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Abstract

Precise detection of pathologically relevant biomolecules could provide essential information on
important intercellular, cellular, and subcellular events for accurate disease diagnosis and staging,
thus leading to appropriate treatment recommendation. Activatable nanoprobes are nanoscale
objects that can be turned on through specific reactions or interactions with biomolecules of
interest, and afford some advantageous properties for improved detection of biomolecules both /in
vitroand in vivo. In this brief review, we highlight several recent examples in the development of
activatable nanoprobes for biomolecule detection.

Introduction

Recent advances in molecular biology reveal that the origin and progression of many human
diseases such as cancer are associated with the abnormal activities of certain biomolecules
[1]. Precise detection of these biomolecular activities could benefit early stage disease
diagnosis and accurate evaluation of the disease progression, thus leading to appropriate
medical treatments and successful clinical outcomes [2]. Conventional molecular probes
(always ON probes) are best suited for /n vitro analysis, as any non-specifically deposited
probes can be removed easily and efficiently through extensive washing [3]. For in vivo
applications, features such as improved targeting [4] (to increase signal) or enhanced
clearance [5] (to reduce background noise) should be included in the probe design to

obtain sufficient contrast for both imaging and quantitative evaluation. Only through these
strategies can success be achieved in the use of conventional probes for biomedical research
and applications, including fundamental study [6°°], drug development [7], disease diagnosis
[8-10], cancer staging [11], theranostics [12-14], and response monitoring [15]. However,
in some cases it is the activity, not the expression level of the biomolecules (e.g. enzymatic
activities) that inherently correlates with disease progression [1], and the inability to sense
molecular activities limits the use of these always ON probes for disease diagnosis.
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To detect the activities (not the expression level) of biomolecules of interest, activatable
molecular probes are often needed to translate the specific enzymatic activity into
measurable and quantifiable signals (enzymatic cleavage turns the probe from the

‘OFF’ state to the ‘ON’ state). For this reason, optical (fluorescent or bioluminescent)
molecular probes have been extensively explored for the detection of proteases, hydrolases,
peroxidases, telomerase, and kinases by monitoring the fluorescence change of pre-
quenched probes. These probes are designed on the basis of the well-known Forster
resonance energy transfer (FRET) effect [16], which is sensitive to molecular conformation,
association, and separation in the 1-10 nm range. To create an activatable molecular probe,
one popular strategy is the use of paired donor and acceptor molecules between which

the energy can be transferred non-radiatively. The self-quenching effect as a result of short-
range interactions among fluorophores linked to one scaffold molecule also allows for the
rational design of molecular probes that can be activated by a change in local environment
[17].

Activatable molecular probes for magnetic resonance imaging (MRI) have also been
explored, on the basis that some biomolecular activities can modify the contrast agent’s
chemical structures, molecular weights, or local surroundings in such a specific way that
a corresponding change in relaxivity can be identified [18,19]. These changes, however,
are fairly small in magnitude and as such only weak perturbations can be recorded.
Nevertheless, their intrinsic property of low background noise makes the activatable
molecular probes (both fluorescence-based and MRI-based ones) superior to conventional
probes for /n vivo application. This is despite potential drawbacks such as possible fast
clearance and non-specific activation due to their small size and exposed linkage to non-
specific biomolecules during transportation.

The development of activatable nanoprobes has opened up a new era of molecular imaging
[20%°], introducing unique features for biomolecular detection, especially /n vivo (Figure
1). For instance, the use of inorganic nanoparticles (as either quencher or fluorophore)
makes it possible for the design of multifunctional nanoprobes by supplying a universal
FRET receptor for multiple fluorophores with different emission spectra [21]. Additional
signals can also be recorded from those inorganic nanoparticles depending on alterations
either to the nanoparticle itself or to its environment. Self-assembled nanoprobes offer an
environment distinct from that of biological fluid for the fluorophores and also improve
the apparent molecular weight of the probes, helping to establish a significant signal
transition during the assembly or disassembly process [22]. Besides these unique features,
the adoption of a ‘nano formulation’ also provides benefits such as cargo protection and
targeted delivery [23].

Since the principles of activatable probe design have been excellently reviewed recently
[18,24-28], we will only touch upon these principles as needed. This review will only focus
on recent advances in the design of activatable nanoprobes for the detection of biomolecules,
highlighting their unique features of such probes and their associated benefits.
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Inorganic nanoparticle-based activatable nanoprobes

The incorporation of inorganic nanoparticles into molecular probe designs, aided in part

by well-established protocols for their preparation, has been well-developed in the past

few decades. Conjugation of activatable fluorophores to inorganic nanoparticles offers a
feasible way to convert molecular probes into hanoprobes. Due to the dipole-surface type
energy transfer phenomenon [29], inorganic nanoparticles can serve as universal receptors
of non-radiative energy from multiple excited fluorophores (Figure 2a). Many successful
applications of this mechanism in the preparation of activatable nanoprobes have been
reported, with the liberated fluorophores excited through external [30-32] or Cerenkov
illumination (nuclear decay-derived irradiation) [33]. Taking advantage of dipole-surface
type energy transfer, simultaneous detection of multiple biomolecules is also made possible.
The ability to do so is not only important for high-throughput diagnosis, but also crucial for
the evaluation of biological processes that involve different biomolecules.

An excellent demonstration of this universal quenching phenomenon is provided by Mirkin
and coworkers, who developed an activatable nanoprobe that allows the detection of two
different MRNAs in cells [34°]. Their nanoprobes were composed of gold nanoparticles
decorated with oligonucleotides taken from two target mMRNA sequences (survivin and
actin) that are hybridized to complementary reporter sequences, each possessing a distinct
fluorophore for its respective target MRNA (Cy3 for actin and Cy5 for survivin). In the
absence of target mMRNA, the nanoprobes are in the OFF state due to energy transfer

from the fluorophores to the gold nanoparticles. In the presence of the targeted mRNA,
however, the fluorophores were liberated from the gold nanoparticles surface by pairing

to the target mMRNA. Red (survivin) or/and green (actin) fluorescence were then recorded,
with the respective intensities representing represents the amount of individual mRNA in a
single cell. The quantities of survivin mMRNA could be normalized by the expression of actin
allowing the elimination of the variance that results from uneven endocytosis between cell
lines. Good correlation was observed between the results obtained using the nanoprobe and
those determined by RT-PCR, suggesting its potential application in mMRNA quantification
in live systems. Tang and coworkers pushed the limit of this hybridization-induced
fluorescence methodology further by incorporating four different molecular probes into a
single nanoprobe [35]. They successfully demonstrated the simultaneous determination of
the expression levels of TK1 mRNA (blue), survivin mRNA (green), c-myc mRNA (yellow),
and GalNacT mRNA (red) in live cells.

As a result of improved understandings of complex molecular mechanisms of diseases such
as cancer, the multifunctional property of activatable nanoprobes allows them to play a

even more important role in disease staging, therapeutic planning and response monitoring.
However, the difficulty in probe design, quality control and signal interpretation increases
with an increased number of parameters being monitored or modalities being utilized. Many
factors could significantly affect the information readout, including spatial hindrance that
could retard signal activation, differences in reaction kinetics between different modules,
inter-particle or batch-to-batch variation between the ratio of different reaction modules, and
crosstalk between fluorophores. These issues must first be addressed before these types of
nanoprobes can be successfully translated into clinical applications.
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Besides serving as universal quenchers, inorganic nanoparticles have their own characteristic
signals such as absorbance [36] and localized surface plasmon resonance (LSPR), [37°]

and therefore allow the detection of biomolecules that could induce a change in these
signals (Figure 2b). Copper sulfide (CuS) nanoparticles, for example, have a characteristic
absorbance at 930 nm. Chen and colleagues successfully detected the expression of

matrix metalloproteinase (MMP) by conjugating black hole quencher 3 (BHQ-3, absorption
maximum at 680 nm) to CuS nanoparticles through an MMP cleavable linker. Cleavage of
this linker would result in a change in the 930/680 nm photoacoustic signal ratio /n vivo,
thereby providing an indication of the MMP expression level [36]. The LSPR signal of
metal nanoparticles can shift in response to a biorecognition event, offering another modality
with which to detect biomolecules. Stevens and coworkers designed a gold nanostar system
that exhibited a major or minor LSPR shift depending on whether the silver nanocrystal
growth, catalyzed by glucose oxidase (GOXx), took place on the surface of the gold nanostar
or in solution [37*°]. Low concentrations of GOx generated silver nanocrystals at a slow

rate that preferentially grew on the surface of the nanostar, while a high concentration of
GOx led to crystal growth in the solution. For prostate specific antigen (PSA) detection,
they first decorated the gold nanostar with polyclonal antibodies against PSA. Next, the
nanostars were incubated with PSA-containing samples, monoclonal antibody against PSA,
and secondary antibody linked with GOx. The purified complexes were then transferred into
an Ag*-containing buffer for signal generation. This probe allows the detection of PSA as
low as 10718 g mI~1 (4 x 10720 M) in whole serum, which is clearly very useful for the early
diagnosis of prostate cancer.

Self-assembled nanoprobes

An alternative approach to design activatable nanoprobes is the use of self-assembling
components. Through rational design, activatable molecular probes can be created such that
they can be induced to form activatable nanoprobes (Figure 3a). In one example, Tan and
colleagues introduced a phospholipid into their oligonucleotide-based molecular probe, and
the resulting amphiphilic conjugate could self-assemble into micelles under physiological
conditions [38]. The fluorescence signal was OFF when the fluorophore and quencher
were brought together by a hairpin-forming oligonucleotide, but could be turned ON upon
encountering the complementary mRNA in the cells. This hybridization event resulted in a
significant conformational change that separated the fluorophore and quencher. Therefore,
this activatable nanoprobe could potentially be used for the detection of intracellular mRNA
both /n vitroand in vivo. Cui and coworkers designed an activatable molecular probe that
could assemble on its own into nanostructures named nanobeacons [39]. The molecule

was composed of a Tat cell-penetrating peptide derived from HIV, BHQ 1 quencher, and

a green fluorophore 5-carboxyfluoroscein that is linked to the peptide through a cathepsin
B (CatB) sensitive linker GFLG (Gly-Phe-Leu-Gly). Under physiological conditions, the
conjugates could self-assemble into core—shell micelles, hiding the GFLG linker inside

and therefore preventing the premature activation of the nanobeacon. Upon accumulation

in the tumor microenvironment or entering lysosomal compartments that are known to be
acidic, the nanobeacons are expected to gradually dissociate into individual molecules due
to dilution and/or acidification, thereby exposing the cleavable linker to the CatB protease.
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As a result, the nanobeacon offers improved signal-to-background contrast and is useful for
CatB activity assays.

In the two examples discussed above, the self-assembly or disassembly process itself

does not turn the signal ON or OFF, but it could do so if the nanoprobe is built using

a fluorophore and quencher that are conjugated to separate building blocks [40,41] or

using self-quenchable fluorophores [42,43°] (Figure 3b). In the first case, the fluorophore
and quencher could be conjugated to different polymers [40] or subunits of a protein

[41] separately, with the co-assembly of the two components leading to the effective
quenching of the fluorescence. The second method relies on the observation that many
fluorophores can also be quenched when they are closely packed under some specific
conditions [17], negating the need for a separate quenching moiety. Activatable nanoprobes
can therefore be designed based on this mechanism. Zheng and colleagues, taking advantage
of the self-quenching property of porphyrins, prepared an activatable nanoprobe called
porphysome that was self-assembled from phospholipid-porphyrin conjugates [44°]. The
resulting porphysome vesicles (~100 nm in size) contained closely-packed porphyrin units
in the bilayer, and accordingly exhibited limited fluorescence signal. Upon cellular entry,
the porphyrin was liberated due to lipase-induced degradation and subsequent disassociation
of porphy-some, generating a strong fluorescent signal in the tumor. More interestingly, the
formation of porphysome also introduced unique photoacoustic properties that enabled the
visualization of the lymphatic system through photoacoustic tomography.

Recently, Gao and co-workers developed a homoFRET-based activatable nanoprobe that
was ultra-sensitive to small changes in pH (<0.4 pH unit difference) [43°]. They conjugated
self-quenchable dye Cy5.5 to copolymers with different pKj values. The copolymers were
amphiphilic under neutral pH, and can self-assemble into micelles with poor emissive
properties. At lower pH, the polymers became hydrophilic and could dissociate from

the micelles, inducing a 100-fold increase in fluorescence intensity. In tumor-bearing
animal models, the nanoprobes could be specifically turned ON extracellularly using
extracellular pH-activatable nanoprobe (UPSe, transition pH 6.9) or intracellularly using
cRGDfK-modified intracellular pH-activatable nanoprobe (UPSi, transition pH 6.2) [43°].
The cRGD-UPSe-Cy5.5 nanoprobe (iUPS), which was designed to bind to tumor blood
vessels and get activated extracellularly, showed its universal potential to detect the tumors
in different tumor models [43°]. In contrast to these disassembly activated nanoprobes, Xu
and colleagues found that the fluorescence of 4-nitro-2,1,3-benzoxadiazole (NBD) could
be turned ON due to the phosphoesterase-mediated self-assembly [45], which could be an
alternative strategy to design activatable nanoprobes.

In addition to fluorescence-based activatable nanoprobes, MRI probes that are sensitive
to biorecognition events can also be designed. However, conventional *H NMR probes
were unable to generate very strong transition of the signal due to their signal switching
mechanism and also strong background noise from the abundant hydrogen atoms in
biological tissues and fluids [18,46,47]. Recently, 19F-based MRI probes have received
great attention for their apparent molecular weight-dependent signal due to chemical shift
anisotropy (CSA) [19], which is ideal for the development of self-assembled activatable
nanoprobes (Figure 3b). Hamachi and colleagues first reported 19F-based MRI probes for
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the detection of multiple proteins [48°]. In their design, 3,5-bis(trifluoromethyl)benzene
(FB) was conjugated to a specific ligand or inhibitor of the target proteins. The resulting
conjugates self-assembled into micelles that could be triggered to dissociate through the
specific recognition of the target protein. This transition in the aggregation status induces
a huge change in the apparent molecular weight (supramolecules to small molecules) that
translates into a significant enhancement of the 1°F NMR signal. Later, the groups of
Hamachi and Gao reported other 1°F-based MRI probes for MMP [49] and pH detection
[50], resulting in a 10,000-fold decrease in the detection limitation of MMP and an up

to 27-fold increase in the signal upon encountering the acidic environment of a tumor,
respectively.

It is clear that the adoption of the self-assembly methodology in hanoprobe development
opens a new area for biomolecule detection, and allows the design of FRET-based,
photoacoustic-based, and CSA-based activatable nanoprobes for the detection of various
biomolecules from small targets (such as H*) to large targets (such as enzymes and
mRNA). However, special attention should always be paid to the undesired signals generated
by the disassembly of the nanoprobes. Since those supramolecular nanostructures are
constructed by the self-assembly of molecular building units via non-covalent interactions,
the monomers and nanostructures are always in dynamic equilibrium. In dilute condition or
during their interaction with other non-specific biomolecules such as serum proteins [51],
dissociation is inevitable and could give rise to false positive signals. Therefore, analysis
methods that can differentiate non-specific activation from specific activation are crucial,
especially for the /n vivo detection of biomolecules with ultra-low concentrations.

Other activatable nanoprobes

Many activatable molecular probes, especially peptide-based or oligonucleotide-based
examples, may suffer from premature activation and an inability to penetrate physiological
barriers, limiting their /n vivo application. Fortunately, there have already been a number
of nano-carriers developed for drug delivery that have had some success in differentiated
cargo delivery and cell membrane breakthrough (Figure 4) [23]. For instance, Hub and
colleagues designed an activatable molecular probe for intracellular miR-34a detection that
could be turned ON after hybridization with the complementary microRNA [52]. However,
its chemical nature as an oligonucleotide renders it unstable in the bloodstream and unable
to penetrate the cell membrane. To address this, they encapsulated the miR-34a beacon
into liposomes that were decorated with polyethylene glycol (PEG) for long circulation
and hyaluronic acid for CD44 receptor targeting. After intravenous injection into tumor-
bearing mice, fluorescent signals were detected specifically from tumors initialized by
MDA-MB-231 cells, which express both CD44 and miR-34a. For the same reason, Chen
and co-workers delivered their peptide-based molecular probes for caspase-8 or caspase-3
detection with the commercially available transfection reagent PULSIn® [53]. After cellular
entry, these two probes could successfully detect the sequential activation of caspase-8

and caspase-3 upon induction of apoptosis by the TRAIL cytokine (TNF-related apoptosis-
inducing ligand).
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A further issue that other activatable molecular probes may suffer from is that of non-
specific tissue distribution. Although the probes are supposed to be activated only in targeted
tissues, non-specific activation is inevitable and consequently may result in weak contrast
due to low accumulation in the targeted tissues. Nanoparticles usually have better selectivity
toward tissues with porous blood vessels such as tumors, and could be used as vehicles

to deliver corresponding molecular probes. Work from Tsien’s group on MMP activatable
nanoprobes clearly demonstrates the advantages of PAMAM dendrimer-conjugated probes,
exhibiting a decreased accumulation in normal tissues [54] and an up to 15-fold increase

in the tumor [55,56°]. Benefiting from the improved contrast, residual tumorous tissues or
metastases as small as 200 um could be detected, and with further improvements these
nanoprobes could prove useful in clinical staging, presurgical planning, and intra-operative
fluorescence-guided surgeries.

Interestingly, for activatable nanoprobes that enable reactive oxygen species (ROS)
detection, the peroxalate ester-based materials that are used to deliver the pentacene-based
fluorophore could also serve as fuel for pentacene excitation through their reaction with
hydrogen peroxide [57—60]. These types of activatable nanoprobes thus offer a new way
to develop probes for biomolecule detection that do not require any external source of
excitation.

Conclusion and perspectives

Advances have been achieved in understanding of the molecular basis of many diseases
over the past few decades. However, it still remains a challenge to monitor these important
biomolecules dynamically /n vivo, especially in clinical settings to help the prevention,
diagnosis, and treatment of these diseases. Imaging is one of the few technologies that

can generate the longitudinal data sets from intact host environments necessary to improve
our knowledge of disease pathologies. The development of activatable nanoprobes allows
multiple biomolecules to be detected sensitively and specifically by different techniques
owing to their unique features, although it can suffer from complexity in probe preparation,
quality control and data analysis. The major challenges remaining in the imaging of
multiple biomolecules are their low and transient expression, limited probe accessibility,
and complex mechanisms of action that are highly dependent on their location, quantity
and activity. Activatable nanoprobes with tunable physiological barrier permeability, that can
be specifically activated by single or multiple target molecules via sensitive amplification
mechanisms to give absolute quantitative information at high spatiotemporal resolution are
highly desired. The heterogeneity of diseases such as cancer poses a further challenge

for imaging because of ill-defined areas that remain completely or partially ‘dark’. The
incorporation of multiple imaging agents into one nanoprobe is a feasible way to light up
more dark areas. However, the combination of these agents and their associated activation
mechanisms means that the imaging protocols and data processing methodologies need to
be carefully optimized to maximize the benefits of multi-functional and multi-modality
imaging. The last and maybe the most important is the safety concern of activatable
nanoprobes, especially for those that are inorganic nanoparticle-based.
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Figure 1.

Generic illustration of the unique features offered by activatable nanoprobes for probing
disease-relevant biomolecules. Inorganic nanoparticles can serve as universal quenchers
for simultaneous detection of multiple biomolecules (1). Switchable signals from the
inorganic nanoparticle itself can also serve as an indicator for the presence and activities
of biomolecules of interest (2). Self-assembly of activatable molecular probes (3) or
always-ON probes (4) can improve their chemical and structural stability, and also offer

an additional activation mechanism. The use of additional nanoparticles as carriers could
improve the accumulation of molecular probe in target tissues (5).
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Figure 2.

Schematic illustration of using inorganic nanoparticles in the rational design of activatable
nanoprobes. The inorganic nanoparticle can serve as a universal quencher for multiple
fluorophores. Upon biorecognition (such as protein and/or RNA), the signals can be turned
ON, allowing simultaneous detection of multiple biomolecules (a). The intrinsic signal
from inorganic nanoparticles can also serve as an indicator for biomolecules based on
biorecognition-induced perturbations
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Figure 3.

Schematic illustration of creating self-assembled supramolecular activatable nanoprobes.

The nanoprobe could be formed by self-assembly of rationally designed molecular probes
that are activatable upon their interaction with biomolecules (a). The nanoprobe could also
be created using molecular probes without a quencher, and the signal can be turned ON by

the dissociation process (b).
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Figure 4.
Schematic illustration

nanocarrier could imp

of using nanostructures to deliver activatable nanoprobes. The
rove the pharmacokinetic profiles of the loaded probes, by both

increasing their accumulation in targeted tissue and enhancing their ability to overcome

physiological barriers.

Curr Opin Biotechnol. Author manuscript; available in PMC 2022 February 16.



	Abstract
	Introduction
	Inorganic nanoparticle-based activatable nanoprobes
	Self-assembled nanoprobes

	Other activatable nanoprobes
	Conclusion and perspectives
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4

