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Abstract

Optical contrast agents containing near-infrared (NIR) fluorophores are useful for visu-
alizing biological landmarks, enzyme activities and biological processes in live animals
and humans. Activatable (smart) quenched-fluorescent probes are sensors that become
fluorescent after processing by an enzyme or in response to a physiological change
(i.e., pH, ROS, etc.). Recently, there has been increased interest in developing activatable
probes for research and clinical applications. This requires evaluation using in vivo
animal models to gain insights into the pharmacodynamic and pharmacokinetic prop-
erties of a given probe. Important parameters to measure when evaluating quenched-
fluorescent probes are signal brightness and signal-to-background ratios, which define
the sensitivity and specificity of a probe. In this chapter, we discuss methods to evaluate
activatable quenched-fluorescent probes in mouse models of cancer. Quantification of
fluorescent signal intensity, calculation of tumor-to-background ratios, comparison
of fluorescent activation in specific organ compartments, and fluorescence scanning
of sectioned tissue will be discussed.

1. Introduction

Near-infrared (NIR) fluorophores have enabled sensitive optical

imaging of biological processes in live animals and humans. Because the

excitation/emission wavelengths of NIR fluorophores are above the wave-

lengths of auto-fluorescent background from living tissue (>600nm) and

can penetrate up to 1cm of tissue, they are ideal for in vivo applications.

Indocyanine green (ICG) is an untargeted NIR contrast agent that is

currently FDA approved to identify ductal and/or vascular structures intra-

operatively (Fig. 1A; Ambe, Plambeck, Fernandez-Jesberg, & Zarras, 2019;

Gossedge, Vallance, & Jayne, 2015; van Manen et al., 2018). While ICG has

proven to be highly valuable for diverse applications, in general, untargeted

contrast agents suffer from low signal-to-background ratios (SBR) in tumors

because they rely exclusively on the enhanced permeability and retention

(EPR) effect to generate contrast (Schaafsma et al., 2011). Therefore, there

is a need for NIR targeted contrast agents that are capable of selective detec-

tion of cancer cells during surgical resection (Hussain & Nguyen, 2014;

Rosenthal, Warram, Bland, & Zinn, 2015; Tringale, Pang, & Nguyen,

2018). Additionally, targeted contrast agents have potential clinical value

to identify tissues of interest during surgery and as diagnostic indicators

in intraoperative and post-operative surgical workflows. Quenched-

fluorescent probes have also been invaluable in research for monitoring

enzymatic activities in living systems, leading to a better understanding of

the roles of specific enzymes in various aspects of disease pathology.
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In general, there are several classes of targeted optical contrast agents

(Fig. 1B–D). Affinity-based probes contain a recognition element such as

an antibody or small molecule ligand covalently attached to a fluorophore

(Staderini, Megia-Fernandez, Dhaliwal, & Bradley, 2018; Xiao, Chen, &

Chen, 2018). These unquenched (always on) probes bind to protein targets

that are highly expressed within tumors and rely on clearance of unbound

probe to generate contrast. Activatable (smart) probes, on the other hand,

only generate a fluorescent signal in response to enzymatic activity or a

change in analyte concentration (i.e., pH, ROS, Ca2+, etc.; Gao, Yu, Lv,

Choo, & Chen, 2017; Garland, Yim, & Bogyo, 2016; Hou et al., 2017;

Wu et al., 2019). Optical probes activated by a change in analyte concen-

tration have a chemical moiety attached to the fluorophore that reacts with

the analyte causing a change in fluorescence emission. Enzyme activated

optical probes typically contain a quencher-fluorophore system that gener-

ates a fluorescence signal only after processing, and can either covalently

attach to the active site of the enzyme or act as a non-covalent substrate.

Activatable probes generally have higher SBRs and require shorter times

for generation of contrast at the site of interest compared to affinity-based

‘always on’ probes. This chapter will focus on methods to evaluate enzyme

activated quenched-fluorescent substrate probes in mouse models of cancer

but can also be applied to other types of optical contrast agents.

There are currently no FDA approved targeted contrast agents for

fluorescence-guided surgery or surgical workflows involving histological

Fig. 1 Optical contrast agents are used to visualize biological processes in vivo.
(A) Structure of Indocyanine Green (ICG), a non-targeted, FDA approved fluorophore
used for multiple types of intraoperative procedures in humans. (B) Affinity-based
‘always on’ probes bind to an epitope expressed in the target tissue. (C) Chemically
induced quenched-fluorescent probes become fluorescent upon binding to a specific
analyte (i.e., ROS, pH, Ca2+). (D) Enzymatic quenched-fluorescent probes become fluo-
rescent upon processing by a target enzyme.
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analysis. Several ‘smart’ optical contrast agents are being evaluated in pre-

clinical animal models and early phase clinical trials in humans (Garland

et al., 2016; Tringale et al., 2018). The potential for activatable optical

contrast agents to be used in clinical settings have not yet been realized.

However, in a research setting, activatable probes are useful tools for loca-

ting and measuring enzymatic activity or physiological changes in live

animals. Animal models provide a system to study the underlying biological

mechanisms of human diseases, and the development of optical probes is

necessary to visualize those biological processes in their native state.

There is a clear need for more specific and sensitive activatable probes that

can selectively detect enzymatic activities or physiological changes in vivo to

better understand regulators of human diseases.

Standard methods for evaluating the sensitivity and specificity of fluo-

rescent probes in mouse models of cancer are needed to compare probes

across independent studies. One of the goals of this chapter is to provide

guidelines for measuring fluorescence signal in tumors and calculating

SBRs. Quantification of fluorescence activation in tumors and other healthy

tissues is necessary for direct comparison of probes, subsequent probe opti-

mization, and measuring enzymatic activity. However, there are a number

of factors that make clear analysis of data from animal models difficult

including insufficient sample size, absence of clear benchmarks, and lack

of appropriate negative controls to enable statistically relevant comparisons.

Furthermore, SBR calculations in xenograft models should use the same

location for calculation of background fluorescence when comparing probes

within the samemodel. Choosing a proper background for SBR calculations

is challenging because the host tissue is not the same species as the xenograft

tissue, which is typically ectopically transplanted. Therefore, if the target

enzyme is not present in the host, this will artificially create apparent ‘selec-

tivity’ of probe activation in the target tissue. In this case, a healthy control or

adjacent tissue comparison is not possible. If SBR is calculated for xenograft

models, the background region chosen for the calculations and justification

for selection of that region should be clearly stated. For xenograft models

where the host contains a relevant homolog of the enzyme target of interest,

the analogous healthy tissue in the host of the xenograft cancer could serve as

an appropriate background for SBR calculations.

This chapter provides methods to evaluate activatable quenched-

fluorescent probes in multiple mouse models of cancer using in vivo

whole-body imaging followed by analysis of tissues using histopathology

and fluorescence scanning. Specifically, we describe methods to evaluate
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protease activated optical substrate probes in example model systems includ-

ing a 4T1 breast tumor mouse model, a lung metastasis model, and in the

Apcmin/+ colorectal cancer model (Moser, Pitot, & Dove, 1990; Ofori

et al., 2015; Yim, Tholen, Klaassen, Sorger, & Bogyo, 2018). However,

these methods provide a general roadmap for the evaluation of other

activatable optical probes in many other mouse models of cancer. This chap-

ter also describes how to quantify fluorescence intensity in tumors and

organs including calculation of relative signal intensities and SBRs using

the LICOR Pearl Trilogy small animal imaging system.

2. Rationale

Characterization of optical contrast agents is necessary to determine

the specificity and duration of fluorescent activation, as well as location

of the signal within a target tissue. Determination of these parameters is

important for comparison to other established contrast agents and for further

optimization of probes. The protocols below detail how to characterize

quenched-fluorescent substrate probes in mouse models of cancer, including

quantification of fluorescent signal from the activated probe and how to

calculate SBRs. These methods are useful for identifying tumor margins

and for diagnoses of disease. Furthermore, these studies are important for

characterization of probes that readout enzymatic activity to understand

the contributions of specific enzymes in a given biological process.

3. Precursor techniques

3.1 Mouse models of cancer
Selection of a relevant and accessible mouse model of cancer is a necessary first

step in the evaluation of quenched-activity based probes in vivo. Genetic

mouse models of cancer that represent the progression of mutations observed

in a clinical settingwould be the gold standard for evaluation of contrast agents.

However, injection models using syngeneic cancer cell lines can occur in

shorter time frames and are more reproducible for imaging experiments com-

pared to genetic models. The orthotopic 4T1 breast cancer mouse model is

commonly used to evaluate fluorescent probes because it is relatively easy

to set up and produces consistent tumors in a defined location. Our lab has

conducted imaging studies using a variety of cancer mouse models including

the 4T1 breast cancermodel (Ofori et al., 2015;Ottewell, Coleman,&Holen,

2006; Yim et al., 2018), Apcmin/+ colorectal cancermodel (Moser et al., 1990),
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and krasG12D/+p53�/� adenocarcinoma lung metastasis model (Caswell et al.,

2014;DuPage et al., 2011;Winslow et al., 2011). Choosing amodel for testing

depends on the type of probe being tested as well as the expression of the target

enzyme. All of the mouse models described here can either be purchased

directly or established using commercially available cancer cell lines in a

wild-type mouse background (Table 1).

Many animal models of cancer are suitable to evaluate the performance

of an activatable optical contrast agent. The most common animal models

are either syngeneic, which allow use of immunocompetent mice, or xeno-

graft models, which require immunocompromised mice. The origin of the

target enzyme is important to consider when choosing an animal model.

Most enzyme imaging targets that are active within a given tumor micro-

environment are derived from either stromal/immune cells or from both

stroma and tumor cells. Thus, using immunocompromised mice could

impact the evaluation of a probe. On the other hand, activatable probes

can be used to characterize enzymatic activities in xenograft cell lines of

diverse genetic background and species of origin.

3.2 In vitro evaluation of quenched-fluorescent probes
Prior to testing in animals, quenched-fluorescent probes should be first

tested with a recombinant enzyme using a fluorogenic substrate assay

in vitro and then in relevant cell culture models. Fluorogenic substrate assays

can be used to confirm that the target enzyme activates the probes and allows

calculation of Michaelis–Menten kinetic parameters (Km/Kcat) for optimi-

zation of the probe and for comparison to other established probes.

Evaluation of probes in cell culture provides information about the kinetics

Table 1 Commonly used mouse models of cancer for evaluation of quenched-
fluorescent probes.

Mouse model of cancer
Mouse
background References

Orthotopic 4T1 breast

cancer

BALB/cJ Ottewell et al. (2006), Ofori et al. (2015),

Yim et al. (2018)

Apcmin/+ colorectal

cancer

C57BL/6 Moser et al. (1990), Ofori et al. (2015)

krasG12D/+p53�/�

adenocarcinoma lung

metastasis

B6129SF1/J DuPage et al. (2011), Winslow et al. (2011),

Caswell et al. (2014)
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of activation, cellular retention and localization, and activity of the enzyme

in the cell line of interest. Fluorescence microscopy and flow cytometry are

two common ways to evaluate probe performance in cell culture.

The chosen mouse model should be verified for the active enzyme

of interest using an activity-based probe or Western blot analysis.

Alternatively, tumor lysate can be generated and incubated with a

quenched-fluorescent substrate in a fluorogenic assay to verify activation

of the probe. To rule out non-specific activation of the probe, use an

established and well-characterized inhibitor of the target enzyme. If there

are no known inhibitors or fluorogenic substrates to verify activity,

then verification of expression using Western blot or PCR analysis can

be used. Additionally, cell lines and/or mice in which the target has been

knocked out genetically can also be an ideal way to confirm selectivity of

an imaging probe.

3.3 Optimization of probe dose and kinetics
of fluorescence activation

The fluorescence intensity and contrast generated within the target tissue

is dependent on dose and time of imaging after injection of a probe. The

amount of probe injected should be enough to enable measurement of signal

over background fluorescence ratios but should also be optimized to enable

meaningful comparative studies between probes. Injecting too much probe

may saturate the target enzyme and make it difficult to determine differences

in kinetics, signal intensity, and contrast. With subcutaneous tumors, where

fluorescence can be quantified non-invasively (due to the location of the

tumors at the skin surface), it is possible to obtain data over a time course

because the samemouse can be imaged at each time point. Fluorescent signal

within tumors in organs such as the lungs, liver, brain, and other tissues that

are difficult to measure below the surface of the skin requires sacrifice and

dissection of the animal, or survival surgery.

Depending on the enzyme target and pharmacokinetic properties of the

probe, mice injected with probe can be imaged in increments from minutes

to hours. As an example, we have imaged mice bearing 4T1 breast tumors at

2, 4, 8, and 24h after injection with the quenched-fluorescent probe

targeting cathepsins 6QC-Cy5 (Fig. 2A). Fluorescent signal was brightest

within tumors at 2 and 4h, and then decreases at the 8 and 24h time points.

In the same experiment, the tumor-to-background ratio (TBR) was calcu-

lated by comparing the mean fluorescent signal in the tumor to directly adja-

cent fat pad tissue. The TBR steadily increases from 2 to 24h and is

significantly different between the 2 and 24 h time points (Fig. 2B).
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Therefore, 24h is the optimal end-point for measuring fluorescence because

the signal is still easily detectable and has the best TBR.

In a dose optimization study, the probe 6QC-ICG was injected (I.V.)

into mice bearing 4T1 breast tumors at 6.25, 12.5, 25, 50, and 100nmol.

The average fluorescent signal was measured in tumors and directly adjacent

fat tissue (Fig. 2C). These data demonstrate that the optimal dose is 25nmol.

Interestingly, the use for higher doses caused a decrease in signal which

Fig. 2 Example of in vivo kinetic analysis of probe activation and dose optimization.
(A) Example of a time course plot of fluorescence activation of a quenched-fluorescent
cathepsin probe 6QC-Cy5 (Ofori et al., 2015) in 4T1 breast tumors (20nmol, I.V. tail vein).
This analysis demonstrates that the fluorescent signal is brightest at 2 and 4h. Signal at 8
and 24h is significantly decreased compared to 2 and 4h (Paired ANOVA, Tukey’s
Multiple Comparisons Test: ***P <0.001). (B) Comparison of TBR in the experiment
from (A). These data demonstrate the optimal TBR occurs at 24h, which is significantly
higher than the 2h time point (Paired ANOVA, Tukey’s Multiple Comparisons Test:
*P <0.05). Based on these data the 24h time point is optimal because the signal is still
easily measured and has the highest TBR. (C) Example plot of average fluorescent signal
in 4T1 breast tumors compared to signal present in directly adjacent fat tissue 2h post
injection (I.V.) of the quenched-fluorescent cathepsin activated probe 6QC-ICG (Yim
et al., 2018). This analysis demonstrates that the optimal dose is 25nmol of probe.
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could be due to saturation of the signal and self-quenching when the probe

reaches high concentration in local areas of the tumor.

Optimizing dose and choosing an end-point measurement with the best

contrast will help limit the amount of mice needed for a study. Time course

studies can be used to compare probes targeting distinct enzymes or to eval-

uate kinetic differences in probe activation. Subcutaneous tumors that can

be imaged and measured in live animals are ideal for kinetic studies because

it does not require sacrificing or performing surgery on the animal at each

time point. Choosing a dose that does not saturate the enzyme and reaches

a maximum fluorescence makes comparison of probes and analysis easier.

Refer to the Protocols and Analysis sections for detailed instructions for

carrying out studies for probe activation kinetics and dose optimization.

4. Materials and reagents

1. PEG400

2. (2-Hydroxypropyl)-β-cyclodextrin
3. Biological Grade DMSO

4. 1� phosphate buffered saline (PBS)

5. Clear, flat-bottom 96-well plate (Costar)

6. Syringe needles suitable for tail vein, retro-orbital, or subcutaneous

injections (typically 28G, 1mL insulin syringe)

7. Nair® lotion and spatula

8. Tissue Cassettes (Thermo Scientific, Cat. 1,000,966)

9. Sucrose

10. Formalin solution, neutral buffered (pH6.9, 4% formaldehyde)

11. Optimal Cutting Temperature (O.C.T.) compound (Tissue-Tek,

REF 4583)

12. Cryo-molds (Tissue-Tek, 25�20�5mm, REF 4557)

13. Glass slides (VWR Superfrost Plus, Precleaned, Cat. 48,311–703)
14. Fluriso (Isoflurane) anesthesia

15. Dissection scissors and forceps

5. Equipment

1. Small animal anesthesia station with chamber, nose cone and platform,

vaporizer, and oxygen tanks
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2. Small animal imaging system compatible with fluorophore on probe

(NIR wavelengths >600nm is recommended). Most common sys-

tems include LICOR Pearl Trilogy, IVIS Spectrum Series Imagers

(PerkinElmer), or CRI Maestro imager

3. Flatbed scanner compatible with fluorophore on the probe. Most com-

mon scanner is the LICOR Odyssey CLx capable of scanning 700 and

800nm fluorescence

6. Protocols

6.1 Injection of probe and live animal imaging
Quenched-fluorescent probes should be benchmarked to an existing state-

of-the-art probe (if applicable) that is either activated by the same enzyme,

same class of enzyme, or related enzyme. For a negative control, a probe that

is similar in structure but modified so that it cannot be activated by the

enzyme target is a good option to demonstrate target-selective enzyme acti-

vation. For example, in the case of a protease substrate, the peptide sequence

can either be scrambled or an essential amino acid(s) in the sequence can be

switched to an unnatural (D) isomer to block cleavage by the target protease.

Alternatively, an inhibitor of the target enzyme can be administered prior to

the probe. A genetic knockout/mutation of the enzyme target may also be

used but compensation affects from other related enzymes may be observed.

Additionally, comparison of two separate tumor types with different active

enzyme pools could also help to demonstrate selectivity.

1. Formulate optical probe: Quenched-fluorescent substrate probes con-

taining cyanine-like fluorophores (i.e., Cy3, Cy5, Cy7, ICG, etc.) and

organic quenchers such as QSY21, QC-1, etc. have a propensity to

aggregate in aqueous solutions; especially solutions with high salt

concentrations. Sulfated fluorophores and quenchers (i.e., sulfo-Cy5

versus Cy5) have improved solubility, often resulting in reduced aggre-

gation. Other synthetic fluorophores have been developed that resist

aggregation, resulting in improved solubility as well (Luciano et al.,

2019; Mujumdar, Mujumdar, Grant, & Waggoner, 1996; Rosenthal

et al., 2015). Aggregation of quenched-fluorescent probes affects their

pharmacokinetic and excitation/emission properties. Although many

probes can be formulated at concentrations as high as 200μM
(20nmol/100μL) in 1� PBS at relatively high levels of DMSO added

(i.e., 10v/v%), aggregates can still form, especially once the molecule

150 John C. Widen et al.



enters the blood and the DMSO is diluted. Using (2-Hydroxypropyl)-

β-cyclodextrin, PEG400, or a higher percentage of DMSO (up to

20v/v%) in 1� PBS improves the solubility of probes containing

cyanine-like quencher/fluorophore systems and reduces aggregate for-

mation. We often use a formulation consisting of 30v/v% PEG400,

10v/v% DMSO in 1� PBS for in vivo injections. This formulation

reduces aggregate formation and increases fluorescence intensity within

tumors. We recommend measuring the absorbance spectra of the probe

to identify the best formulation for your quenched-fluorescent probes.

To measure absorbance spectra of a probe in varying formulations use

the protocol below (Fig. 3):

a. Dilute probe from a DMSO stock (typically 10mM DMSO) in

increasing concentrations of PEG400 (e.g., 1, 5, 10, 20, 30v/v%)

in 1� PBS with a fixed amount of DMSO (typically 10v/v%).

Fig. 3 How to use absorbance spectra to determine the amount of aggregation of a
fluorescent probe. Spectra are shown for the quenched fluorescent cathepsin probe
6QC-Cy5 (Ofori et al., 2015) in different formulations. Probe was diluted to 50μM in each
formulation and the absorbance of each solution was measured between 450 and
850nm at 2nm intervals. The PEG400 formulation consists of compound dissolved in
a solution containing 30v/v% PEG400, 10v/v% DMSO in 1� PBS. ‘H’ indicates blue-
shifted (hypsochromic shift) absorbance maxima caused by H-aggregates. ‘S’ indicates
peak maxima of non-aggregated, single molecules. The table shows absorbance values
(A.U.) at the maxima for H and S molecules. The ratio of absorbance values between the
non-aggregated (Abss) and H-aggregated peak maxima (AbsH) give relative values of
aggregation in each formulation. A higher ratio of Abss/AbsH indicates less aggregation.
Higher concentrations of DMSO and/or solubilizing agents (i.e., PEG400) reduce the
amount of aggregation in solution.
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Alternatively, (2-Hydroxypropyl)-β-cyclodextrin or a combination

of both formulating agents can be used to reduce aggregation.

b. Choose 1–3 concentrations of probe to measure absorbance spectra

and serially dilute into prepared formulations. Cyanine dyes have

high absorptivity coefficients at λmax (>2–5 M�1 cm�1) so concen-

trations at or below 50μMwill suffice for probes containing cyanine-

like quencher-fluorophores.

c. Place 50μL of each solution to be measured including formulations

containing no probe in a clear, flat bottom 96-well plate. Measure

absorbance of each solution between 300 and 850nm at 2–5nm
intervals using a plate reader. The wavelength range may need to

be adjusted based on the absorbance maximum of the quencher

and fluorophore of the probe.

d. Example absorbance spectra of 6QC-Cy5, a quenched-fluorescent

probe containing sulfo-Cy5 and sulfo-QSY21, are shown in

Fig. 3. Aggregates (referred to as H-aggregates) can be seen at

�600nm as a hypsochromic shifted (blue shifted) shoulder or peak

(indicated by ‘H’) relative to the non-aggregated absorbance maxi-

mum (indicated by the ‘S’) at �650nm. H-aggregates are soluble,

self-assembled networks of two or more molecules that cause a blue

shifted peak from the monomer absorbance maximum (Berlepsch &

Bottcher, 2015; Zhegalova, He, Zhou, Kim, & Berezin, 2014).

The ratio between the absorbance at the non-aggregated maxima

and the H-aggregate maxima can determine the relative amount

of H-aggregation between samples. In this example, dissolving the

compound in 100% DMSO causes low amounts of aggregation

(Absmax/AbsH ¼2.12) compared to the 10v/v% DMSO in 1�
PBS, which lowers the overall absorbance and causes significant

aggregation (Absmax/AbsH ¼0.99). The goal is to find a formulation

that reduces aggregation but is not so viscous that the formulation is

difficult to inject I.V. In our experience, concentrations>30v/v% of

PEG400 increase viscosity to a point that the formulation becomes

difficult to inject.

2. Inject probe(s) at a concentration suitable to visualize the fluorescence

intensity above background for the chosenmousemodel. Total injection

volumes for tail vein (I.V.) or retro orbital (R.O.) should be no more

than 200μL. We typically inject between 5 and 20nmol of compounds

with emission maxima at �700nm (Cy5) and have injected as low as
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2nmol for compounds with emission maxima at �800nm (ICG). We

have successfully used I.V. or R.O. injections and have found no notice-

able differences between the two methods in terms of biodistribution

and probe performance. The same injection method should be used

for direct comparison of probes. Guidelines for carrying out studies

for analysis of probe activation kinetics and dose optimization are out-

lined below.

e. Ideally, choose a mouse model of cancer with subcutaneous tumors

for analysis of kinetic activation so that it is possible to perform non-

invasive imaging with repeat measurements for the same mouse.

f. Conduct a kinetic analysis of probe activation by first choosing a

high dose of compound based on limits of toxicity and solubility.

For NIR quenched-fluorescent probes, a 20nmol dose is rec-

ommended for a 20–25g mouse.

g. Image mice or ex vivo tumors (if a subcutaneous model is not

possible) immediately after injection of probe and hair removal

(if applicable) following the procedures below.

h. If imaging mice in minute intervals, keep mice anesthetized

throughout by keeping them in an anesthetizing chamber or using

a nose cone delivering vaporized isoflurane. Anesthetizing mice

over long periods of time is typically not recommended. Refer

to lab and institution specific protocol guidelines for animal anes-

thesia delivery. For imaging over longer time intervals, allow

animals to recover from anesthesia. Imaging tumors at intervals

of 2, 4, 8, 12, 16, & 24h after injection typically is sufficient for

identification of an optimal end point for analysis of probes.

i. Once an optimal end point is chosen for analysis of probes, opti-

mization of dose can be carried out. A typical range of doses will

likely be 5–50nmol of probe. After measuring fluorescence sig-

nal at the chosen end point, compare SBRs of different doses to

choose an optimal one. Refer to Analysis section for details on

calculating SBRs.

3. If mice with hair are being used and live imaging is being performed on

subcutaneous tumors, the hair above the tumor and surrounding area

must be removed. To remove hair from mice, place them in an anesthe-

sia chamber attached to an isoflurane vaporizer system. Refer to animal

protocol guidelines for lab and institution specific information about

anesthesia usage. Place mice on a platform equipped with a nose cone
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and ventilation system attached to a vacuum and carbon trap. Place

heating pad under the platform and keep at approximately 37 °C.
Place mice on the platform with nose inserted into the nose cone with

isoflurane flowing.

4. Remove hair by applying Nair® lotion to the areas of interest and scrap-

ing the skin clean using the edge of a spatula while the mice are under

anesthesia. Ensure all Nair® lotion is removed to reduce irritation and

scabbing of the mouse skin. Place mice back in cages after hair removal

to allow for recovery from anesthesia.

5. Image mice under anesthesia at the desired time points using the optimal

excitation/emission wavelength. Make sure to image each animal under

the same conditions and in the same position. Anesthesia protocols vary

based on equipment and individual lab and institution protocols. In gen-

eral, mice are placed in an anesthesia chamber connected to a vaporizer

to be anesthetized prior to imaging. Ensure there is a sufficient supply of

oxygen and isoflurane in the vaporizer to conduct the study. Once mice

are anesthetized in the chamber, mice are individually placed on the

imaging platform equipped with a nose cone to keep mice anesthetized

during imaging.

6. Most tumor models consist of two bilateral tumors in the mammary fat

pads or flanks of the mice. Image each tumor separately by facing the

tumor upward toward the camera. Adjust the platform and camera focus

as needed to obtain optimal fluorescent measurements.

7. Refer to the Analysis and Statistics section within this chapter for details

on how to measure and compare fluorescence intensities using the

LICOR Image Studio software.

7. Dissection and ex vivo imaging of tumors
and healthy tissues

The depth of the tumor from the skin surface may limit the ability of

the detector to reliably measure fluorescent signal (i.e., lungs, liver, brain,

etc.). Therefore, dissection and ex vivo analysis to quantify signal within

the tumor and adjacent healthy tissue is often required. Additionally,

ex vivo fluorescent measurements of organs can give a distribution profile

of the activated probe, which can be used to identify potential non-specific

activation and primary means of metabolism and excretion of the fluorescent

portion of the probe.
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1. After the last time point of live animal imaging (if applicable), sacrifice

the animal according to a lab specific protocol, and splay/excise tumors

and relevant tissues.

a. Prior to splaying or excision of tissues, wet the hair of the sacrificed

mouse with 70% ethanol/water using a spray bottle. This helps avoid

hair getting caught in tools and inner tissues.

b. To splay the mouse and expose subcutaneous tumors, make an

incision in the lower abdomen at the pelvis level through the epithe-

lial layer but not the peritoneum. Continue cutting through the

epithelial layer up to the chin.

c. Peel back the epithelial layer away from the peritoneum and pin back

to expose the tumor and underlying tissues. See Fig. 5A for an exam-

ple of a splayed mouse bearing bilateral 4T1 tumors in the third

mammary fat pad.

2. Position excised tumors and organs/tissue on a tray and image using a

small animal imager. If sectioning tissues for further analysis, avoid tissue

destruction with forceps or scapula while transferring and do not allow

tissues to dry out during imaging.

3. Adjustment of the camera focus may be necessary depending on the

height of the tray and irregular surface of tissue samples. It is rec-

ommended to try various focal planes to obtain the best measurement

of fluorescence signal within tissues.

4. Refer to the Analysis and Statistics section within this chapter for details

on how to measure and compare signal within excised tissues using the

LICOR Image Studio software.

8. Tissue processing and fluorescence scanning
of sections

1. Place excised tissues of interest in tissue embedding cassettes and put in

formalin solution (pH6.9, 4% formaldehyde) at 0 °C for 24h in the dark.

2. Transfer fixed tissues to 30w/v% sucrose in 1� PBS and incubate at 0 °C
for 24h in the dark.

3. Place a metal heat block upside down into a dry ice bucket and fill with

dry ice. Cover with a lid. Clear dry ice from the top of the flat metal

surface to place embedded tissues for freezing.

4. Embed tissue in Optimum Cutting Temperature (O.C.T.) compound

by placing desired tissue into a plastic base cryo-mold and carefully filling
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with O.C.T. compound to avoid air bubbles from forming underneath

or next to the tissue. Place filled cryo-mold containing embedded tissue

onto the flat metal surface and cover with a lid to freeze the embedded

tissue.

5. Using a cryostat, section tissue onto frosted positive charged glass slides

suitable for staining and fluorescence microscopy. Tissues are typically

sectioned at 5–10μm. Keep slides containing sectioned tissues at

�20 °C for H&E staining.

6. Separate sections should be produced for fluorescent imaging and H&E

staining. We recommend making adjacent tissue sections and scanning

one section on the flatbed scanner and H&E staining the adjacent section

(10–50μm away) for pathological analysis and comparison to fluorescent

signal. Contrast agents using ICG as the fluorophore may withstand the

H&E staining process. Therefore, fluorescently scanning the H&E sta-

ined sections may give sufficient fluorescent signal of the activated probe.

7. For imaging sectioned tissues using a LICOROdyssey CLx flatbed scan-

ner, allow sectioned slides to come to room temperature and place them

face down on the surface of the scanner. Select the proper excitation/

emission settings and desired image quality settings (resolution of the

image). Scan time for 30 slides on the flatbed scanner can take up to

20h at the highest resolution and quality (21μm resolution, ‘high’ quality).

8. Use a standard H&E staining procedure for fixed frozen tissues.

9. Safety considerations and standards

All protocols in this chapter involving animals follow the guidelines

of the Institutional Animal Care and Use Committee (IACUC) and are

approved by the Stanford University Administrative Panel on Laboratory

Animal Care (APLAC). Individual labs must get approval for their own

animal protocols prior to carrying out experiments at their institutions.

Refer to protocol and institutional guidelines for proper personal protective

equipment (PPE) when carrying out the methods described here.

10. Analysis and statistics

10.1 Analysis of imaging data
This section will focus on quantification of fluorescence intensity using

Image Studio Lite (LICOR). Image Studio Lite can be downloaded free
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of charge at licor.com/bio/image-studio-lite/download. All imaging of live

animals, excised/splayed tumors, or ex vivo organs/tissue must be conducted

with the same resolution, focus, and exposure settings for direct comparison

of probes and controls. There are many ways to analyze fluorescent intensity

and calculate signal-to-background ratios (SBR), which is a measure of the

sensitivity and selectivity of a probe. Standardization of analysis is important

for comparison of fluorescent probes reported in the literature. Therefore,

this section provides guidelines and proposed standards for analysis of

fluorescent probes in animals.

There are two measurements of fluorescence intensity using Image

Studio Lite: Signal and Mean. Fluorescence ‘Signal’ requires that a region

of interest (ROI) be chosen as the background to subtract from all other

ROIs within the image. The ‘Signal’ measurement is the sum of all fluores-

cence intensity within the ROI, therefore, the size of the ROI is critically

important when using this method for analysis and should be the same size

for all samples when making comparisons. The ‘mean’ fluorescence is the

average pixel intensity within the ROI and is less dependent on size. The

‘mean’ fluorescence value does not require a background subtraction. We

recommend using mean fluorescence for measuring signal intensity because

tumors often differ in size and shape.

The example measurements in Fig. 4 demonstrate how size of the ROI

can affect variance between overall signal and mean fluorescence intensity.

Whenmeasuring overall signal in the same tumors with small, medium, large,

or freehandROIs, the variance increases significantly once the ROI becomes

large (Fig. 4B). Using large circles beyond the size of the tumor and freehand

drawing ROIs around tumors give large variances and therefore can make

interpretation of data difficult. We recommend using ROIs that do not go

outside of the tumor area but that are representative of the signal within

the tumor, similar to the medium ROI shown in Fig. 4A.

Using the ‘mean’ fluorescence signal values for comparison between

samples has less variance across data points (Fig. 4B). The difference in var-

iances using an F-test is not significantly different between ROI sizes when

measuring the mean fluorescence (Fig. 4C). When comparing the differ-

ences between ‘signal’ and ‘mean’ fluorescence intensity, both give similar

ratios between cohorts although the relative fluorescence values are dif-

ferent. For instance, the same fold increase is observed between Probe 1

and Probe 2 when measuring the overall ‘signal’ and ‘mean’ values using

medium ROIs (Fig. 4D). Ultimately, keeping consistency when measuring
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Fig. 4 Demonstration of how selection of ROIs impact overall fluorescence ‘signal’
intensity and ‘mean’ fluorescence intensity measurements. (A) Examples of different
size ROIs (small, medium, large, and freehand) including a background ROI for calculat-
ing fluorescent signal intensity values and TBR produced by an activatable contrast
agent within subcutaneous 4T1 breast tumors in BALB/c mice. Brightfield is in gray
scale, fluorescence is displayed as rainbow plots. (B) Scatter plots of the overall ‘signal’
intensity and ‘mean’ fluorescence intensity within 4T1 tumors measured with small,
medium, large, or freehand ROIs. The size of the ROI affects the fluorescence values
obtained using both methods of measurement. The average of the overall ‘signal’
increases with increasing size of ROI, whereas the opposite trend occurs using ‘mean’
signal values (One-way ANOVA, Tukey’s Multiple Comparison test: *P <0.05, **P <0.01,
***P <0.001). These data demonstrate the necessity of using the same size ROIs for
comparing fluorescent signal between cohorts. (C) Comparison of variance between
each method of measurement (F-test: **P <0.01). The size of ROI used to measure
‘mean’ fluorescent signal does not change the variance significantly whereas using
overall ‘signal’ affects the amount of variance between samples. (D) Example scatter
plots comparing two quenched-fluorescent probes using overall ‘signal’ and ‘mean’
fluorescent signal values with medium ROIs. Both methods of measurement show a
1.3-fold change between the probes and a significant difference (Student’s t-test,
unpaired, two-tailed: *P <0.05, **P <0.01). The two methods do not change the rela-
tive fluorescent signals between samples. However, ‘mean’ fluorescence gives smaller
variances within cohorts for easier comparison.



fluorescent signal between samples will help reduce variance; making

interpretation of the resulting data easier.

The SBR is calculated by dividing the average fluorescent signal within

the ROI by a chosen background ROI (Fig. 5). When evaluating signal

within tumors, this ratio is often referred to as the tumor-to-background ratio

(TBR). The background ROI can be taken from adjacent tissue or similar

tissue in a separate healthy mouse. For orthotopic cancer models such as

the 4T1 model, the adjacent fat pad tissue can be used to calculate the

TBR. To do this, we splay the mice open to expose the tumor within

the mammary fat pad (Fig. 5A). We then choose an adjacent fat pad that

does not contain tumor cells for the background ROI. The region chosen

as the adjacent tissue should be consistent between samples. Example ROIs

for theTBRcalculation are shown in the overlay image of the splayed tumors.

Comparing signal between different organs/tissues provides useful in-

formation about the pharmacokinetic properties of a probe (Fig. 5E).

Additionally, this information can be used to determine the level of back-

ground that would be observed in healthy tissues. For instance, a probe

targeting an enzyme with high activity in healthy lungs, will have high

background signal and therefore may not be ideal for imaging lung cancer.

When measuring fluorescence intensity in different organs, using the

‘mean’ fluorescence values compared to the overall fluorescence ‘signal’

values allows different size ROIs to be used for each tissue. Normalizing

the mean fluorescent signal in each tissue to mean tumor signal for each

probe gives relative distribution values.

10.2 Proposed guidelines and standards for analysis of probes
in mouse models of cancer

1. Use ‘mean’ signal values when measuring fluorescence intensity, which

is less dependent on the size of the ROI.

2. Choose a representative sizedROI for tumors and organs. Small ROIs in

an area with the most intense signal inflates TBRs. Large ROIs cause

higher variance between cohorts making data analysis difficult.

3. The background ROI for TBR calculations should be directly adja-

cent tissue to the tumor or matched tissue in a healthy mouse. Being

consistent and transparent about the chosen background ROI makes

comparison of probes across independent studies easier. As a standard,

the closest tissue not containing cancer cells should be chosen for

TBR calculations. Depending on the application of the contrast

agent, syngeneic orthotopic models are ideal for determining
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Fig. 5 See figure legend on opposite page.



specificity of a probe. In this scenario, the target enzyme will be pre-

sent at normal levels in adjacent healthy tissues, which most accurately

recapitulates what is observed in a clinical setting.

4. If a syngeneic orthotopic model is not possible, TBR calculations are less

meaningful.However, calculating relativeTBR in the samemousemodel

of cancer can be used to compare probes and benchmark to well-studied

probes. Being consistent and transparent about how TBR is calculated

enables clearer interpretation of the analysis and comparisons.

10.3 Analysis of scanned unstained slides and H&E stained
adjacent sections

Whole animal fluorescence imaging is limited by camera resolution. The

lack of resolution makes it difficult to determine the specificity of a probe

when the cancerous lesions are difficult to detect with brightfield imaging

or by eye. This is often the case in metastasis models and the Apcmin/+ colo-

rectal cancer model in which many of the cancerous lesions are 1mm or

smaller in diameter. In this case, histological analysis is needed to confirm

the presence of metastases or polyps. Scanning tissue sections using a flatbed

fluorescent scanner can give significantly higher-resolution images of fluo-

rescent signal within tissues compared to small animal imagers (21–25 vs.

85μm). Adjacent H&E sections can confirm the presence of cancer cells

in areas with high fluorescent signal in fluorescently scanned unstained sec-

tions. The presence of cancer cells in H&E stained tissues should be verified

by a board-certified pathologist. For tumors that are small in size, sectioning

through tissues at 100–300μm increments can verify the presence of

Fig. 5 Example of calculating signal-to-background (SBR) in 4T1 tumors and relative
fluorescent signal in healthy organs. (A) An example of a mouse splayed open to expose
4T1 breast tumor and adjacent fat tissue. (B) Representative brightfield, rainbow plot,
and overlay image of splayed tumors from (A). Yellow dotted line outlines tumors.
White circles indicate ROIs used tomeasure ‘mean’ fluorescent signal found in the tumor
and adjacent fat tissue. (C) Formula for calculating signal-to-background (SBR), also
known as tumor-to-background (TBR). (D) Example scatter plot comparing TBRs of
two probes in 4T1 breast tumors (Student’s t-test, unpaired, two-tailed: ***P <0.001).
(E) An example scatter plot of relative fluorescent signal in ex vivo liver, lungs, kidneys,
and fat comparing two quenched-fluorescent probes. Signal is normalized to tumor sig-
nal for each probe (Student’s t-test, unpaired, two-tailed: ***P <0.001). This scatter plot
displays the relative fluorescence signal in each tissue compared to tumor signal, and
provides useful information on where the probe target has high background activity.
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metastases. As an example, Fig. 6 compares a healthy and diseased H&E sta-

ined tissue sections taken from a porcine colon bearing cancerous polyps

12–18 h after injection of 6QC-ICG (0.25 mg/kg, I.V.). Both H&E sec-

tions were fluorescently scanned using a LICOROdyssey CLx flatbed scan-

ner (800nm, Resolution: 21μm, Quality: High). The high fluorescence

signal found in the diseased tissue corresponds to the location of a polyp

identified in the H&E staining, whereas there is an absence of fluorescence

signal in the healthy tissue. Thus, demonstrating probe activation is specific

to cancerous lesions. Combining fluorescence data with H&E staining can

aid in the identification of small cancer lesions in tissue and help to define

the false positive/negative rates of a given probe.

10.4 Statistical analysis for comparison of probes
Statistical comparison of two probes with sample size of less than 30 can

be carried out using an unpaired, two-tailed Student’s t-test at a 95%

Fig. 6 Comparison of healthy and polyp-containing H&E sections from porcine colon.
H&E stained sections were fluorescently scanned using a LICOR Odyssey CLx flatbed
scanner (800nm, Resolution: 21μm, Quality: High). This example compares a healthy
section (top) to a section containing a cancerous polyp (bottom). Circle indicates loca-
tion of cancerous polyp. Sections were taken from porcine colon bearing cancerous
polyps after injection of the quenched fluorescent cathepsin probe, 6QC-ICG
(Yim et al., 2018).
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confidence interval. The Mann-Whitney (Wilcoxon rank-sum test) should

be used for comparison between cohorts with sample sizes greater than 30, sig-

nificantly different sample sizes, or if a normal distribution of samples cannot be

assumed.Comparison of three ormore sampleswith small samples size (n <30)

should be carried out using a one-way analysis of variance (ANOVA)

followed by Tukey’s Multiple Comparison test or Student’s t-test between

pairs of samples depending on the number of samples and distribution assump-

tions. For comparison of three or more samples with large sample sizes or sig-

nificantly different sample sizes, a non-parametric ANOVA (Kruskal-Wallis

test) followed by a Dunn’s test between pairs of samples should be used. To

statistically compare fluorescent signal activation of the same probe at different

time points for a kinetic analysis, a paired ANOVA should be used.

11. Troubleshooting and optimization

Problem Solution

Low fluorescent signal in

subcutaneous tumors in live

mice

� Increase dose of probe injected

Conduct a time course study to find the optimal

time point where the highest contrast is obtained

within the tumor compared to surrounding tissue

� Fluorescent signal reduces in intensity with

increasing tissue thickness. Splaying or excising

subcutaneous tumors eliminates the epidermis

and results in increased fluorescent signal

� Depending on the imaging system, adjust the

platform or camera to bring it closer to the animal

or specimen

� Try alternative formulations based on probe

solubility

Scabbing of the skin over the

tumors affecting the

fluorescent signal

� Remove the Nair® lotion shortly after

application. Prolonged exposure irritates the skin

and causes scabbing

� Wipe area with a very damp cloth to remove

excess Nair® lotion

� Do not allow tumors to grow beyond 10% mass

of the mouse prior to injection of tumor cells.

Tumors should not be allowed to grow past

1.75cm at the largest diameter

Continued
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12. Summary

The chapter describes methods for evaluating near-infrared (NIR)

quenched-fluorescent probes in mouse models of cancer. The protocol

includes optimization of formulation for probes to decrease aggregation,

determination of optimal dosing, evaluation of probe activation kinetics,

ex vivo imaging of tumors and organs, and fluorescent scanning of tissue sec-

tions. Analysis of fluorescent signal in target tissue is discussed as well as best

practices for measuring and comparing the sensitivity (probe brightness) and

selectivity (signal-to-background ratio) of probes.
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