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Abstract
Conventional diagnostic imaging methods such as X-ray CT, MRI, and nuclear medicine are
inherently monochromatic meaning that they can depict only one molecular target at a time.
Optical imaging has the unique ability to be polychromatic and therefore multi-color imaging
employing targeted agents conjugated to fluorophores of varying wavelength enables multiple
simultaneous readouts thus providing greater multiplexed information. Numerous successful
multicolor imaging techniques have recently been reported using optical imaging in vivo animal
disease models, thus adding to a growing body of research supporting the clinical viability and
applicability of these technologies. Herein, we review multicolor optical imaging from the basic
chemistry and physics perspective and then extend this to biological and medical applications.
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1. Introduction
Over the past 20 years, imaging has become integral to clinical oncology for disease
detection (e.g. screening, staging etc.), disease characterization (e.g. vascularity, receptor
expression etc.), surgical guidance, and evaluation of response to medical therapy.
Conventional diagnostic imaging includes x-ray radiography, ultrasonography, x-ray
computed tomography, magnetic resonance imaging, and nuclear imaging [1–3]. Given that
each technology has advantages and disadvantages, the combined use of different modalities
has become standard practice. Fluorescence imaging also has a long history of clinical use,
mostly in field of ophthalmology, but has recently been applied specifically in cancer.
Fluorescent dyes such as fluorescein or indocyanine green (ICG), have been widely used as
contrast agents for chorioretinal fluorescence angiography [4, 5]. However, it is increasingly
recognized that fluorescence imaging has unique advantages over conventional imaging
modalities. These advantages include the capability of dynamic or real-time imaging without
harmful ionizing radiation, comprehensive activatable signaling switched on by target
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binding, and simultaneous multi-color imaging. Given these strengths, likely is expected that
there will be continued growth over the coming years. Many potential clinical applications
of fluorescence imaging have been proposed and early results in humans are encouraging.
The depth of penetration of the fluorescence is proportionate to the wavelength of the
emitted photon. Therefore, fluorophores can be strategically selected for specific clinical
applications. Fluorophores within the visible portion of the spectrum have generally been
used for fluorescence guidance of surgical and endoscopic procedures. Molecules in this
group are generally bright organic fluorophores that can be seen with the unaided eye
making them appealing for clinical translation. However, as these fluorpohores have a
shorter wavelength, the depth of penetration limits their use to superficial area. Fluorescent
molecules that emit light in the near infrared (NIR) portion of the spectrum are
advantageous because they allow deeper imaging since NIR light has better tissue
penetration and NIR fluorophores are excited at wavelengths with less autofluorescent
background signal than visible spectrum fluorophores. The advent of multicolor imaging
combining fluorophores across a broader light spectrum has provided an important extra
dimension of information that could prove useful when developing applications for complex
clinical problems.

Herein, we review advanced technologies and applications of multi-color fluorescence
imaging with a focus on cancer detection. We next discuss efforts to design injectable
multicolor agents which have potential for clinical application.

2. Basic optical mechanisms for obtaining multi-color imaging
2.1. Synthetic organic fluorophores

An array of low molecular weight synthetic fluorophores with various core structures
including fluorescein-, boron-dipyrromethene (BODIPY)-, rhodamine-, cyanine-derivatives
(Figure 1), ranging from 300 Dalton to 2,000 Dalton, are available from commercial
providers and span the emission spectrum from blue to NIR. Additionally, research in dye
chemistry is rapidly advancing including the ability to employ chemical approaches to
control the properties and direct the position of the fluorophore as well as the emergence of
strategies enabling efficient tailoring of the chemical structure to obtain probes for specific
biological experiments [6, 7]. However, in general, those that are bright, small, hydrophilic
and contain no net charge are better candidates for applying to in vivo imaging as these
features will minimally influence the pharmacokinetics of the targeting moiety to which they
will be conjugated [8]. By conjugating two or more different fluorophores with different
targeting moieties against distinct molecules, injectable multicolor probes can be easily
synthesized. These synthetic fluorophores usually absorb light at a lower wavelength than
they emit light, a phenomenon referred to as the Stokes shift. Most synthetic fluorphores
have characteristic emission spectra although some fluorophores have multiple emission
spectra. Although we commonly refer to the emission spectra as occurring at a single
wavelength (e.g. 690nm) in fact the emitted light has a distribution centered around the peak
wavelength. Thus, there can be partial overlap between two fluorophores emission spectra.
Therefore, in order to perform multi-color imaging with synthetic organic fluorophores,
some technical tricks and post-processing of imaging data are required.

When two different organic dyes have relatively close but different excitation and emission
spectra, both fluorophores can be excited by using single excitation light source. However,
distinct emission spectra cannot be not easily distinguished by a single detector such as a
CCD camera. Therefore, a series of stepwise acquisitions are obtained by systematically
changing either the wavelength of light used for excitation or the wavelength of light that is
captured by the camera. This is then followed by creating spectral responses for each
fluorophore so that each has a characteristic signature of excitation and emission [9]. By
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defining the spectral signature of each fluorophore, the fluorophores can be distinguished, a
process known as spectral unmixing. In contrast, when two different organic dyes have well
separated excitation and emission signals, a single excitation light cannot equally excite both
fluorophores. Therefore, multiple excitatios are required but in this case, there will be no
overlap on the spectral images. Nonetheless, one uses the same strategy to spectrally resolve
the two emission spectra. [10, 11]. When simultaneously employing two different
“activatable” probes [12] that emit two distinct fluorescence signals after binding to their
respective targets, spectral unmixing is not necessary for obtaining two color images.
However, two different wavelengths of light are still needed for excitation [13].

Organic fluorophores with long Stokes shifts (large differences between the excitation and
emission) are highly desirable for multi-color imaging. For example, a bacteriocholine-
based fluorophore, which has multiple excitation wavelengths at green and NIR was able to
depict both surface (using visible emission) and deep (using NIR emission) lesions of
peritoneal ovarian cancer thus, satisfying both demands with one agent [14].

2.2. Fluorescent proteins
In general, optical characteristics of fluorescent proteins are similar to organic fluorescent
dyes, therefore, similar optical technologies are employed to image them. Similar to organic
fluorophores, fluorescent proteins with long Stokes shift have been actively developed and
numerous in vivo imaging applications have been developed for use with fluorescent
proteins [15]. However, fluorescent proteins must be transfected as genes into cells and then
be endogenously produced by the cell over time. This requires stable transfection using viral
vectors. The injectable use of fluorescent proteins is therefore, only theoretical [16–19].
Although applications are very flexible, for the medical application, in vivo gene
transfection is unlikely to be permitted in humans in the near term.

2.3. Optical nano-particles
The synthesis of nano-crystals is currently a developing field in material science and
nanotechnology. Numerous nano-crystals with a broad range of optical properties have
recently been reported. Among them, quantum dots (Qdot) are characterized by a broad
excitation range, a narrow emission spectra, resistance to photo-bleaching, and ultrahigh
brightness [20, 21]. Therefore, Qdots have nearly perfect optical characteristics for
performing multi-color imaging in vivo. Unfortunately their large size makes their
pharmacokinetics more difficult. Nonetheless, target-specific Qdot conjugates with
monoclonal antibodies or peptides have been successfully synthesized and tested [22, 23].
As a further extension of quantum dots, self-illuminating quantum dots, in which the Qdot is
excited by bioluminescent light at blue or green part of spectrum produced from energy
consumed during the catalysis of a substrate (luciferin or coelenterazine) by an enzyme
(luciferase), have been developed. This process, known as bioluminescence resonance
energy transfer (BRET) has the capability of producing multicolor imaging by selecting
Qdots with different emissions [24, 25]. Note, however, that clinical translation is doubtful
because of the requirement for genetic modification of the cell (the LUC gene is inserted in
the genome to produce luciferase) and because of the undesirable kinetics of such a large
molecule.

Another group of unique optical nano-crystals, which can be used for multi-color imaging,
are upconversion nano-crystals. Typical fluorophores emit light at a longer wavelength than
their excitation wavelength. Upconverting nanocrystals are unique in that they emit light at
shorter wavelengths (visible and/or near infrared) after excitation in the near infrared. This
unique emission characteristic dramatically reduces background autofluorescence because
endogenous fluorophores are not activated by the longer excitation wavelengths. This results
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in high target to background ratios along with the good tissue penetration afforded by the
use of NIR both for excitation and emission [26].

Another major concern for clinical translation of nano-materials is their potential toxicity.
Qdots, for instance, contain heavy metals such as cadmium, selenium, in their core. These
fluorescent crystals are generally larger than the renal excretion limit (<6 nm in diameter)
and therefore are slowly excreted by the body [27]. Unless a nano-particle can be made
especially small [28, 29] and thus is excreted via the kidney, these particles typically have
delayed clearance and are mostly excreted through the liver and into the bile without
significant metabolism [30]. The long exposure time of the body to heavy metals is of some
concern but the absolute amounts are small. To answer this question, formal toxicity studies
must be performed. For developing targeted reagents, conjugation with targeting moieties
only adds to the size of the particles. Therefore, a major challenge with nanoparticle-based
molecular probes is synthesizing agents that are large enough to take advantage of the
unique features of nano-particles (e.g. brightness) while minimizing toxicity by having
particles small enough to be excreted via the urinary tract.

3. Imaging technology for multi-color imaging
Because of their unique optical characteristics, optical nano-material-based imaging agents
allow us to perform multi-color imaging in a relatively simple setting with a single
excitation light source and a detector or even the human eye. However, most practical
injectable imaging probes are organic fluorophores which will require individual excitation
and spectral imaging to resolve the different peaks. Spectral resolved imaging is the most
appropriate technology for performing in vivo multi-color imaging (Figure 2A). Now, most
of the in vivo fluorescence imagers are equipped with different versions of this technology,
which collect data by serially changing either the excitation peak or the band pass filter for
emission spectra or both. Among them, the combination of multiple excitation and
spectrally-resolved imaging technique is ideal, when performing multi-color imaging with
different organic NIR fluorophores [10, 11, 31] (Figure 2B).

4. Practical examples for in vivo multi-color imaging with medical
application: Multicolor Imaging strategies
4.1. Separate injections; different timings, different locations of injection

One approach to multicolor imaging is to inject different probes at different times and in
different places to avoid cross contamination of signal. Recently, numerous successful
preclinical in vivo multicolor imaging technologies have been reported using this approach.
For example, optical imaging has been used for mapping the lymphatic drainage system as
part of cancer cell migration studies. A multicolor approach enables simultaneous imaging
of cancer cell migration (one color) and lymphatic drainage in vivo (multiple colors
depending on how many lymphatic basins are imaged) and may shed insight into the
relationship between cell migration and lymphatic-drainage patterns [31].

In addition to the use of exogenous fluorescent probes, transfected fluorescent proteins
provide a powerful method for creating endogenous fluorescence for research purposes. This
technology is useful for gaining understanding of important processes such as gene
expression and cancer biology. When considering multicolored approaches in this setting,
however, there is an inherent limitation in that each transfected gene expresses only a single
color fluorescent protein. This limitation has recently been overcome using a dehalogenase-
based protein-Tag (HaloTag) system in which HaloTag receptors are artificially expressed in
cancer cells that can subsequently bind a range of externally injected fluorophore-conjugated
dehalogenase-reactive linkers. The halogenated fluorophore probe covalently binds the
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HaloTag receptor [32]. When this technique was used in vivo, tumors were successfully
targeted with four different fluorophore-conjugated HaloTag-ligands, each emitting light at
different wavelengths. These fluorophores could be alternated on serial imaging sessions
permitting assessment of interval growth. This approach enables in vivo imaging without
requiring modification of the underlying cell line [32] (Figure 3).

One recently developed technique involves the use of both endogenous and exogenous
fluorescence. To conduct such a study, a plasmid containing the gene encoding red
fluorescent protein (RFP) was transfected into cell lines previously developed to either
express or not express specific cell surface receptors. Various antibody-based or ligand-
based optical-contrast agents, with organic green fluorophores were developed to
concurrently target cancer cells and validate their positive and negative controls. Multicolor
fluorescence imaging detected distinct fluorescence from the exogenous green fluorophore
and from the endogenous RFP which served as a validation tool as a true positive result. By
comparing the "staining" pattern and the "counter-staining" (RFP) pattern, the sensitivity
and specificity of target-specific optical contrast agents in several distinct animal models of
cancer was determined [33] (Figure 4).

Many new materials are being investigated for multicolor applications. For example,
upconversion fluoride nanocrystals can be selected specifically for emission spectra that do
not overlap with host tissue autofluorescence and thus will have less background noise. It
was recently demonstrated that by employing upconversion fluoride nanocrystals, multiple
biological targets and organs could be imaged with high target to background ratios. [31].
Quantum dots have size-dependent optical emission properties that make them uniquely
advantageous for in vivo multi-color fluorescence imaging, traceable delivery, and targeted
therapy (Figure 5). Efforts are ongoing to reduce potential QD toxicity by protecting from
heavy metal deposition. One group demonstrated that a properly encapsulated biocompatible
silicone QDs can be used in multiple cancer-related in vivo applications, including tumor
vasculature targeting, sentinel lymph node mapping, and multicolor NIR imaging in live
mice [34]. Given the continued active research in nanomaterials, science will likely lead to
many interesting optical agents in the near future.

4.2. The Multicolor Cocktail
Multicolor optical imaging can also be achieved using a cocktail of differently colored
probes, each potentially homing to a unique target. Optical imaging using a cocktail of
unique probes enables a tissue “signature” to be derived from a single imaging session. This
clearly provides more data than simply a “yes or no” imaging method. To allow
differentiation of multiple optical signals in vivo, each probe should have a different near-
infrared emission. This technique is well suited for clinical applications such as, typing
specific receptors or molecules. Tumors express a multitude of cell surface receptors which
can help define their aggressiveness and prognosis as well as guide targeted therapy.
Multicolor imaging offers the ability to gain insight into multiple dimensions of the
molecular milieu whereas conventional monochromatic imaging can only characterize a
single molecular profile per imaging session. Using pectrally resolved optical imaging with
different fluorescently labeled antibodies it is possible to differentiate between different
subtypes of the EGFR receptor in vivo by simultaneously imaging multiple cell surface
receptors [11] (Figure 6).

In addition to using different colored fluorophores multiple modalities can also be employed
to achieve multiparametric imaging. As an example, a single nanoparticle is loaded with
multiple payloads that can be imaged with optical, MRI or radionuclide cameras. Such
multimodality probes can compensate for the limitations of any single imaging modality.
Using a polyamidoamine dendrimer platform linked to both radionuclides and optical

Kobayashi et al. Page 5

Adv Drug Deliv Rev. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



probes, nanoprobes with multimodal and multicolor potential, were created and permitted
dual-modality scintigraphic and five-color near-infrared optical lymphatic imaging using a
multiple-excitation spectrally resolved fluorescence imaging technique [35].

Multicolor imaging is also potentially useful in drug development. When using antibody-
based therapies in cancer, uniform antibody microdistribution throughout the tumor is
important for achieving optimal therapeutic effects. By optically labeling antibodies,
microdistribution studies can be performed to aid in therapy optimization. For example, by
optically labeling trastuzumab and trastuzumab-Fab fragments with differently colored
fluorophores, the antibody structure and dose that yielded optimal tumor microdistribution
could be determined in a murine model of ovarian cancer. Additionally, the
microdistribution effects of different dosing regimens, varying in time and drug
concentration, could be studied since multicolor imaging permitted multiple parameters of
data to be evaluated [36].

5. Real-time applications for surgery or endoscopy
Optical imaging has great potential for intraoperative or endoscopic settings as there is no
risk of ionizing radiation exposure to the practitioner or patient and it is a relatively
affordable technology. Optical imaging can serve as an intraoperative guide for identifying
tumor nodules or as a tool for identifying key anatomic structures to help prevent accidental
damage during invasive procedures. Multicolor imaging in this setting provides a powerful
method for characterizing tissue based on its molecular signature, for instance, helping in
differentiating inflammatory changes from cancer, as well as simultaneously imaging
important anatomic structures and diseased tissue. The viability of intraoperative
multicolored imaging was demonstrated in a novel 'coincident' ovarian cancer mouse model
that simultaneously harbored tumors with two distinct molecular phenotypes. The HER2
receptor of one tumor cell line was targeted with a trastuzumab-rhodamine green conjugate
to create green tumor implants, whereas an RFP plasmid was used to identify a separate
phenotype. Real-time multicolor image-guided surgery was then performed in vivo to
demonstrate that this technology could be used intraoperatively to differentiate the two
tumor types based on their multicolor fluorescence [37] (Figure 7).

A vexing problem in medicine is that the margin of a cancer is often not clear yet, success of
a surgical removal depends highly on whether the margin is positive or not. Additionally, if
the cancer is affecting critical structures such as the brain, it is critical to treat only the tumor
and not remove any healthy tissue. Given these conflicting goals, one that encourages
generous margins and the other that encourages strict margins, optical imaging is an active
area of research. One approach relies on oral 5-aminolevulinic acid (5-ALA) as contrast
agent for brain tumor resection. 5-ALA is a prodrug that is metabolized to form the
fluorescent protoporphyrin IX. This metabolite demonstrates accumulation in tumor cells
and other tissues. Following excitation, the compound emits a red-violet light of 635 nm,
and the surgeon is then able to selectively resect the red-violet tumor tissue [38]. A similar
approach can be used for real time multicolor optical imaging of malignant tumors of the
skin, breast, head and neck region, and urinary bladder [39]. Traditional optical imaging
with single color is gaining considerable traction as an intraoperative aid in head and neck
cancer surgery as well as in the management of breast cancer [40–46]. Given this, multicolor
strategies could be an important next step in furthering these clinical advances.

6. Summary
Multicolor optical imaging is set to make important strides in the shift to using optical
guidance for interventions from uniparametric to multiparametric. The rich and
multidimensional nature of this data offers many advantages to solving complex clinical
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problems wherein simultaneous imaging of spatially and anatomically similar structures is
often needed. Additionally, as medicine continues to become molecularly focused,
multicolor optical imaging has the potential to play an important role intraoperative
molecular characterization of disease and treatment.
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Figure 1.
Schema of variable groups of fluorescent and luminescent materials separated by size.
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Figure 2.
A. Basis of spectrally resolved multi-color imaging. B. An practical comparison of single
excitation versus multiple excitation spectrally resolved multi-color NIR imaging
technologies using Cy5-, Alexa Flore 700-, and Cy7-conjugated monoclonal antibodies.
Multiple excitation spectrally resolved multi-color NIR images (lower images) showed
higher signal-to-noise ratios in all three spectral images than single excitation spectrally
resolved multi-color NIR images.
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Figure 3.
In vivo four color imaging of a single peritoneally disseminated ovarian tumor (Halo-
SHIN3). By using four different fluorophore-conjugated Halo-tag ligands (Alexa Flore 488,
TAMRA, Dynamic 633, and IRDye800), tumors produced from a single cell line can
display distinct colors.
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Figure 4.
Multi-color image of a peritoneal ovarian cancer micro-nodule. Intraperitoneally injected
GSA-rhodamine Green probe shows mostly the surface tumor nodules. In contrast,
intravenously injected trastuzumab-Alexa Fluor 680 only shows HER2+ part of viable
cancer cells, which are expressing RFP.
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Figure 5.
Visible five color lymphatic drainage imaging by using five different visible Quantum dots
(540, 560, 580, 600, 650). The image was taken by a conventional digital camera through a
long pass filter, therefore, similar image can be seen by our own eyes.
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Figure 6.
A “cocktail” of three antibody-NIR fluorophore conjugates can simultaneously diagnose
tumors expressing distinct receptors. A431 (EGFR+), 3T3/HER2 (HER2+), SP2/Tac
(CD25+) and LS174T (triple negative control) were subcutaneously implanted. The
‘cocktail’ of daclizumab-Alexa700 (anti-CD25), trastuzumab-Cy7 (anti-HER2) and
cetuximab-Cy5.5 (anti-HER1) was injected 24 hours prior to imaging. The respective
tumors with their distinct receptors could be simultaneously distinguished by spectral
unmixing: A431 (HER1) in cyan; 3T3/HER2+ (HER2) in magenta; SP2/Tac (CD25) in
yellow; LS174T is seen as colorless.
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Figure 7.
Multi-color fluorescence-guided simulation surgery of HER2+ and HER2− peritoneally
disseminated ovarian cancers. SHIN3-RFP (HER2−/RFP+) and SKOV3 (HER2+/RFP−)
tumors were grown in the abdomen of a mouse. GSA-rhodamine Green probe detects both
tumors shown in green. Trastuzumab-Alexa Fluor 680 probe shows only HER2+/RFP−
tumors shown in blue.

Kobayashi et al. Page 16

Adv Drug Deliv Rev. Author manuscript; available in PMC 2014 July 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


