clearly visualize tumors using activatable FL imaging and transverse relaxation
time (T2)-weighted contrast provided by the IONP core.

An interesting application was reported by Shi et al., when they prepared a tumor-targeted
and MMP-2 activatable nanoprobe (T-MAN) with activatable FL and MR bimodal imaging.
[59] T-MAN was constructed by first synthesizing novel Gd/CuS nanodisks that were then
encapsulated into micelles using DSPE-PEG2000 for improved solubility and
biocompatibility. The micelles were then functionalized with an a3 tumor-targeting group
(cRGD-SH) and a Cy5.5- and QSY21-labeled MMP-2 cleavable peptide substrate
((QSY21)-GGPLGVRGK(Cy5.5)-SH). The presence of Gd3* in the Gd/CuS nanodisks and
geometric confinement in the micelles to further reduce molecular rotation endowed them
with a high 1, of 60 mM~1s71 (1 T). Before activation by MMP-2, the FL of Cy5.5 was
quenched by the proximity of QSY21. Introducing MMP-2 to T-MAN, which cleaved the
peptide at the GV site to release QSY21 from Cy5.5, enhanced the NIR FL intensity by
~185-fold (Figure 7a). The enzymatic kinetic parameters for T-MAN and MMP-2 were
found to be a Ky, of 1.67 x 1078 m and a gyt 0F 0.12 571, with a kga/ Ky ratio 7.2 x 104 m~1 s
-1 which indicates efficient cleavage. The imaging abilities of T-MAN were evaluated after
intravenous injection into mice bearing subcutaneous gastric cancer tumors (MKN45 cell
line). As shown in Figure 7b, the FL intensity in the tumors gradually increased until a
maximum was reached 12 h p.i. The tumors could be simultaneously delineated in T-
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weighted MR images that provided anatomical context (Figure 7c). Importantly, the FL
signal was significantly reduced when tumors were administered an MMP-2 inhibitor
(SB-3CT), blocked with free RGD, or T-MAN without the a, 33 targeting ligand (T-MAN-
ctrl). The MR signal was also reduced when T-MAN was blocked with free RGD or when T-
MAN-ctrl was administered but comparable to when the MMP-2 inhibitor was administered,
suggesting MR contrast was independent of MMP-2 activity. Additional experiments found
T-MAN similarly provided enhanced MR contrast 12 h p.i. and FL signal for surgical
resection of tumors in an orthotopic gastric cancer model (Figure 7e,f).

Other studies have shown that NPs can be responsive to multiple MMPs. Kim and
colleagues achieved this when they designed an activatable nanoprobe based on
biocompatible glycol chitosan nanoparticles (CNPs). The CNPs provided activatable optical
imaging and were also radiolabeled with Copper-64 (84Cu, #, = 12.7 h) for PET imaging,
which can monitor the biodistribution with unlimited tissue penetration and high sensitivity.
Azide-functionalization of the CNPs was first carried out before additional modifications.
Bioorthogonal click chemistry with the azide groups and dibenzylcyclooctyne (DBCO)-
modified 1,4,7,10-tetraazacyclododecane-1,4,7-tris(t-butyl acetate)-10-acetic acid (DOTA;
DOTA-Lys-PEG,4-DBCO), and an MMP-specific peptide with Cy5.5 for FL imaging and
BHQ-3 as a quencher ((Cy5.5)-GPLGVRGK(BHQ3)GG-PEG4-DBCO) was used to
conjugate them to CNPs. The MMP activity of the probe was then evaluated with MMP-2, 3,
7,9, and 13, which found a significant FL signal enhancement with MMP-2, 9, and 13 and
was inhibited with an MMP-2 inhibitor. The 84Cu-labeled and activatable MMP-specific
peptide-modified CNP (64Cu-DOTA-AMP-CNPs) was then evaluated in multimodal
imaging studies with A549 xenograft bearing mice. Near-infrared fluorescence (NIRF)
imaging of 84Cu-DOTA-AMP-CNPs delineated tumors as rapidly as 1 h p.i. and the signal
in the tumor continued to increase until a plateau was reached at 6 h p.i. The specificity of
the NIRF signal from MMPs was confirmed in another imaging study since an MMP
inhibitor significantly decreased the FL intensity. A serial PET imaging study with 84Cu-
labeled CNPs successfully visualized the tumor, with a maximum tumor uptake of 6.2%ID g
~Lat 24 h p.i. Ex vivo studies were able to confirm the NIRF and PET imaging in vivo
findings. Due to the unique combination of a PET/optical imaging probe, the tumor-
targeting efficiency could be quantified while simultaneously providing information on
MMP activity that might aid treatment planning efforts.

While not used for cancer imaging, it is worth mentioning the MMP-activated nanoprobe
developed by Gu and co-workers for imaging gelatinase activity in ischemic stroke.[60] They
functionalized a dendrimer core with Cy5, Gd-DOTA, and an MMP-cleavable peptide. After
inducing ischemic injury, excellent T;-weighted MR contrast and enhanced FL intensity
were observed in the damaged region.

3.3.2. Serine Proteases—Serine proteases, which account for more than one-third of
all proteolytic enzymes and found in all kingdoms of cellular life,[62] have also been found
to be valuable in activatable multimodal imaging applications. Strategies involving serine
proteases are similar to other enzyme-activated nanosystems that require the use of an
enzyme-specific peptide. However, some reports include activation by the degradation of the
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NPs template. In this section, we highlight nanomaterials that can be activated by this
enzyme type.

The Liang group reported an enzyme-activatable nanoplatform for dual-modal imaging.[62]
Their core-satellite NPs were made of gelatin (Gel) NPs loaded with indocyanine green
(ICG) and doxorubicin (DOX) that were then coated with PEGylated copper sulfide (CuS)
NPs (ICG/DOX@Gel-CuS NMs), where FL from ICG was initially quenched. Incubating
ICG/DOX@Gel-CuS NMs with trypsin resulted in the degradation of the gel matrix and
recovery of the FL signal after releasing the CuS NPs from the surface. FL imaging with this
“turn-on” ability in combination with PA imaging enabled real-time monitoring of drug
release using this unique enzyme-activated nanosystem that did not require a specific,
cleavable peptide sequence.

Fibroblast activation protein (FAP) is a serine protease commonly expressed on fibroblasts
in tumor stroma and found in more than 90% of epithelial cancers.[83] Nie and co-workers
designed a polydopamine-coated gold nanostars (GNS@PDA) nanoplatform (Figure 8a)
using FAP as a stimulus for diagnostic imaging.[84] After synthesizing GNS@PDA, a Cy7-
labeled FAP-cleavable peptide (Cy7-KTSGPNQC) was conjugated to the PDA shell using a
Michael addition reaction (GNS@PDA-Cy7). PDA, which can chelate a vast array of metal
ions, was complexed with Fe3* ions for enhanced T;-weighted MR contrast, while the GNS
provided CT and PA imaging contrast and served as a NIRF quencher. Enzyme kinetic
studies confirmed the reactivity of GNS@PDA-Cy7 with FAP, where kinetic constants were
calculated to be 24.6 x 1078 m and 12.1 min~1 for Kp, and Ay, respectively (Aca K = 4.9 %
10° m~1 min~1). FAP (0.5 png mL™1) mediated cleavage of GNS@PDA-Cy7 resulted in a 27-
fold FL intensity enhancement within 6 h, which was initially quenched due to nanometal
surface energy transfer from Cy7 and GNS in the nanomaterials. NIRF imaging after
intravenous injection of GNS@PDA-Cy7 visualized activation of the nanoplatform in
response to FAP, which reached a maximum signal enhancement 6 h p.i. (Figure 8b). As
shown in Figure 8c,d, CT, PA, and MR imaging to elucidate tumor architectural information
were simultaneously possible due to the gold, PDA, and Fe3*, respectively, contained in the
GNS@PDA-Cy7. This diagnostic nanosystem and future developments have immense
clinical significance since high FAP expression is often associated with tumor malignancy
and poor prognosis.[6°]

Thrombin is a critical enzyme involved in thrombosis and has been found to influence tumor
angiogenesis.[%6] Kwon et al. prepared a thrombin-activatable fluorescent peptide (TAP)
incorporated silica-coated gold nanoparticles (TAP-SiO,@AuNPs).[67] They found that
thrombin-mediated cleavage enhanced FL intensity by releasing Cy5.5, which was initially
quenched by the AuNPs core that also provided CT contrast. Using a murine carotid
thrombus model, they found that TAP-SiO2@AuNPs provided localized FL and CT signals
to discriminate the thrombotic lesion.

3.3.3. Caspase—Apoptosis is a programmed cell death pathway that frequently occurs
when DNA damage is irrepairable, maintaining the balance of dysfunctional and normal
cells.[68] A central component of this specialized cellular pathway is a family of cysteine
proteases called caspases.[6%] Caspases are proenzymes that are activated during apoptosis
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and function as both initiators and effectors to initiate cell disassembly in response to
proapoptotic signals.[7% Research has found that caspase-3 and caspase-7 are primarily
responsible for inducing apoptosis, which is the basis for most anticancer therapies.[’1] As
such, imaging techniques that visualize caspase activation, primarily caspase-3/7, would be
immensely valuable for monitoring therapeutic efficacy.

A common strategy for multimodal apoptosis imaging is by designing a probe that is
activated after caspase-mediated self-assembly into NPs. Wang et al. used this strategy to
create a PA and FL imaging caspase-3 responsive probe (1-RGD).[72] A peptide sequence in
the 1-RGD probe was cleaved by caspase-3 and induced macrocyclization that resulted in
NP self-assembly. Incubating 1-RGD with caspase-3 eliminated FL signal and enhanced PA
signal intensity. Additionally, the specificity of this design was demonstrated by incubating
caspase-3 with a caspase-3 inhibitor (Z-VAD-fmk) and 1-RGD, which resulted in no PA
signal enhancement or FL signal elimination. In vivo imaging studies after intravenous
injection of 1-RGD found that mice with U87MG subcutaneous tumors and treated with
doxorubicin had enhanced PA signal compared to controls. Thus, this strategy was able to
visualize chemotherapy-induced apoptosis throughout the tumor to monitor treatment
efficacy.

It is always more advantageous to employ activatable imaging strategies with contrast that is
enhanced in response to a stimulus. Meade and co-workers prepared a caspase-3/7
activatable FL/MR contrast agent where both signals were enhanced after activation.[”3] This
fluorogenic caspase probe (CP1) combined a Gd3*-chelate, a tetraphenylethylene unit for
aggregation-induced emission luminogen (AlEgen), and a caspase-3/7 cleavable substrate
(DEVD peptide). Once the DVED peptide is cleaved by caspase-3/7, the remaining Gd3*-
chelate-AlEgen moieties aggregated together. The aggregation and NP formation increased
both the FL and MR signal intensity compared to minimal changes with a non-caspase-
cleavable control probe. Interestingly, the authors were able to correlate the FL emission and
CP1 concentration to predict the T1-weighted MR signal in vitro accurately. In vivo
application of this probe could visualize caspase expression in response to treatments and be
further adapted for imaging activation of other targets.

3.3.4. Other Enzymes—Any number of enzymes could theoretically be used as a
stimulus for activatable imaging, as long it was overexpressed in neoplastic tissue. Alkaline
phosphatase (ALP) is an enzyme that exists in both healthy and cancerous tissue that acts by
dephosphorylating compounds.[74] Overexpression of ALP has been found on various cancer
cell lines, which enables strategies that are selectively activated by this enzyme.[75]
Typically, small molecules are used that form NPs after dephosphorylated by ALP.[76] As an
example, the Liang group synthesized a NIR probe with an enhanced PA signal and
quenched FL signal after activated by ALP.[77] This nanosystem permitted a highly sensitive
diagnosis of superficial tumors. In another design, Zhang and co-workers reported a prostate
cancer imaging platform using an ALP-activatable and mitochondria-targeted probe.[78] The
FL and PA intensity of the probe (ETP), composed of a NIR FL dye, a lipophilic
triphenylphosphium cation that targets mitochondria, and a phosphate ester group, was
drastically increased after incubating with ALP. The enhancement was attributed to the
removal of the phosphate group that quenched FL/PA signal and resulted in situ NPs self-
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assembly. In vivo NIRF and PA imaging studies found that the ETP probe could visualize
PC-3 tumors, with specificity demonstrated by decreased signal after treatment with an ALP
inhibitor.

Recently. Yan et al. prepared a small-molecule-based activatable NIRF/MR (fluorogenic
MR) bimodal imaging probe that would self-assemble into NPs in situ once activated by
ALP (Figure 9a).184] Since the probe was prepared as a small molecule, it may pass through
blood vasculature and penetrate tumors better than similarly designed NPs. Another
advantage of administering a small molecule is that any unactivated P-CyFF-Gd would
likely be eliminated in vivo. Their probe was constructed by combining a prequenched
fluorophore (merocyanine) capped with an ALP cleavable phosphate group with a Gd-
DOTA chelate for MR imaging and a hydrophobic dipeptide Phe-Phe linker for self-
assembly (P-CyFF-Gd). When this hydrophilic probe is administered in vivo and encounters
ALP, the phosphate cap on the fluorophore was cleaved by dephosphorylation producing
hydrophobic CyFF-Gd that self-assembled through 7z—r interactions. Incubating P-CyFF-Gd
with ALP induced a more than 70-fold increase in FL intensity and an r; increase from 8.9 £
0.31020.1 + 0.5 mM~1 51 due to the increased NP size with a longer tumbling time and
restricted molecular motion. Enzyme kinetic studies found that P-CyFF-Gd was a suitable
substrate for ALP with a Vinax 0f 1.05 x 1076 m min~1, K, of 13.14 x 1078 m, and a Agae/ Kin
ratio of 3.6 x 104 m~1 s71, Initial in vivo imaging investigated subcutaneous injection of P-
CyFF-Gd with or without ALP. FL intensity and MR signal of P-CyFF-Gd and ALP peaked
1 h p.i. and was significantly higher than P-CyFF-Gd alone, due to the combination of
decreased activation and elimination of the small molecule. Subcutaneous HelL.a tumor-
bearing mice were then used to visualize endogenous ALP with P-CyFF-Gd. Following
intravenous injection of P-CyFF-Gd (50 x 1078 m), FL intensity and T;-weighted contrast
peaked at 1 h and 4 h p.i., respectively (Figure 9b,c). Inhibiting ALP activity (NagVO,) or
removing the ALP substrate (P-Cy-Gd) dramatically reduced signal from both modalities.
With the encouraging imaging results, P-CyFF-Gd was employed for surgical resection of
luciferase transfected orthotopic liver tumors (HepG2/Luc). Imaging using the orthotopic
model after intravenous injection of P-CyFF-Gd, shown in Figure 9d,e, yielded T1-weighted
MR images that delineated the tumor from surrounding tissue and NIRF images that
correlated with bioluminescence signal from the cancer cells. Orthotopic tumors were then
removed surgically after spraying P-CyFF-Gd on the tumor containing liver, which was
visualized by NIRF imaging after 30 min (Figure 9f). The in situ NP assembly strategy used
in this study provided the context of ALP activity in tumors while simultaneously yielding
structural information of ALP-positive tumor tissues that could be extended for surgical
resection of tumors.

Hyaluronic acid (HA)-based materials have been widely used in drug delivery and imaging
applications.[7] Extensive research has shown that HA can actively target CD44, which is
expressed on many different tumor types.[8%] Importantly, HA can be degraded by
hyaluronidase-1 (Hyal-1), which is the basis for activatable multimodal imaging
applications. In a conventional method, degradation of the HA-based material will liberate
the nanoprobe from a quenched state and functionalized with other compounds for
multimodal functionality.[80]
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A Hyal-1-activated probe was prepared by Wang and co-workers.[8] In their design, Cy5.5
and IR825 were conjugated HA to form a nanoprobe that was then encapsulated with
perfluorooctylbromide (PFOB), which absorbs X-rays (PFOB@IR825-HA-Cy5.5). Due to
the proximity of Cy5.5 to IR825, FL signal was initially quenched. Once the PFOB@IR825-
HA-Cy5.5 substrate interacted with Hyal-1, the HA backbone was degraded, and the FL
intensity dramatically increased. The other components of the nanosystem, IR825 and
PFOB, enabled PA and CT imaging. PFOB@IR825-HA-Cy5.5 was intravenously injected
into HT-29 (CD 44 positive) tumor xenograft model. Enhanced FL signal from CD44
activation reached a maximum in the tumor at 24 h p.i. and was relatively low in the other
major organs of interest. Similarly, the PA amplitude in the tumor tissue clearly visualized
the tumor as early as 1 h p.i and approached the maximum (at 24 h) as soon as 5 h p.i. CT
imaging studies also found that the tumor could be clearly delineated. FL activation of
PFOB@IR825-HA-Cy5.5 by Hyal-1 resulted in continuous signal enhancement up to 24 h
p.i., whereas PA and CT contrast rapidly peaked and remained steady in the 5 h to 48 h p.i.
timeframe. This trimodal system was able to actively target CD44 positive tumors and
delineate them once activated by Hyal-1.

3.4. Multi-Responsive

Designing nanomaterials that respond to multiple stimuli can further expand imaging
capabilities. Commonly, nanomaterials are found to be simultaneously responsive to pH and
redox potential. This typically occurs as a result of the inherent properties of a material or by
including various moieties sensitive to stimuli. In this section, we discuss nanoprobes that
are activated by simultaneous stimuli.

The pH gradient and reductive environment that exist in tumors are frequently exploited to
synergistically enhance image contrast. In an acidic and H,O,-rich environment, MnO,-
based nanomaterials will react according to the following equation: H,O, + 2H* MnO, —
2H,0 + O, + Mn2*, which enhances T1-weighted MR contrast due to the increase in Mn2*
concentration.[82] Preparing MnO, NPs as the core or coating nanomaterials with a MnO,
layer or MnO, NPs are both effective methods to capitalize on this strategy. The Yang group
prepared honeycomb manganese oxide nanospheres as a core that were functionalized with
Ce6-conjugated core-shell UCNPs (hMUC).[83] In the presence of hydrogen peroxide and
slightly acidic conditions, the hMUCs were degraded, and the UCNPs-Ce6 was released
from the surface. The benefits of this were twofold, the release of UCNPs-Ce6 enhanced its
ability to absorb light and increased MnZ* concentration for activatable MR imaging, which
was combined with CT imaging to visualize the tumor structure. In another study, Hu et al.
developed an intelligent polymer platform that was conjugated with MnO, NPs and
BIODIPY molecules.[84] Once surface-functionalized MnO, NPs were degraded, the MR
signal and PA ratio (825/680 nm) signal was enhanced and enabled the delineation of 4T1
tumors. It is also worth mentioning that O, is produced in this strategy, which may decrease
tumor hypoxia and increase the efficacy of therapeutic strategies.

As we have mentioned, MnQO,-based nanoprobes can also be degraded by GSH, which can
be combined to respond with changes in pH and H,O, concentrations. Jing et al. showed
that an intelligent nanoflower composite (FHCPC@MnO5) could exploit the low pH and
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high levels of H,0, and GSH that exist in the TME (Figure 10a).[85:86] JONP nanoclusters
were encapsulated with a GSH and a pH-responsive polyphosphazene (PPZ)-drug conjugate
layer and was then coated with a MnO> shell. In a slightly acidic, H,O, and GSH-rich
environment, the MnO, and PPZ layers were degraded. As a result of the FHCPC@MnO5
composition, the T1- and T,-weighted MR imaging was enhanced for anatomical contrast
that could be simultaneously paired with FL imaging (Figure 10b,c). In another study, the
Tan group achieved activatable FL and MR imaging using mesoporous silica and gelatin
nanolayer protected MnO, coated UCNPs.[871 When the pH was decreased and GSH levels
increased, a remarkable increase in the T1-weighted contrast and UCL was observed.
Importantly, the protection layers included in this design were effective at preventing
premature reduction of MnO> in blood, which is a significant limitation of MnO,-based
nanomaterials.

Recently, a hybrid protein@inorganic nanodumpling (ND) system was prepared by Zhu et
al. for biothiol and pH activatable FL and MR imaging using a green and straightforward
process (Figure 10d).[88] In their design, functional proteins were fused with a 39-histidine
base-green fluorescent protein (H3gGFP) tag to enable zinc ion directed self-assembly as the
“filling.” The fabricated protein complex was then coated using in situ biomineralization
with a MnO, “wrapper” and then PEGylated with a FA-containing moiety for enhanced
circulation and biocompatibility as well as endow folate receptor targeting (HzgGFP@MnO,
NDs). The MnO, coating served to protect the internal protein cargo from premature release.
Additionally, the decreased pH and elevated GSH in the TME triggered the disassociation of
the MnO, layer, providing responsiveness. Since MnO, quenches FL emission from GFP
before degradation, the H3gGFP@MnO, NDs enable FL imaging and MR imaging from
increased Mn2* once activated. To model this carrier, the H3gGFP was fused with a NIRF
protein (IRFP, EX/Em = 683/703 nm; IRFP-H3gGFP@MnO, NDs). In vivo FL and MR
imaging were then used to monitor protein delivery in HCT 116 xenograft tumor-bearing
mice (FR-positive). Intravenous injection of IRFP-H3gGFP@MnO, NDs resulted in a FL
signal maximum 4 h p.i. and correlated with a peak tumor-to-normal tissue (T/N) contrast
enhancement of 167% at the same timepoint in T1-weighted MR images. In comparison,
nonspecific FL signal and negligible T/N contrast increase when free protein was
administered. Extension of these imaging modalities provided visualization of ribonuclease
A-fused NDs, a protein that is cytotoxic.

Other multi-responsive multimodal imaging agents can be prepared by careful incorporation
of various pH-, HyO,-, or GSH-responsive components into a single nanoplatform. Wu et al.
demonstrated this strategy using a multifunctional, biodegradable, hollow mesoporous
organosilica nanocapule (HMONS). pH- and GSH-mediated release and degradation of
HMONS were observed due to conjugation with pH-cleavable acetal covalent bonds and
incorporated disulfide bonds. Tumors could be delineated with this nanoprobe using PA and
FL imaging. While this and the previously mentioned examples of multi-responsive agents
have many advantages, it also complicates multimodal imaging applications.
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4. Conclusion

A significant advancement in nanomedicine has been the development of activatable
multimodal imaging agents. This can be achieved by taking advantage of the slightly acidic
pH, high GSH and ROS levels, overexpression of enzymes, or combinations of these
conditions that all exist in the TME. Compared to “always-on” imaging agents, specific
activation to one or more of these stimuli improves the tumor-to-background ratio across one
or more imaging modalities. Additionally, using multiple imaging modalities combines
complementary anatomical and biological information, making these features easier to
distinguish or highlight. Ultimately, the diagnostic performance of nanomaterials can be
improved while simultaneously reducing side effects. Applying nanomaterials for activatable
multimodal imaging can provide noninvasive cancer diagnosis in real-time as well as a
method to monitor treatment regimens and drug distribution.
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MOLECULAR IMAGING
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Internally responsive activatable multimodal imaging. a) Multimodal imaging combines
advantages and disadvantages of various anatomical and molecular imaging modalities. FL
refers to fluorescence imaging. b) Internally responsive multimodal imaging nanomaterials
are activated by pH gradients, redox potential, enzymes, or combinations of these. NP, GSH,
and ROS refer to nanoparticle, glutathione, and reactive oxygen species, respectively.
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Figure2.

pH-activatable multimodal imaging by nanomaterial degradation. a) Calcium carbonate
(CaCO3) NPs were synthesized with a polydopamine coating that degraded under slightly
acidic conditions (upper). TEM images confirmed this under different pH conditions
(lower). b) CaCO3 NPs absorbed NIR light for PA imaging (upper) and chelated metal ions
for MR imaging (lower). ¢) Degradation of the CaCO3 backbone reduced polydopamine FL
quenching of Ce6 for activated FL imaging. Reproduced with permission.[2>] Copyright
2018, American Chemical Society.
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Figure 3.
pH-activatable multimodal imaging by amine protonation. a) PMNs were composed of

ESIONSs that were self-assembled with a Ce6 and imidazole containing ligands. In a
reversible process, the imidazole in the PMNs was protonated as the pH of the environment
decreased, causing the nanosystem to swell and ultimately disassemble, as shown in TEM
images. b,c) As a result, both the MR contrast and FL intensity of PMNs were dependent
upon pH. e,f) InS-NP and InS-NP/Ce6 are nonresponsive probes that demonstrate the
advantages of the pH-activated PMNs. Reproduced with permission.[2%] Copyright 2014,
American Chemical Society.
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Figure 4.
pH-activatable multimodal imaging incorporating an acid liable group. a) In slightly acidic

conditions, FL and MR activation of the nanoprobes occurred after releasing a Felll-
containing moiety. b,c) The release of the Fe!!l-containing moiety could be monitored in
vivo by the ratio of the emissions at 475 and 800 nm (/475/ fggg). d) T1-weighted MR images
and e) corresponding analysis. In (b)—(e), probe was the pH-activatable nanoprobe and
UCNP-GA was a nonresponsive control for comparison. Reproduced with permission.[34]
Copyright 2019, Wiley.
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Figureb.
GSH-activated multimodal imaging. a) NPs were self-assembled from a compound

containing a 1°F-MRS signal moiety, a Gd-DOTA chelate, and a disulfide-capped
fluorophore. b) When incubated with GSH, the disulfide bond in the self-assembled NPs
was cleaved. As a result, the disassembled NPs displayed activated FL (left), 19F-MR
(middle), and T1-weighted MR (right) signals. Reproduced with permission.[41] Copyright
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2016, American Chemical Society.
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Color

Figure 6.
H,0,-activated multimodal imaging. a) TEM images of PBMn-52 hybrid nanocrystals.

Scale bar: 200 nm (top) and 50 nm (bottom). b) In vivo PA imaging and c) activatable T-
weighted MR imaging demonstrated that PBMn-52 was an effective contrast agent.
Reproduced with permission.[>1] Copyright 2017, American Chemical Society.
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Figure 7.
Matrix metallopeptidase-2 (MMP-2)-activated multimodal imaging. a) MMP-2 mediated

cleavage of T-MAN enhanced the FL intensity. In vivo imaging with b) activatable FL
imaging could delineate the subcutaneous tumors, while ¢c) MR imaging provided enhanced
soft-tissue contrast. d) FL and €) MR imaging with T-MAN could also visualize tumors for
surgical resection in an orthotopic tumor model. In (d), bioluminescence (BL) from the
orthotopic tumor cells confirmed T-MAN uptake in the tumor. In (b) and (c), I-1V represent
the activatable, blocking control, nonresponsive control, and activatable and MMP-2
inhibitor groups, respectively. Reproduced with permission.[591 Copyright 2019, American
Chemical Society.
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Figure 8.
Serine protease-responsive multimodal imaging. a) TEM image of the synthesized

polydopamine-coated gold nanostars (GNS@PDA). Scale bar: 100 um. b) Activatable NIRF
imaging occurred after Cy7-labeled GNS@PDA was cleaved by FAP. Additionally, c) CT, d)
PA, and ) MR imaging studies provided high spatial resolution and tissue contrast for tumor
delineation. Reproduced with permission.[64] Copyright 2019, American Chemical Society.
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Figure.
Other enzyme-responsive multimodal imaging. ALP-specific activation of P-CyFF-Gd

resulted in enhanced MR and FL contrast in a) xenograph and b,c) orthotopic tumor models.
Imaging in the orthotopic tumor model enabled image-guided surgery to ressect tumor
tissue. In (b) and (c), | represents the activatable probe (P-CyFF-Gd), 11 represents the probe
without the ALP substrate (P-Cy-Gd), and 111 represents the probe and an ALP activity
inhibitor (P-CyFF-Gd + NazVO,). Reproduced with permission.[89] Copyright 2019,
American Chemical Society.
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Multiple stimuli-activated multimodal imaging. FHCPC@MnO, nanoflowers were designed
to exploit the low pH and high levels of GSH and H,0O5, that exist in the TME for a) MR and
b) FL imaging. A hybrid protein@inorganic nanodumpling (ND) system was designed to be
activated by thiols, such as GSH, and low pH. Degradation of the nanosystem in the TME
enabled activatable ¢) MR and d) FL imaging. Reproduced with permission.[86:88] Copyright
2019, RCS Pub and 2020, American Chemical Society.
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