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Introduction

Surgery is a complicated procedure, and is often performed 
without any image guidance, relying only on a surgeon’s 
palpation and direct visualization of surface features. Recently, 
many biomedical imaging modalities have been developed 
to image tissues and detect architectural abnormalities prior 
to surgical procedures [reviewed in (1-3)]. However, most of 
these imaging modalities cannot provide tissue- and disease-
specific contrast in real time (3-9). The development of real-
time image guidance, where it provides a surgeon direct 
image guidance to the target of the interest, is needed to 
avoid many surgical problems such as incomplete resection 
of cancerous tissues or damage to nerves or blood vessels. 
Optical imaging provides real-time visualization of the 
surgical field, allowing intraoperative image-guided surgery 
(10-18). The implications of image-guided surgery are 
significant in offering the opportunity for greatly improved 
surgical outcomes and benefits to the large population of 
patients undergoing surgical procedures. Imaging in the 
near-infrared (NIR) window (700-900 nm), also known 
as the “therapeutic window” has tremendous potential by 
offering low absorbance and scattering in tissues while 

providing maximum depth of light penetration (19). As a 
result, with the right combination of an NIR fluorescence 
imaging system and a targeted contrast agent, a high-
quality target image can be obtained to assist real-time 
intraoperative surgery without changing the surgical field-
of-view (20,21). In addition, it is cost-efficient and allows 
for simple detection with high spatial resolution and 
sensitivity, and low risk to the living subject because of the 
use of nonionizing radiation (22).

It is important to note that the ability to visualize a target 
tissue mainly depends on the optical contrast, resulted from 
the difference in the amount of molecular uptake into the 
target and normal tissues, i.e., target-to-background ratio 
(TBR) (2,23,24). However, achieving a high TBR with 
high sensitivity, specificity, and selectivity is difficult due to 
the limited number of biomarkers and targeting moieties. 
Indeed, only two NIR probes, methylene blue (MB) and 
indocyanine green (ICG), have been approved by the FDA 
for clinical use. Therefore, in a clinical discipline, an NIR 
contrast agent of well-defined physicochemical and in vivo 
properties is an unmet need for early phase diagnosis with 
accurate targeting (25-29).
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In this review, we discuss the basic criteria required for 
the development of clinically applicable contrast agents 
in perspective of biodistribution and targeting. We also 
propose “4S design considerations: stability, sensitivity, 
specificity, and safety” to optimize physicochemical and 
optical properties of contrast agents in addition to their 
biological, physiological, and targeting properties. The 
criteria discussed in this review can serve as general design 
considerations that can be applied to develop almost any 
type of targeted contrast agents. 

Stability: nature of optical contrast agents

Over the past 50 years, various contrast agents from 
small molecules to nanoparticles have been developed for 
molecular imaging, diagnosis, and therapeutic purposes 
(Figure 1). To design contrast agents, the first consideration 
should be “stability” of a molecule in vitro and in vivo. 
Physicochemical properties such as hydrodynamic diameter 
(HD), chemical composition, shape, hydrophilicity/
lipophilicity, and surface charge distribution are the key 
factors to determine intra- and intermolecular interactions 
such as solubility, degradation, and aggregation in vitro 
[reviewed in (9,12)]. These properties are also important 
to determine the fate of injected contrast agents in vivo by 
associating with serum proteins and nonspecific uptake in 

normal tissues and organs (12,22). As shown in Figure 1, the 
threshold for rapid renal clearance is 5.5 nm in HD, and a 
contrast agent larger than 8 nm is excreted via hepatobiliary 
clearance route. In order to get the enhanced permeation 
and retention (EPR) effect, the HD of a contrast agent 
needs to be in the range of 10 and 200 nm with a 
hydrophilic (polar or zwitterionic) surface coating to have a 
long blood circulation while avoiding immune responses. 

Sensitivity: detectability and optical properties
 

“Sensitivity” is the ability to detect either the probe 
signal at the target (direct response) or change in a signal, 
depending on the quantity of probes at the target (indirect 
response) (30). Optical fluorescence imaging provides 
a high signal-to-background ratio (SBR) only when the 
physicochemical and optical properties of a contrast agent 
are optimized to have high signal at the target and ultralow 
background in the NIR window (1,3). Thus, the optical 
contrast agents for in vivo imaging should be designed 
to have excitation and emission wavelengths in the NIR 
window so that the maximum number of photons travels 
deep into the target tissue and return to the detector 
of choice. Imaging in the NIR window also reduces a 
significant amount of autofluorescence (1,3). To ensure high 
signal in the target, the contrast agent should have efficient 

Figure 1 Relative sizes of contrast agents: HD ranges for contrast agents useful for biomedical imaging (top row) and naturally occurring 
materials (bottom row). ICG = indocyanine green. The threshold between rapid renal clearance and hepatobiliary clearance is about 5.5 nm 
in HD. EPR (enhanced permeation and retention) is efficient when the size of an injected molecule is between 10 nm and 200 nm in HD. 
[Modified from Ref (12); Copyright permission from Decker Publishing]
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optical properties including high extinction coefficient and 
quantum yield without having undesired properties such as 
photobleaching, photodegradation, and quenching (9). 

Specificity: biodistribution and targeting (organ- 
vs. cellular-specificity)

“Specificity” is the ability to distinguish the target from 
non-target processes or tissues (30). Specific targeting 
improves image resolution by enhancing the target signal 
and reducing background signals (concentration of contrast 
agents per unit volume of target tissue determines the 
signal strength). Several important physiological properties 
required for targeted contrast agents include reasonable 
blood half-life, selective binding to the desired epitope, 
low nonspecific uptake into normal tissues, and efficient 
elimination from the body (18,31). The injected contrast 
agents need rapid and complete biodistribution in order to 
achieve site-specific targeting and complete elimination of 
unbound molecules from the target tissue as well as from 
the body in a reasonable period time. 

As shown in Figure 2, the biological half-life can be 
derived from the curve-fitting model. Plasma half-life (t1/2) is 
an important pharmacokinetic parameter and defined as the 
time it takes for the concentration of the injected molecule 

in the plasma to decrease by 50%. The alpha and beta 
half-lives are predominately associated with distribution 
phase (purple) and elimination phase (blue), respectively: 
the initial rapid decline after the maximal concentration 
mainly attributes to the distribution of contrast agent 
from intravascular space to other compartments such as 
extravascular fluid and tissues (distribution phase; t1/2,α) and 
the slower decline is mainly resulted from the elimination 
phase (t1/2,β), where the concentration in plasma gradually 
decreases due to cellular metabolism and excretion (32-34). 
The beta half-life mainly reflects the terminal half-life. 
The degree and rate of the distribution are influenced by 
various factors including HD, formulations, surface charge 
distribution, administration route, injection dose, protein 
binding, blood flow, and blood pH (Figure 2).

Contrast agents accumulate in the specific tissues during 
the distribution-equilibrium phase (biodistribution), and 
reach particular subcellular compartments or targeting 
cells (targeting). The transition between distribution and 
elimination phases plays a critical role in the accumulation 
of contrast agents in the specific tissue, which can be 
divided into two distinct classes: organ-specific targeting 
and subcellular-specific targeting. 

Organ-specific targeting (mode of action)

A major challenge in molecular targeting is that, regardless 
of molecular level affinity, many probes cannot reach the 
site of interest when they are administrated intravenously. 
Therefore, it is important to understand the in vivo fate 
of contrast agents (organ-specific targeting) to achieve 
subcellular-specific targeting (4,19,23,35). Organ-specific 
targeting is defined as the degree of partitioning to 
tissue when the living organism is exposed to molecular 
probes during or after systemic circulation. This is firmly 
associated with (I) macroscopic tissue properties, (II) tissue 
compartment concentration, (III) intrinsic physicochemical 
properties, and (IV) physiological dynamic behavior of the 
contrast agent. Macroscopic tissue properties, such as tissue 
cortical tension and adhesion, viscosity, and infiltration 
tendency, ensure that a significant fraction of injection dose 
is scattered towards response of intrinsic physicochemical 
properties. For example, when delivered into lungs, a 
small cationic charged nanoparticle quickly associates with 
endogenous proteins and causes inflammation (27). Therefore, 
as physiological dynamic behavior is annotated to tissue 
properties, each contrast agent can be cited to desired 
biological locations on the target, where biochemical 

Figure 2 Pharmacokinetics: the plasma half-life is composed of 
distribution phase (t1/2,α) and elimination phase (t1/2,β) as indicated 
in purple and blue colors, respectively. Shown are blood half-life 
examples obtained from ZW800-1 (28) (a small molecule, 1 nm in 
HD), QD-Cys (25) (a small nanoparticle, 5 nm in HD), and QD-
PEG (26) (a typical-sized nanoparticle, 8 nm in HD)
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interactions or systemic accumulations occur. 
Figure 3 shows organ- and tissue-selective biodistribution 

and elimination of PEGylated nanoparticles (26). By 
introducing various lengths of neutral and hydrophilic 
polymer chains (DHLA-PEG), nanoparticles could avoid 
serum protein binding and achieve enhanced contrast at 
the specific location of the body such as liver, kidneys, 
bladder, pancreas, and long blood circulation. Among the 
key determinants (i.e., chemical composition, HD, shape, 
and surface charge), the HD after being stabilized in 
serum showed a profound effect on the biodistribution and 
clearance of nanoparticles (Figure 3). 

Naked contrast agents without employing a targeting 
ligand could serve to differentiate disease sites compared 
to surrounding background tissues. By capitalizing on the 
extravasation of ICG through the leaky tumor vasculature, 
they could enhance contrast to distinguish malignant from 
benign breast lesions (16). However, building a targeted 
contrast agent by rendering bifunctional ligands on a 
fluorophore to light up the target cell is a more general 
approach for achieving high TBR with specificity and 
selectivity. As an example, we applied this basic principle 
for tumor-specific targeting using a non-sticky zwitterionic 

NIR fluorophore ZW800-1 (28,29) exhibiting no serum 
protein binding and ultralow background tissue uptake by 
conjugating with an integrin-specific cRGD ligand (36). 
The cRGD-ZW800-1 conjugate successfully reached the 
target cancer site (integrin αvβ3-positive cancer) through 
efficient biodistribution (organ-specific targeting), and 
the unbound fluorophores excreted to urine in 4 h, which 
increased the TBR significantly (36).

Cellular-specific targeting (mechanism of action)

The contrast agents, then, take a large step toward 
intracellular compartments, in which molecular mechanism 
is mainly operating for affinity interactions (37-39). The 
cellular-specificity allows the targeted region to be detected, 
even at the microscopic level. However, the intracellular 
interaction is a complex process including cellular uptake, 
retention and distribution in the cell, and efflux from the 
cell. This primarily requires attacking tissue permeability 
with avoidance of serum protein binding. Capillary pore 
in normal tissue is about 5 nm; therefore, a molecule sized 
greater than 5 nm cannot rapidly equilibrate between 
intravascular and extravascular spaces, affecting their 

Figure 3 
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Figure 3 In vivo NIR fluorescence imaging of nanoparticles in Sprague-Dawley rats. 20 pmol/g of PEGylated InAs(ZnS) quantum dots were 
injected intravenously 4 h prior to imaging. Abbreviations used are: DHLA, dihydrolipoic acid; PEG, polyethylene glycol; Ki, kidneys; Bl, 
bladder; Li, liver; Pa, pancreas; Sp, spleen; and In, intestine. λExc=667±11 nm; λEm=720 nm long pass. NIR fluorescence images have identical 
exposure times and normalizations. Scale bars =500 μm. [Adapted from Ref (26); Copyright permission from ACS Publications]
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blood half-life (12). In addition, highly charged molecules 
nonspecifically adsorb serum proteins, which increases 
the overall size significantly and changes the surface 
functionality. 

The cellular-specificity often refers to a specific 
biochemical ligand that interacts with single or multiple 
molecular targets including enzymes or receptors. 
Therefore the cellular-specificity is rather related to active 
(31,36) or activatable targeting (40-42), while organ-
specificity is more likely resulted from physicochemical 
properties of contrast agents and thus applicable to passive 
targeting (11,43-48). In general, active targeting could be 
achieved by conjugating a probe with targeting ligands, such 
as small molecules, peptides, antibodies, and aptamers that 
are specific to cell surface markers present or overexpressed 
on cancer cells (12). To promote desired biodistribution and 
clearance, the modular chemistry needs to be thoroughly 
designed by balancing between the targeting moiety and 

effector domain with consideration of organ-specificity (2). 

Safety: potential toxicity

Potential toxicity is a major hurdle for the development 
of many contrast agents in the consideration of clinical 
translation [reviewed in (12)]. The proposed toxicity 
evaluations by the FDA include developmental and 
reproductive toxicity, immunotoxicity, neurotoxicity, 
respiratory toxicity, carcinogenicity, acute/chronic 
toxicology, and genotoxicity. Such toxicities may be 
resulted from the intact molecular properties or the 
decomposed components released during degradation in 
vivo. The major determining factors are physicochemical 
properties of the injected molecule including size, surface 
chemistry and physics, and formulation. The dosage and 
route of administration, and absorption, distribution, 
metabolism, and elimination (ADME) are also important 

Table 1 4S design considerations for targeted contrast agents

4S criteria determining properties Definition, considerations, and requirements

Stability: physicochemical, optical, 

and biological properties

•	 Ability to resist changes in chemical, physical, and optical properties in biological and 

physiological conditions over time

•	 Determinable factor for solubility, aggregation, degradation, serum protein binding, and 

nonspecific uptake in vivo

•	 Physicochemical stability (solubility) is governed by chemical composition, HD, 

hydrophilicity/lipophilicity, and surface charge 

•	 Optical stability: photobleaching, photodegradation, and quenching

Sensitivity: detectability 

and optical properties

•	 Ability to detect either the probe signal at the target (direct response) or change in a 

signal, depending on the quantity of probes at the target (indirect response)

•	 Maximum excitation and emission wavelength in the NIR range for deep tissue imaging 

•	 Require high extinction coefficient and high quantum yield

Specificity: targeting properties 

(Organ vs. Cellular)

•	 Ability to distinguish the target from non-target processes or tissues (enhanced 

contrast)

•	 Require high concentration of contrast agents per unit volume of target tissue: targeting 

improves image resolution by enhancing the target signal and reducing background 

signals.

•	 Organ-specific targeting (mode of action): effective delivery to the target tissue (i.e., 

biodistribution, pharmacokinetics, and clearance)

•	 Cellular-specific targeting (mechanism of action): active and activatable targeting

Safety: physicochemical, biological, 

and physiological properties

•	 Ability to resist innate immune defenses or undesirable consequences related to toxicity

•	 Affecting factors are molecule’s size, surface chemistry, formulation, surface physics, 

dosage and route of administration, and ADME (absorption, distribution, metabolism, 

elimination).

•	 Require nontoxic, biocompatible, or biodegradable properties 

•	 Since toxicity is an inherit property of the material, if toxic, it should be eliminated from 

the body within a reasonable time (rapid renal clearance is preferred) 
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considerations. Most inorganic nanoparticles are limited 
for clinical use because of nonbiocompatible elements, 
which are known to have acute or chronic toxicity in 
vertebrates (49). For example, contrast agents with 
lipophilic and unbalanced surface charges are likely to 
associate with serum proteins, increasing retention time in 
the body and risk of the reticuloendothelial system (RES) 
uptake into the liver, spleen, and bone marrow (12,25). 
Health risks of inorganic agents also include cytotoxicity 
to organelles and membranes, induced apoptosis, and 
peroxidative stress. Therefore, the design of biocompatible 
and biodegradable contrast agents that have little or non-
toxicity is highly recommended (25). However, even 
organic nanoparticles or small molecules, if they result 
in improper biodistribution and incomplete clearance, 
can cause potential toxicity such as reproductive risks, 
immunotoxicity, and carcinogenicity through biological 
interactions in the body (50). Rapid biodistribution and 
complete clearance are therefore required for the targeted 
contrast agent to be successful. 

4S design considerations for optical contrast 
agents

For the clinical use, a contrast agent needs to be designed 
by considering physicochemical and optical stability, 
reasonable blood half-life, selective binding to desired 
epitopes, low nonspecific uptake into normal tissues, 
efficient elimination from the body, and non-toxicity (18,31). 
Here we summarize the basic design considerations for 
optical contrast agents in terms of “4S criteria - stability, 
sensitivity, specificity, and safety” (Table 1).

Conclusions

Optical imaging holds great potential, and clinical 
translation of optical contrast agents has a significant impact 
on surgery outcomes and patient care. Therefore, design 
of an optimum contrast agent targeted to specific cancers 
is desperately needed for efficient imaging, diagnosis, and 
therapy. This review offers a guideline for designing tissue-
specific contrast agents to maximize targetability and 
functionality in in vivo imaging and image-guided surgery. 
We believe that comprehensive understanding of molecular 
properties, tissue properties, biodistribution, and targeting 
mechanisms would help the widespread translation of 
currently developing numerous contrast agents into the 
clinic.
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