
Many affected tissues actively secrete proteolytic

proenzymes that are then activated outside the cells

resulting in the local increase in the proteolytic activity,

for example, during cancer progression or inflammation.

Some clinical visualization (imaging) methods used in

living systems, i.e., magnetic resonance imaging (MRI)

and positron emission tomography (PET), have been suc-

cessfully applied for non-invasive detection of enzymatic

activity in tissues [1-4]. Recently, fluorescent sensors of

enzymatic activity have been tested in various types of

therapy monitoring due to the fact that, unlike radiation,

optical imaging is non-ionizing and safe even if imaging

procedures are performed repeatedly; optical images can

be obtained even with small doses of sensors [5, 6].

Fluorescence, as a particular case of luminescence, is a

property of various organic and inorganic molecules and

materials. Electromagnetic radiation in the visible or

ultraviolet ranges is absorbed by compounds resulting in

their transition to the excited state, after which their mol-

ecules emit photons of lower energies. In general, excita-

tion light always has a shorter wavelength (higher energy)
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components of basic and applied biomedical research. Some of them including those developed for determining enzyme

activity in vivo are becoming commercially available. These sensors can be used for various fluorescent signal detection meth-

ods: from whole body tomography to endoscopy with miniature cameras. Sensor molecules including enzyme-cleavable

macromolecules carrying multiple quenched near-infrared fluorophores are able to deliver their payload in vivo and have long

circulation time in bloodstream enabling detection of enzyme activity for extended periods of time at low doses of these sen-

sors. In the future, more effective “activated” probes are expected to become available with optimized sensitivity to enzymatic

activity, spectral characteristics suitable for intraoperative imaging of surgical field, biocompatibility and lack of immuno-

genicity and toxicity. New in vivo optical imaging methods such as the fluorescence lifetime and photo(opto)acoustic imag-

ing will contribute to early diagnosis of human diseases. The use of sensors for in vivo optical imaging will include more exten-

sive preclinical applications of experimental therapies. At the same time, the ongoing development and improvement of opti-

cal signal detectors as well as the availability of biologically inert and highly specific fluorescent probes will further contribute

to the introduction of fluorescence imaging into the clinic.
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than emitted light. Since excitation radiation and fluores-

cence can be distinguished based on spectral (frequency)

and temporal characteristics, the presence of highly sensi-

tive sensor molecules might allow identification of pico-

molar concentrations of enzymes in biological samples.

This is why technologies for visualization and measure-

ment of enzymatic activity using fluorescent substrates

have been continuously evolving during the last several

decades and the developed methods became commonly

adopted largely due to their high sensitivity. As a rule, the

used molecules are fluorogenic, i.e., able to form fluores-

cent reaction products as a result of enzymatic catalysis.

Such fluorogenic substrates have been used not only for

analyzing the kinetics of enzymatic processes in solutions,

but also for acquiring images with a micron resolution and

high sensitivity. However, more and more specialized

probes and sensors have been recently designed for in vivo

visualization, i.e., for monitoring of both normal and

pathophysiological processes, as well as tracking of indi-

vidual cells. Such sensors are needed to solve complex

problems that require visualization of gene expression and

its regulation, activation and differentiation of stem cells,

and intracellular signaling. The main limitation of fluo-

rescence imaging in living systems is impossibility of sig-

nal detection in deep tissues. The detection limit is deter-

mined by the depth to which the excitation light pene-

trates and at which fluorescence is emitted. Almost all

biological tissues absorb and scatter light in the visible and

ultraviolet ranges. However, long-wavelength excitation

light [from far-red to near-infrared (NIR), 700-1500 nm]

can penetrate living matter to a depth of several centime-

ters [7]. Fluorescent dyes that emit photons with lower

energy (red and NIR), which are rarely absorbed by mol-

ecules in tissues, can be detected at a depth of several mil-

limeters to a centimeter. A secondary, but extremely

important factor is light scattering in the tissue that

reduces the intensity of the observed signal and compli-

cates its spatial localization. However, early advances in

visualization using animal models of human disease have

sparked an interest in fluorescent imaging as an approach

to diagnose human diseases, in particular, those caused by

inflammation or involving inflammation component in

their pathogenesis (e.g., atherosclerosis, osteoarthritis).

Intraoperative imaging of the surgical field using fluores-

cent molecules capable of identifying cancerous lesions is

particularly important [8-10]. For example, fluorescent

probes accumulating in metastases or sentinel lymph

nodes will enable surgeons to perform selective dissections

and ensure complete removal of metastases by using fluo-

rescent “navigation” during laparoscopy and other surgi-

cal procedures without the use of radioactive labels [11,

12]. In addition, fluorescence imaging allows the so-

called multiplexing of various molecules, since fluores-

cent methods can detect simultaneously several (in some

cases, up to 8-10) target molecules using fluorescent sen-

sors with different spectral characteristics [13].

PROTEOLYTIC ACTIVITY IMAGING

AND ITS USE IN THE THERAPY

AND DIAGNOSTICS OF DISEASES 

The importance of estimating the levels of enzymatic

activity in the diagnostic medicine has been affirmed by

clinical experience of many years. Currently, several rou-

tine blood tests are based on enzymatic activity measure-

ments, e.g., identification of serine protease prostate-spe-

cific antigen (PSA) in diagnostics of prostate cancer.

Given a relatively low cost, versatility, and high efficiency

of clinical analyzes of enzymatic activity, the need for per-

forming anatomically precise mapping and simultaneous

quantitative analysis of enzymatic activity in patients often

seems questionable. However, in many diseases (cancer,

atherosclerosis, infections with obscure etiology), clini-

cians often follow initial diagnosis with invasive proce-

dures for more detailed diagnostics (for example, biopsy

and exploratory surgery) or treatment (radiation treat-

ment of cancer, surgical excisions, and thrombectomy/

embolectomy). These procedures can be performed with

greater efficiency and safety when the exact location of the

lesion in the affected tissue has been detected in advance.

In addition, the choice of treatment may depend on the

degree of disease spread (for example, tumor metastasis)

by taking into account available anatomical data.

Strategies aimed at the visualization and detection of

enzyme activity carry considerable potential for diagnos-

tics and prediction of a wide range of diseases. There is

ample evidence that dysregulation of enzyme activity

plays a role in the etiology and/or progression of cancer,

atherosclerosis, stroke and heart disease, diabetes, arthri-

tis, multiple sclerosis, Alzheimer’s disease [14], human

immunodeficiency virus (HIV) infection, and other

infections. For example, various proteolytic cascades

involving urokinase-type plasminogen activator (uPA)

[15], matrix metalloproteinases (MMPs) [16] and cys-

teine proteases [17] participate in the growth of cancerous

tumors. It is believed that these enzymes contribute to the

formation of defects in the extracellular matrix, thereby

allowing cancer cells and activated stromal cells to invade

surrounding tissues [18]. MMPs are expressed by cells in

various types of cancer and their expression levels corre-

late with the tumor progression [19], invasiveness [20,

21], metastasis [22] and degree of vascularization [23].

Elevated levels of expression and activity of cysteine pro-

teases cathepsins and uPA were found in some tumors

[24-27]; elevated levels of cathepsins B, D, and L were

observed in mammary adenocarcinoma, thus serving as a

prognostic factor [28-31]. Inflammatory processes in car-

diovascular disorders, chronic obstructive pulmonary dis-

ease, and cystic fibrosis are mediated by the activation of

the corresponding signaling pathways in neutrophils and

accompanied with the release of elastase and myeloper-

oxidase as a result of secretion of azurophilic granules and

NETosis. Synthesis and secretion of hypochlorite anion,
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a product of myeloperoxidase activity, leads to the activa-

tion of matrilysin (MMP-7) and may contribute to the

loss of atherosclerotic plaque integrity resulting from the

fibrous surface layer degradation [32, 33]. In cancer ther-

apy, proteasome inhibitors have been used in the treat-

ment of multiple myeloma [34]. Enzyme inhibitors have

been also used to inhibit activated AMP protein kinase

[35], MMP-9 and MMP-14 [36, 37], cathepsin S [38]

and cathepsins B, L, S and T [39].

FLUORESCENT MOLECULES

IN CLINICAL PRACTICE

Autofluorescence imaging (AFI) is commonly used

in clinical diagnostics as a component of endoscopic

examination. AFI is based on fluorescence emitted by

endogenous tissue biomolecules, such as collagen, flavins

and other cofactors, porphyrins, and some related com-

pounds. In some cases, emission wavelength of these

compounds noticeably changes with changes in the tissue

metabolic state, which can be used, for example, as an

indicator of tumor malignancy. Currently, novel methods

are being developed based on the systemic delivery of flu-

orescent dyes and fluorescently labeled macromolecules

that are then distributed throughout the body. The success

of this approach depends on the ability of fluorescent

probe signal to provide accurate information about phys-

iological processes and diagnostic signatures of diseases.

In turn, this largely depends on the probe specificity for a

given process and its ability to generate a signal sufficient-

ly strong for detection. Autofluorescence of biological tis-

sues is another factor affecting the quality of in vivo imag-

ing. Various components of biological macromolecules

and tissues (hemoglobin, tryptophan, NADH, pyridox-

ine, collagen, elastin, flavins, porphyrins, nucleotides,

etc.) absorb photons in the visible range; some of these

molecules are fluorescent.

An “ideal” in vivo fluorescent sensor (either endoge-

nous or exogenous) should have the following properties:

(i) absorbance in the range of 700-900 or 1000-1700 nm;

(ii) high quantum yield; (iii) narrow excitation band with

the maximally possible bathochromic shift from the pho-

ton absorbance region; (iv) high photochemical stability;

(v) low toxicity and low phototoxicity; (vi) biocompatibil-

ity and ability to be degraded and removed from the body;

(vii) availability of chemically activated derivatives [40].

Out of all NIR fluorescent dyes, only indocyanine

green dye (ICG) and methylene blue (MB) are currently

approved for clinical application (Fig. 1). The first one is

used as a nonspecific fluorescent contrast tracer for intra-

operative angiography, visualization of ducts, and visuali-

zation of sentinel lymph nodes in cancer [41-43]. The

main use of MB is methemoglobinemia therapy (i.e., MB

has been used as a tracer for imaging only in clinical trials

and for the same purposes as ICG). In the clinic,

5-aminolevulinic acid is used to visualize tumors as a fluo-

rophore precursor. It does not fluoresce by itself but is

involved in the biosynthesis of fluorescent protoporphyrin

IX that accumulates in cancer cells due to the low activity

of ferrochelatase, thus contributing to the tumor (glioma,

bladder carcinoma) detection and therapy. Protoporphyrin

IX fluorescence (625-710 nm) is used to map tumor loca-

tion during neurosurgical procedures. It was reported that

Indocyanine

green

Fig. 1. Chemical structure of fluorophores frequently used in the

design of sensors for in vivo optical imaging of enzymatic activity.

Approved for clinical use: indocyanine green; methylene blue.

Cy7 and IRDye 800CW are examples of cyanine fluorophores

used for research in animals.

Methylene

blue



S4 BOGDANOV et al.

BIOCHEMISTRY  (Moscow)   Vol.  84   Suppl.  1   2019

fluorescence imaging ensures more complete resection of

brain tumors and improves the clinical outcome [44, 45].

FLUORESCENT SENSORS AS SUBSTRATES

FOR PROTEOLYTIC ACTIVITY VISUALIZATION

IN LIVING SYSTEMS

While proteomic data and measuring the content of

specific mRNAs provide semi-quantitative information

on the expression levels of various enzymes in biological

tissues, many enzymes are activated post-translationally.

Therefore, a direct approach to determine enzymatic

activity in intact tissues and whole organisms is often

required. Fluorescent sensors are suitable for this task due

to their ability to undergo rapid transformation to a fluo-

rescent state on a sub-second scale under the influence of

enzymatic catalysis.

There are three main strategies for obtaining a signal

based on which conclusions can be drawn about the pres-

ence or absence of enzymatic activity in the tissue. The

first one is detection of a signal generated via degradation

of optically “inactive” molecules and macromolecules by

enzymes with the formation of optically active reaction

products. This approach is often used for detecting pro-

teases using macromolecular fluorescent sensors (MFSs)

with covalently bound fluorophores [5] (Fig. 2, a and b).

The second strategy is based on the molecule synthe-

sis from low-molecular-weight substrates (precursors)

that can be retained within a certain volume due to the

reactivity of the reaction products [50]. One enzyme mol-

ecule is able to activate locally a variety of substrates asso-

ciated with the fluorophore. If fluorescent reaction prod-

ucts are retained within the region of enzymatic reaction

for a time period required for their detection without total

signal reduction due to the self-quenching effect, then the

fluorescence signal is amplified. This approach can be

used to detect the activity of myeloperoxidase [51].

The third approach uses substrate analogs (activity-

based probes, ABPs) that specifically react with the active

sites of enzyme molecules. These reactions are irre-

versible and inhibit enzyme activity (e.g., there are ABPs

that specifically and irreversibly inhibit cysteine proteas-

es) (Fig. 2, c and d) [46]. Because of low molecular

weight, such sensors easily penetrate tissue barriers; as a

rule, they are extremely reactive due to the presence of

electrophilic groups and susceptible to hydrolysis. As a

result, these sensors produce a high background signal

and have rather low selectivity in living systems (some of

these sensors were modified to include quenching groups

to reduce background fluorescence [47]). Sensors synthe-

sized without introduction of reactive electrophilic

groups form positively charged lysosomotropic fluo-

rophores after cleavage with cathepsins (Fig. 2e) [49].

Sensor molecules intended for detecting proteolytic

activity in living systems were originally developed based

on enzyme-cleaved macromolecules (i.e., quasi-sub-

strates) consisting of the polypeptide backbone modified

with the fluorescent dye fluorescein isothiocyanate

(FITC). FITC reacts with lysine ε-amino groups in

polypeptides at high pH values to form the corresponding

thiocarbamates [52]. The first detailed description of in

vitro cell imaging using a macromolecule carrying fluores-

cein residues [53] demonstrated that in the albumin mole-

cule labeled with several FITC molecules, FITC fluores-

cence is quenched resulting in the decrease in fluorescence

intensity and lifetime. Endocytosis of FITC-labeled albu-

min by cultured cells caused an increase in the fluores-

cence intensity and a sharp 6-fold (from 0.5 to 3 ns) exten-

sion of the fluorescence lifetime. Control experiments

using fluorescein-conjugated poly(L-lysine) and poly(D-

lysine) demonstrated that the increase in the fluorescence

lifetime and intensity for FITC-BSA was due to intracel-

lular proteolysis, since no similar increase was observed

with the inert D-isomer that is not cleaved by cellular pro-

teases [53]. Later, FITC-labeled macromolecules were

used to monitor cell migration in a three-dimensional

matrix [54]. These studies have shown that the fluores-

cence intensity of macromolecules covalently modified

with fluorophores depends nonlinearly on the fluorophore

(F) concentration and decreases with the increase in the

density of bound fluorophore after a certain local concen-

tration [F] is reached. This effect can be explained by the

energy transfer from the F molecule in its excited state to

another F molecule, i.e., by dynamic Förster or Dexter

self-quenching mechanisms. The probability of self-

quenching depends on the distance between the fluo-

rophores: W(r) = (1 + (r/R0)
6)–1, where R0 is the Förster

radius corresponding to 50% probability of energy transfer

W(r) = 0.5. In the case of covalent fluorophore coupling to

the polypeptide, the distance between individual fluo-

rophore molecules is with a high probability less than

4 nm, i.e., within the Förster range at which energy trans-

fer is highly probable (1.5-6 nm). Nevertheless, despite the

fact that Förster dynamic self-quenching theory is widely

used for interpreting the resonance energy transfer, it is not

always suitable for describing self-quenching effects in

macromolecules containing more than two closely spaced

covalently linked fluorophores. If the Förster distance

uniquely determined the effectiveness of self-quenching,

then self-quenching would be observed for any pair of flu-

orophores located at a distance less than 6 nm from each

other. However, there is a known example of commercial-

ly available dye Alexa Fluor 488. Although spectrally iden-

tical to fluorescein, this dye is less susceptible to self-

quenching in its conjugates with proteins (Fig. 3).

This example proves that the static quenching occurs

due to the formation of non-fluorescent dimers of the F-

F type in the ground state accompanied by photon

absorption and return to the ground state without emit-

ting a photon. Unlike dynamic quenching that is promot-

ed by temperature increase, static quenching decreases
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with the increase in temperature, since the association

constant of fluorophores KS = [F-F]/([F] × [F]) depends

on temperature. In the simplest case, the fluorophore

concentration [F0] is [F0] = [F] + [F-F], where [F] is the

concentration of fluorescent monomers and [F-F] is the

concentration of non-fluorescent dimers. According to

the Stern–Volmer law, the dependence of the ratio

between the fluorescence intensity in the absence of self-

quenching F0 and the observed fluorescence in the pres-

ence of self-quenching F can be expressed as F0/F = 1 +

KS × [F]. In general, self-quenching is caused by the com-

bined effect of dynamic and static quenching and F0/F =

1 + Kobs × [F], where the observed Kobs = (KD + KS) +

KD × KS × [F], where KD is the Stern–Volmer quenching

constant. In the absence of dynamic self-quenching, the

average fluorescence lifetime in a system consisting of F

and F-F is determined by the lifetime of F, i.e., non-

quenched single fluorophore associated with the macro-

molecule. However, in the presence of dynamic interac-

tions between F and F-F dimers, the average lifetime can

be much shorter. These theoretical considerations apply

to the fluorescent dyes with the fluorescence maxima in

the NIR range. For example, cyanines are highly suscep-

tible to static quenching via the non-radiative resonant

a

b

c

d

e

Polylysine

fluorophores

Polyethylene
glycol

Cathepsin

Pair

of cyanine

fluorophores

MFS

F

F

F

Fig. 2. Models and structures of the macromolecular fluorescent sensor (MFS) based on MPEG-gPLL (a, b) and low-molecular-weight pro-

tease sensors (c-e). Мain elements of the MPEG-gPLL fragment structure (20 monomers; molecular model obtained with the Molecular

Operating Environment, MOE) are shown. The fragment is conjugated with the IRDye 800CW fluorophores; for clarity, MPEG simplified

elongated conformation is shown (a); MPEG-gPLL model with the surface map of a pair of interacting IRDye 800CW dyes (H-dimer) high-

lighted in blue. For size comparison, a molecule of cathepsin B that cleaves various derivatives of modified MPEG-gPLL is shown (b). Low-

molecular-weight sensors: c) ABP; d) qNIRF-ABP; e) low-molecular-weight substrate of lysosomal enzymes. Electrophilic groups are shown

in gray; arrows indicate the sites of nucleophilic attack by the sulfhydryl group of the cysteine protease active center (adapted from [46-49]).
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energy transfer. They form the so-called H-aggregates at

an extremely close Förster distance from each other,

which results in the excitation radiation transfer not only

to the chemically different acceptor molecules but also

between the same cyanine molecules. Complete aggrega-

tion of cyanines is usually prevented by special modifica-

tions with the formation of covalently linked sulfo-groups

that increase the total charge of the molecules.

Early studies in cell cultures using fluorescently

labeled proteins have been very important for subsequent

development of probes for proteolysis imaging. An

increase in the fluorescence intensity resulting from the

cleavage of a macromolecular substrate is due to the con-

formational and chemical changes in the cleavage prod-

ucts. Most polypeptides have secondary and tertiary

structures defined by hydrogen bonds and hydrophobic

interactions of amino acid residues. If reactive groups in

the polypeptide chain (first of all, ε-amino groups of

lysines) are spatially located close to each other, then

covalent binding of F to these groups is likely to result in

low overall fluorescence of the molecule. The mobility of

polypeptide chains in native protein globules is low com-

pared to their synthetic poly- and oligo(amino acid) ana-

logues. For example, poly(lysine) molecule exists in a dis-

ordered conformation at pH above 8.5. The conforma-

tional flexibility of linear and branched synthetic

poly(amino acids) can potentially lead to an increased

number of interacting fluorophores due to (i) a higher

total number of available reactive groups and (ii) mobili-

ty that facilitates formation of the transitional or stable

dimers (or their aggregates). The probability of fluores-

cent dye quenching in this case is high. Therefore, the use

of NIR-fluorescent F molecules for modification of plas-

ma proteins with a purpose of probe design has both

advantages and disadvantages. The advantages include

the availability of individually purified or recombinant

plasma proteins, as well as their homogeneity and low

immunogenicity in the native form. The disadvantages

are a limited number of reactive groups, usually short cir-

culation times in the bloodstream, an uptake of these

molecules by the reticuloendothelial system cells, and a

possibility of immune response induction by fluorophores

linked to proteins. Linear synthetic poly(amino acids)

have short circulation times in the bloodstream; their

negative or positive charge can result in the high uptake

levels in the kidneys and potentially induce undesirable

platelet aggregation. However, the immunogenicity of

poly(amino acids) whose side groups are highly modified

with various ligands is usually lower that of proteins.

The design of macromolecular fluorescent sensors

(MFSs) capable of detecting the catalytic activity of pro-

teases in living systems is also based on the effect of dissoci-

ation of non-fluorescent cyanine F covalently linked direct-

ly to the enzyme-hydrolyzed polymer (Fig. 2a). Cyanine

aggregates dissociate after substrate enzymatic hydrolysis

that disrupts the sensor integrity (i.e., by cleavage of the

linker or of the macromolecular carrier to which the fluo-

rophores are chemically attached) (Fig. 4). As a result, flu-

orescence occurs instead of non-radiative energy transfer.

Currently, activated macromolecular NIR sensor

substrates for proteolysis imaging in living animals are

commercially available. These MFSs are synthesized

using methoxy polyethylene glycol (MPEG)-grafted

poly(L-lysine) (PLL) copolymers (MPEG-gPLL; for

example, Prosense® from Perkin-Elmer) containing

peptide bonds that are subject to hydrolysis by various

cysteine and serine proteases (Fig. 4). Partial covalent

modification of lysine ε-amino groups with activated

polyethylene glycol derivatives (PEGylation, i.e., cova-

lent binding of polyethylene glycol to other molecules or

surfaces) is necessary in order to circumvent the problems

associated with a very rapid removal of these MFSs from

the bloodstream and immunogenicity of PLL. In addi-

tion, MPEG is necessary to increase the hydrodynamic

radius and, consequently, the circulation time of MFSs in

vivo. The resulting so-called sterically protected grafted
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Fig. 3. Effect of fluorophore molecule structure on its self-quenching in conjugates with proteins. Fluorescein (b) conjugates with antibodies

(c) are much more susceptible to self-quenching than conjugates of spectrally identical but structurally different Alexa Fluor 488 (a) with anti-

bodies. The data indicate the contribution of static mechanisms based on the interactions between the molecules to the dye self-quenching in

covalent conjugates with polypeptides.
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copolymer (Figs. 2a and 4a) can be used for both diag-

nostic visualization and drug delivery (see [55] and table).

One of the advantages of PEGylation is that due to a

very high level of hydration (on average, three coordinat-

ed water molecules per one PEG mono-ethylene oxide

monomer) and a very high segment flexibility, MPEG

molecules create the envelope of the so-called soft matter

around the PLL central molecule. As a result, PLL and

fluorophores covalently associated with it are protected

from the rapid removal from the bloodstream. Another

important property of MPEG is its ability to prevent or

slow down activation of the complement system and, as a

result, to suppress immune response in the presence of

biomacromolecules. In the course of MFS optimization,

we found that an average MPEG mass of 5000 Da is opti-

mal for achieving MFS monoexponential elimination

from the bloodstream and preventing formation of anti-

bodies against PLL. The resulting MPEGs based on

Fig. 4. Fluorescence self-quenching and detection of proteolytic activity using MFSs. a) Proteolytic cleavage of MFS at the peptide bond (arrow)

leads to MFS fragmentation and separation of the Cy5.5-Cy5.5 pair which abolishes self-quenching; b) absorption spectra of the original MFS

and the products of its trypsinolysis (the products contain significantly more fluorophore monomers); c) excitation and emission spectra of MFS

before and after trypsinolysis; d) visualization of the effect of trypsinolysis (excitation, 610-650 nm; emission, >700 nm); on the left − a sample

of MFS with no trypsin added; on the right − MFS in the presence of trypsin; e) blended bright field and NIR microscopy images of the tumor

sample (thin section). Central panel shows fluorescent images in NIR range; V, vessel lumen; N, necrotic tissue. Adapted from [48, 55, 56].
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Enzyme

Cathepsins L/S/B,
plasmin, elastase,
trypsin

Imaging method

planar, FI 

FMT

FMT

planar, FI

planar, FI

planar, FI

planar, FI

planar, FI

planar, fluores-
cence lifetime

intravital
microscopy

FMT

fluorescence
endoscopy

intravital fiber-
optic confocal
microscopy

FMT

FMT

laparoscopy

fluorescence
endoscopy

FMT, planar, FI

Macromolecular enzyme-activated sensors and their use for optical imaging in animals

Target/background
signal ratio in vivo

(dose)

12

9.4 (250 pmol)
27.5 (3.5 nmol)

5

1.5-fold increase
in invasive tumor

4.8 (intravenous)
6.6 (subcutaneous)

3
50-70% signal
decrease after 
therapy

2-4.5

7

8.9

3.5

3.64 ± 0.14
4.50 ± 0.11

2.75 (PS-40)

Disease model

breast cancer

lymph node
metastasis

osteoarthritis

atherosclerosis
(NO and ApoE
knockout mice)

colon adenomato-
sis in Apc−/+ mice

myocardial infarc-
tion

lung carcinoma

myocardial 
infarction

colon adeno-
carcinoma

pancreatic cancer

chemical carcino-
gen-induced
colonic tumors,
adenomatosis
ApcMin/+ mice

lung inflammation

peritoneal metas-
tases of ovarian
cancer

esophageal carci-
noma, human cell
xenografts 
(OE-33, OE-19)

atherosclerosis

Fluorophore
(fluorophore/

carrier,
M/M)

Cy5.5 (11)

IR dye
800CW (12)

VivoTag 680
(6)

VivoTag 750

VivoTag 680
(6)

Macromolecular
carrier

of fluorophores

MPEG-gPLL

Prosense-680

Prosense-750

Oligo(lysine)-based
peptides (PS-5,
PS-25, PS-40)
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MPEG-gPLL and used in initial in vivo experiments had

an approximate molecular weight of 350-450 kDa and

carried ~50-55 available for modification free amino

groups per molecule [88]. However, not all available

amino groups can be efficiently modified by the excess of

the activated cyanine dye ester in aqueous media due to

steric limitations. Depending on the fluorophore struc-

ture, it is usually possible to bind approximately 30-45

molecules of large cyanine fluorophores per MFS mole-

cule. The result is an MFS in which most of the fluo-

rophores are in the non-fluorescent form. The back-

ground fluorescence of the MFS is usually low, and the

efficiency of its activation depends on several factors: (i)

ability of dyes to be quenched, i.e., the strength of dye

dimerization; (ii) fluorescence quantum yield after sensor

fragmentation; and (iii) ease of formation of acylated

PLL fragments during proteolysis. These parameters dif-

fer among various NIR fluorophores, although not very

much. Spectral properties of MFS-bound F molecules

depend on their density on PLL. If the MFS molecule is

modified with less than 12 fluorophores, their absorption

spectra reflect a small percentage of close interaction

between the individual dye molecules (the absorbance

peak with the hypsochromic shift is very small) (Fig. 5c).

If the density is high (more than 35 F per MFS mole-

cule), there is a pronounced peak in the absorption spec-

trum characteristic of the H-dimers that becomes less

pronounced after MFS proteolytic cleavage. Fluorescent

properties change dramatically after proteolysis leading

to a strong increase in fluorescence intensity (Fig. 4, c

and d). Out of tested F molecules, the heptamethine

IRDye 800CW bound to the MFS displayed a multiple

increase in fluorescence intensity after proteolysis (frag-

mentation). MFS cleavage by a model protease depends

Enzyme

Cathepsin B

Cathepsin D

Cathepsin K

Thrombin

Metalloproteinase 2

Metalloproteinases
2 and 9

Metalloproteinases
2 and 9

Metalloproteinase7

Metalloproteinases
2, 3, 7-10, 
and 12-16

Caspase 1

Urokinase

PSA

Imaging method

planar imaging
of the surgical
field

planar, FI

intravital
microscopy

planar, FI

planar, FI

FMT

intravital
microscopy

FMT, planar, FI

planar, FI

planar, FI

planar, FI

planar, FI

FMT

Table (Contd.)

Target/background
signal ratio in vivo

(dose)

2 (4 h)
5 (24 h)

1.7

2

3

7

5

2.2

1.3

1.7

3.1-3.2

Disease model

breast carcinoma,
melanoma

cathepsin D- posi-
tive tumors

atherosclerosis

thrombosis

fibrosarcoma

glioma

myocardial 
infarction

atherosclerosis of
blood vessels

colonic adenoma

stroke (brain
ischemia)

glioblastoma

fibrosarcoma,
adenocarcinoma

prostate cancer
(PC3, LNCaP)

Fluorophore
(fluorophore/

carrier,
M/M)

Cy5
Cy5/DQ

Cy5.5 (22)

Cy5.5 (18)

Cy5.5

Cy5.5

Cy5.5 (8)

Cy5.5

Cy5.5 (18)

Cy5.5, Cy7
(15-16)

VivoTag750

Macromolecular
carrier

of fluorophores

HPMA copolymer,
GFLG-ethylenedi-
amine

MPEG-gPLL

MPEG-gPLL

PAMAM 
dendrimer

MPEG-gPLL
(MMP sense)

MPEG-gPLL

PSAFAST
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Notes: FI, fluorescence intensity; FMT, fluorescence-mediated tomography.
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on whether the density of cyanine dye on PLL is high or

low and whether MPEG chains are attached to the PLL

backbone by ester (i.e., metastable) linkers or not.

Metastable linkers are hydrolyzed by non-specific

esterases; they also quickly break in alkaline or acidic

media. MFSs containing such linkers are readily degrad-

ed into small fragments, which results in a large increase

in the fluorescence intensity and lifetime. In general,

intensity changes are higher for cyanine dyes, which emit

photons in the far-red range of spectrum, e.g., Cy5.5

(Fig. 1). Fluorescence intensity increase is concomitant

to a fluorescence lifetime increase (up to 5 times).

Fluorescence lifetime of far-red fluorophores is longer

than the lifetimes of NIR fluorophores such as Cy7 and

IRDye 800CW (Fig. 1). However, in vivo visualization

experiments show that heptamethine dyes have advan-

tages besides the excitation and fluorescence spectral

ranges. It is assumed that MPEG protective chains might

interfere with the enzymatic cleavage of bonds in the

MFSs. This scenario is unlikely for lysosomal hydrolases

with relatively small hydrodynamic diameters; however,

large matrix proteases secreted and activated in the extra-

cellular space, for example, in the extracellular matrix,

display low hydrolysis reaction rates. In any case, the

extent of MFS fragmentation depends on whether the

protease and the sensor colocalize within the same tissue

volume for a sufficiently long period of time. While model

serine proteases exhibit high catalytic activity, real cat-

alytic constants of in vivo reactions can be significantly

lower, which undoubtedly affects the sensitivity of MFSs.

However, because of the prolonged MFS circulation in

the bloodstream and cleavage in the cells of experimental

tumors, it was possible to successfully visualize xenograft-

ed tumors in mice due to a high level of amplification of

the NIR fluorescent signal in the tissues (Fig. 5).

Visualization in animals allowed us to detect femto-

molar amounts of fluorophores (0.8 pmol) with the preser-

vation of sufficiently high signal/background ratio of 4.6

(visualization time, 5 min). Imaging of small fluorophore

amounts in animals revealed that Cy5.5 can be detected in

the concentrations up to 5 µM (250 pmol fluorophore) at

a depth of 5 mm from the surface (exposure time, 10 s; sig-

nal/background ratio, 9.4). This was possible because of

several factors including MFS accumulation due to a high

permeability of vascular walls, high levels of cathepsin

expression in tumor stroma and cancer cells, and location

of MFS cleavage products in lysosomes (i.e., inside the

cells). Further analysis using the two-channel transdermal

microscopy of tumors expressing GFP showed that it is

stromal cells that take up and cleave MFS (Fig. 5, b-d).

The use of PLL with naturally “encoded” specificity

to cathepsins has proven to be possible in numerous in vivo

applications. There are also many hydrolases, including

cathepsins, that cleave PLL with either free or acylated

amino groups in MFSs. These sensors have been original-

ly developed without taking into account the high selectiv-

ity and specificity of this type of hydrolases. The specifici-

ty was provided by using iodoacetylated MFS as a matrix

for binding synthetic peptides with specific sequences and

carrying free cysteines and free amino groups [88]. The

amino groups were modified with various cyanine fluo-

rophores (e.g., Cy5.5). The resulting MFSs exhibited a

350-fold increase in the fluorescence intensity after reac-

tion with hydrolases that cleaved the linkers. The addition

of linkers can also contribute to solving the problem of a

potential lack of accessibility of the PLL backbone in the

MFS. However, even such intricate design does not pre-

vent MFS hydrolysis by several extracellular proteases

(including cathepsin B secreted by cells [90]) leading to

cleavage of both the PLL backbone and the linkers. One

possible solution is the use of poly(D-lysine) that is not

hydrolyzed by natural proteases. This approach was used

to synthesize a stable non-hydrolyzed long-circulating

MFS (Angiosense®) that has been widely used to monitor

blood volume in organs using optical imaging [91].

In some cases, MFSs were derived from macromole-

cules that are different in their composition and structure

from the MPEG-gPLL. In particular, polyamidoamine

(PAMAM) covalently bonded to Cy5.5-labeled peptides

was used as a macromolecular substrate for MMP-7 for

detecting intestinal neoplasia. Introduction of this opti-

cally inactive (due to self-quenching of Cy5.5) MFS in

experimental tumors expressing active MMP-7 resulted

in a 2.2-fold increase in the fluorescence intensity already

3 h after its intravenous administration [83]. Ex vivo visu-

alization made it possible to observe a 6-fold signal

increase and allowed to identify tumors with a diameter of

10 mm. Unlike MPEG-gPLL, MFSs based on PAMAM

dendrimers are not completely cleaved by proteases. A

broad substrate specificity of most proteases complicates

visualization of specific classes of these enzymes in living

systems. If the goal of imaging is to use proteases to

amplify the signal rather than to visualize specific prote-

olytic activity, various transport molecules on the cell

membrane surface can be used to deliver fluorescent sen-

sor molecules, for example, avidin–rhodamine X conju-

gate (Av–3ROX). This high-molecular-weight mannosy-

lated conjugate has an affinity for lectin that is present on

the surface of some metastasizing cells (e.g., ovarian,

colon, stomach, and pancreatic cancer cells). When

bound to lectin, the conjugate is internalized and cleaved

by lysosomal proteases into fluorescent fragments after

dissociation of avidin tetramers into monomers. This

approach is based both on a broad specificity of lysosomal

enzymes and the ability of cell surface lectins to specifi-

cally bind mannans in avidin [92]. Intravital imaging in

the models of ovarian cancer metastasis using Av–3ROX

allowed to observe submillimeter tumors with a sensitivi-

ty of 92% and specificity of 98% with a low background

signal. In the later studies, a non-immunogenic avidin

substitute was used for linking to serum albumin galac-

tosamine (GmSA) with similar results [93].
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Fig. 5. Accumulation and cleavage of MFS in human tumor xenografts in athymic mice. a) Xenograft images in the visible light and in the

NIR range obtained 24 h after intravenous administration of MFS (MPEG-gPLL carrying self-quenching Cy5.5 molecules). b) Intravital flu-

orescent two-channel microscopy using two-photon excitation of EGFP fluorescence and confocal microscopy in the NIR fluorescence chan-

nel. Images were obtained in mice with the implanted glioma tumor expressing EGFP after injecting MFS at a depth of ~100 µm from the

skin surface; the depth distance between the images is 15 µm. c) Flow cytometry of tumor cells. Arrow indicates the fraction of cells with high

NIR fluorescence intensity of the Cy5.5 dye. d) Fluorescence microscopy of tumor cells: 1) EGFP fluorescence; 2) NIR fluorescence; 3)

merged image. Cells lacking EGFP (arrow) displayed the brightест NIR fluorescence. Adapted from [56, 89].
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Therefore, enzyme substrate sensors have important

advantages: 1) they do not inhibit enzymatic activity (i.e.,

do not cause irreversible inactivation of the enzymes);

2) they are highly soluble in aqueous media; 3) they are

non-toxic at concentrations much higher than the substrate

dose required for in vivo imaging; 4) they have a long half-

life in circulation, which allows the substrate to accumulate

in the tissues as a result of locally increased vascular perme-

ability (for example, in experimentally obtained tumors).

PHARMACOKINETICS OF MFSs

DESIGNED FOR VISUALIZATION

OF ENZYMATIC ACTIVITY IN LIVING SYSTEMS

MFSs derived from MPEG and poly(amino acid)

long-circulating graft copolymers (e.g., MPEG-gPLL)

carry at least one element (amino acid or amino acid

sequence) recognized by proteases. As mentioned above,

these MFSs are capable of delivering F followed by the

enzyme-mediated activation. These are large molecules

that are usually uptaken in small quantities in the organs of

the reticuloendothelial system (liver and spleen). The only

exception is MFSs synthesized from copolymers with a

low degree of PEGylation or a very low degree of modifi-

cation of the central element of the molecule (e.g., with

10% amino groups). In this case, MFSs are usually

removed from the bloodstream quickly (half-lifetime,

<1 h). It is known that MFS biodistribution in animals of

various species (rats, rabbits, and primates) approximately

corresponds to the half-lifetime of MPEG-gPLL in which

all residual amino groups are modified, for example, by

chelating moieties. The half-lifetime of PEGylated

enzyme-sensitive macromolecular sensors in the blood-

stream in different species varies from 24 (rat) to 32 h (rab-

bit). Prolonged circulation in the bloodstream gives a slow

increase in the MFS extravasation in the area of increased

vascular permeability. In tumors and sites of inflammation,

the vascular walls usually have a high permeability, but are

not freely permeable even for molecules with a size of 5-

10 nm (similar to MFSs). If we assume that the process of

MFS extravasation is determined by the boundary condi-

tions of mass transfer through a semipermeable vessel wall,

then it can be described by the Kedem–Katchalsky equa-

tion [94]. Then the transfer rate of a substance (in this

case, macromolecular MFS) dissolved in the blood

through the blood vessel wall (Js) can be expressed as:

Js = ωRT (Cv − Ce) + Jv (1 − σ)C
_

,             (1)

where C
_

= 1/2(Cv + Ce) is the average between MFS con-

centrations in the bloodstream (Cv) and the extravascular

space (Ce); Jv is the fluid volume flow; σ is the

Staverman’s reflection coefficient (in general, 0 < σ < 1);

ω is the solute permeability coefficient, RT is a derivative

of temperature and the universal gas constant. The first

term of the equation describes the diffusion transfer, and

the second term describes the convection velocity. If we

take that temperature is constant, then: ωRT ≅ PS, where

PS is the product of the surface filtration area and vessel

permeability (permeability surface product).

The majority of techniques of fluorescence imaging in

animals are based on measuring fluorescence intensity in a

certain organ (area of interest) over time. In a general case,

the total fluorescence intensity (Io) measured in an organ is:

Io(t) = Ie(t) + Iv(t),                         (2)

where Ie is extravascular fluorescence; Iv is fluorescence

intensity in the bloodstream. However, for a macromole-

cular self-quenching MFS that circulates in the blood-

stream in an intact state for a long time, Iv is close to 0;

therefore, Eq. (2) can be simplified:

Io(t) ≅ Ie(t).

Changes in the fluorescence intensity outside the

blood vessels (i.e., total fluorescence in the target organ

(Ie) in the absence of self-quenching fluorescent MFS

cleavage products released by the enzyme) will be propor-

tional to the increase in the concentration of free F (L)

released by the cleavage of MFS or another macromole-

cule carrier. We can assume that during the time of meas-

urement, an increase in the fluorescence intensity is

directly proportional to the rate of the enzyme-catalyzed

release of F from MFS. In this case, the initial rate of flu-

orescence intensity change can be described as:

dIo/dt = dIe/dt = A(dL/dt)

and the rate of MFS cleavage into fluorescent fragments

by the enzyme can be expressed as:

dL/dt = a⋅c⋅Dt,                            (3)

where Dt is MFS concentration in the target organ at any

time; c is dimensionless concentration of F in the MFS

macromolecule; and a is proportionality coefficient.

Thus, in the presence of a non-zero blood flow (Jv)

through the target organ, the intensity of extravascular

fluorescence measured in the target organ can be

expressed in general terms as:

Io ≅ Ie = A⋅Dt⋅c,                            (4)

where Dt can be defined using the initial known dose of

intravenously administered MFS, Do:

Dt = Do⋅B(1 – exp(–B⋅t)),

where B = (PS⋅Ie)/(Ve⋅Kav); PS is a derivative of the sur-

face area and permeability of blood vessels through which
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transfer of MFS occurs; Jv is the blood flow velocity; Ve is

the extravascular volume; and Kav is the available fraction

of the extravascular volume (extravascular fraction).

Some of the above parameters can be estimated experi-

mentally using microscopy and fluorescent imaging of the

whole body. It should be noted that, in general case, the

kinetics of release (or formation) of fluorescent products

is non-linear and Eq. (3) is written in a simplified form.

Fluorescent products of MFS cleavage by proteases can

be retained in the extravascular space. Later, in the

absence of fluorescence concentration quenching, the

dependence of Io on Dt can be described as a first approx-

imation by Eq. (4). However, in the ideal case, the rate of

changes in Io should reflect the order of enzymatic reac-

tion which is generally unknown for most lysosomal

hydrolases or other enzymes that can simultaneously par-

ticipate in the MFS hydrolysis in the extracellular matrix.

FLUORESCENCE IMAGING

IN THE FLUORESCENCE LIFETIME MODE

USING MFSs

Until very recently, preclinical approaches to optical

imaging have been primarily based on fluorescence exci-

tation and measurements of its intensity using continuous

(continuous wave, CW) light sources. However, in living

systems, measurement of fluorescence intensity has some

obvious drawbacks. The main disadvantage is that the sig-

nal depends on numerous parameters, most of which are

difficult to control. Fluorescence intensity depends on

both the concentration of F and the lifetime of the mole-

cule excited state after photon absorption. In general

case, the contribution of F concentration and lifetime

cannot be estimated separately, since both the local con-

centration of the molecule and the lifetime of the F signal

influence fluorescence intensity independently. The effi-

ciency of fluorescence quenching in activated sensor

molecules is usually below 100%, which can lead to an

increased background signal that hinders the measure-

ment of fluorescence generated by the enzymatic activity.

Moreover, the most serious problem in in vivo imaging

with enzyme substrates as sensor molecules is often relat-

ed to the effect of sensor activation in the organs of the

reticuloendothelial system (for example, non-specific

activation due to degradation in the liver) which leads to

a high non-specific background signal. In order to distin-

guish between the background signal and the measured

signal (in our case, the one generated by the enzymatic

activity), methods based on fluorescence lifetime can be

used. Depending on the type of equipment, either the fre-

quency domain or the time domain of the fluorescent

molecule lifetime in the excited state can be determined

in vivo. The advantage of lifetime-based method is a

unique pattern of fluorescence decay of any particular

population of F molecules that is proportional to the

quantum yield of the process and generally does not

depend on the F concentration at constant temperature.

Other benefits of lifetime visualization include (i) inde-

pendence of measurements on the intensity of excitation

radiation, (ii) ability in some cases to distinguish between

signals corresponding to the diffusion photons of the

excitation radiation and actual fluorescence, and (iii)

possibility of multiplexing, i.e., simultaneous visualiza-

tion or measurement of signals from several fluorophores

even in the absence of significant differences between

their fluorescence spectra.

We have previously proposed and developed an

experimental approach to visualizing fluorescence life-

time parameters in the time domain in vivo using analysis

of multi-exponential signal attenuation curves. This

method allows estimation of relative amounts of fluores-

cent components with long and short fluorescence life-

times by analyzing their contribution to the total signal.

Using this approach, we were able to identify the presence

in experimental animals of fluorescent hydrolysis prod-

ucts with long fluorescence lifetime (Fig. 6, a-c).

We have shown that measuring the differences in the

lifetime allows in vivo visualization of internal organs that

cannot be studied individually in the fluorescence inten-

sity measuring mode. Thus, we were able to visualize

experimental myocardial infarction in mice due to the

elimination of a strong background signal from the liver,

since it had a shorter average lifetime than the signal in

the area of myocardial infarction [65] (Fig. 6, b and c).

The very fact of the presence of proteolytic cleavage prod-

ucts with different fluorescent lifetimes for the protease-

specific MFS is somewhat paradoxical, since it is believed

that NIR fluorophores in MPEG-gPLL-based sensors

are quenched solely due to the static effect and that their

lifetime should not experience changes [95].

LOW-MOLECULAR-WEIGHT SENSORS

FOR PROTEOLYTIC ACTIVITY VISUALIZATION

The products of MFS cleavage in the extracellular

space (e.g., those generated by MMPs, uPA, and throm-

bin) are fluorescent fragments that can quickly diffuse and

be removed from the tissues thereby reducing the sensitiv-

ity of enzymatic activity detection. Therefore, as an alter-

native to MFSs, sensor molecules have been proposed

based on a pair of Cy5.5-labeled peptides consisting of

three elements: 1) positively charged oligo(arginine) pep-

tide capable of penetration into the cell (cell-penetrating

peptide, CPP); 2) protease-sensitive linker; and 3) nega-

tively charged fragment masking the CPP charge. The

principle of operation of the so-called activated CPPs

(ACPPs) lies in the fact that ACPPs can accumulate in the

extracellular space without penetrating into the cells until

the linker is cleaved by an extracellular MMP, which

results in the CPP separation from the neutralizing pep-
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tide, thereby facilitating CPP interaction with the cell sur-

face. The sensor cleaved by the enzyme will localize to

tumor cells, while the original sensor will be eventually

removed from the tissue, thereby creating a contrast

between tissues with high and low proteolytic activities. It

was shown that in cultured tumor cells and carcinoma

biopsy specimens containing activated MMPs (MMP2 and

9), there is a 2- to 3-fold increase in NIR fluorescence over

the background. Subsequent studies have shown that

ACPPs can be used for imaging of several different types of

cancer (including breast cancer) and that ACPP accumu-

lation is the highest at the margin of the tumor stroma [98].

Alternative approaches using ABPs (fluorogenic irre-

versible enzyme inhibitors) imply the use of reactive

groups for covalent binding of quenched F in the enzyme

active site [99, 100]. These probes emit fluorescent signal

Fig. 6. In vivo imaging using the fluorescence lifetime method and FMT. a) The image obtained using traditional CW excitation in the NIR

range shows a high level of fluorescence in the liver that obscures fluorescence in the heart region. IRDye 800CW fluorescence was measured

after MFS injection and compared with the changes in fluorescence intensity in experimental myocardial infarction in situ. b) Fluorescence

lifetime imaging shows that longer fluorescence lifetime in the heart region is a consequence of the MFS cleavage typical for the ischemic

region in the myocardium. c) An increase in fluorescence lifetime in the chest of mice with myocardial infarction (3) was significantly high-

er than in the liver of control mice (1) or liver of mice in the myocardial infarction experimental group (2); p < 0.05. FMT images showing

accumulation of (d) ABP (GB138) and (e) MFS (Prosense 750) in subcutaneous human adenocarcinomas (white circles) xenografted into

mice. Adapted from [96, 97].
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only after covalently modifying a specific protease target.

Thus, the use of quenched NIR fluorescent ABPs

(qNIRF-ABPs, Fig. 2d) targeting lysosomal cysteine pro-

teases allowed to detect in vivo tumors in xenografted nude

mice (the signal from the tumors was approximately 9

times higher than the signal from the surrounding tissues)

and to observe a decrease in the enzyme activity after ther-

apy with an appropriate enzyme inhibitor [101]. The time

periods required to measure NIR signal are different for

ABPs and MFSs, which makes direct comparison of these

two sensors problematic. However, the amplification

effect does not always lead to an overall increase in the

optical signal [96]. When used for fluorescence molecular

tomography (FMT), low-molecular-weight cathepsin-

specific qNIRF-ABPs produced high fluorescence in

tumors and low background signal in the liver and spleen.

Comparison of the total FMT signal in subcutaneous

(ectopic) breast tumors showed that, in the case of

qNIRF-ABP, the probe concentration in the tumor was

higher. However, the MFS Prosense® provided better

contrast between the tumors and lung tissue in the experi-

mental animals and a much brighter total signal at later

times as compared to qNIRF-ABP (see Fig. 6, d and e)

[96]. The observed differences between qNIRF-ABPs and

MFSs are apparently due to the differences in their biodis-

tribution and activation. qNIRF-ABPs rapidly diffuse in

the extravascular space and are rapidly excreted. In con-

trast, MFSs diffuse into the extravascular space much

slower and are slowly uptaken by the cells. MFS fluores-

cent fragments are retained in the cells and emit for longer

periods of time than qNIRF-ABPs, since the latter are

subjects to rapid cleavage, exocytosis, and capture into

lysosomes after covalent or non-covalent interactions with

enzymes. Experimental comparison of properties of ABPs

and fluorogenic substrates has contributed to sensor opti-

mization and allowed an improved design of low-molecu-

lar-weight sensors of cysteine cathepsins [49] (Fig. 2e).

Various sensors for optical and photo(opto)acoustic

imaging techniques in living systems have become impor-

tant components in basic and applied biomedical research.

Many of them, including those developed directly for

determining enzymatic activity in vivo via enzyme-medi-

ated activation, are now commercially available. These

sensors can be used for various fluorescent signal detection

methods – from the whole-body tomography to

endoscopy using miniature cameras. Sensor molecules are

able to deliver a useful payload in a form of fluorophores

and have long in vivo circulation times thus allowing detec-

tion of the corresponding enzymatic activities for extend-

ed periods of time at low sensor concentrations. In the

future, more efficient activated probes are expected to

emerge with an optimized sensitivity to enzymatic activity,

spectral characteristics suitable for intraoperative imaging

of the surgical field, biocompatibility, and lack of immuno-

genicity and toxicity. Newer preclinical optical imaging

methods, such as fluorescence lifetime imaging and

photo(opto)acoustic imaging, will contribute to more

advanced methods for early diagnostics of human diseases.

The use of sensors for in vivo optical imaging will include

more extensive preclinical applications of the experimen-

tal therapy. At the same time, the ongoing development

and improvement of optical signal detectors, as well as

availability of biologically inert and highly specific fluores-

cent probes, will further contribute to the introduction of

fluorescence imaging into clinical practice.
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