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A multiwell Petri dish of cancer cells
that have been treated with a photo-

dynamic agent are subjected to red
light irradiation as part of an in vitro

study of cellular toxicity.
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The use of optically 

activatable agents for

medical therapies and

diagnostics provides 

the means for 

molecular-specific 

therapy or imaging 

and the advantage of 

dual selectivity. The 

targeting of tissues can

be divided into two

broad categories: optical

targeting, or the ability

to confine light to 

specific tissues; and 

biological-chemical 

targeting, or the use 

of techniques for

enhanced accumulation

of photoactive agents 

in target tissues. 

The development of

these diagnostic and 

therapeutic tools 

into viable clinical

modalities requires basic

understanding of the

optical and biological-

chemical disciplines.

Specific mechanisms can

be exploited to target

activity to certain 

regions of tissue. In

applications related to

diagnosis and therapy,

diverse lines of research

must be applied with 

an appreciation of the

pathophysiology of the

disease being targeted. 
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Figure 1. Energy level diagram of an optically active molecule, shown at upper left, illus-
trating different physical chemistry-based targeting mechanisms. Fluorescence, which can
be used for diagnostic purposes, comes during de-excitation from the first excited singlet
state, S1, to the ground state, S0. Singlet oxygen and radical species come from the excited
singlet and triplet states, and can be used for therapeutic purposes.
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M any research programs are now
focusing on the transition of
optically activatable agents into

clinically useful diagnostic or therapeutic
drugs. These agents offer two comple-
mentary paths to achieving selective 
targeting: optical targeting, by the 
confinement of light to target tissues;
and biological-chemical targeting, by
enhanced localization/accumulation of
the optical agent at target sites. The basic
photophysical concept underlying opti-
cally activated targeting is shown in 
Fig. 1. Once the optical agent is located at
the site(s) of interest, it is activated with
the appropriate wavelength of light; the
excited state thus achieved can follow
various pathways for energy dissipation,
each of which may be exploited for a spe-
cific application. The best known clinical
therapeutic application of such optical-
biological-chemical targeting is photo-
dynamic therapy (PDT),1 an emerging
modality for the treatment of a variety of
diseases. Imaging applications of optical
agents for diagnostic and image-guided
surgery are also under development.

For phototherapy and photodiagnosis
to be successful, it is important to care-
fully match the optical agent, the optical
technology and the method of analysis to

the particular pathologic indication.
From an optical design perspective, the
depth sampled in the tissue can be tai-
lored by careful choice of: wavelength;
optical source-detector geometries;
polarization and/or coherence; and tem-
poral analysis of the signal. Studies of
how light is transported in tissue have
developed our understanding of how
effectively light can be introduced into
tissue and of where light has traveled as 
it passes through tissue. From a photo-
chemical perspective, targeting can be 
tailored by molecular design for optimal
photophysical absorption spectra; activa-
tion and/or quenching mechanisms;
fluorescence or phosphorescence at spe-
cific wavelengths; or generation of radical
species and singlet oxygen for therapeutic
purposes (see Fig. 1). The photobiologi-
cal choices that can be related to the
agents are intracellular localization and
pharmacokinetic behavior. A clear under-
standing of the pathophysiology of the
tissue of interest allows for possible mod-
ulation of the tissue for enhanced accu-
mulation of the optical agents and
response to photoactivation. Each of
these parameters must be chosen in rela-
tion to the clinical need and interpreted
in the context of the signal to be 



measured or the treatment to be imple-
mented. When these factors have been
taken into account, imaging of endoge-
nous or exogenous agents in tissue can
provide molecular-specific information
about physiology or pathophysiology.

This article, which is divided into the
two broad categories of optical and 
biological-chemical targeting, outlines
recent developments in optical techno-
logy and light transport modeling, along
with their application to imaging and
therapy. While much of the focus is on
cancer applications, the use of molecular
optical imaging and therapy is rapidly
expanding to the diagnosis and treat-
ment of other diseases.

Optical targeting 
The basic concept of targeting with opti-
cal agents is presented in Fig. 2, which
shows applications divided into diagnos-
tic (a) and therapeutic (b) categories. For
optical targeting, Fig. 2 depicts the possi-
ble fate of the photons once they interact
with tissue. For therapeutic purposes,
only the pathways leading to photo-
chemistry or photothermal processes 
[Fig. 2(b)] are relevant. For diagnostic
use, however, a number of parameters
(fluorescence, reflectance) can be varied
[Fig. 2(a)]. Perhaps the simplest method
of targeting different volumes or con-
trasts within tissue is to vary the optical
wavelength of light being used, as is illus-
trated in Fig. 3(a) for cervical cancer
imaging, where short wavelength excita-
tion (blue-green) shows high contrast for
epithelial to background tissue caused by
high scattering of shorter wavelength
light by these flatter cellular structures;
longer wavelengths (yellow-red) contain
information from deeper tissue sections
without good contrast of the epithelial
tissues [as shown in Fig. 3(a) at 600 nm
and 660 nm]. While this approach is now
reasonably well understood and used in
routine clinical applications such as col-
poscopy, new applications of multispec-
tral imaging continue to emerge as useful
medical tools that have not previously
been implemented in the clinic.

Alternatively, targeting can be expli-
citly achieved by focusing light to differ-
ent depths in tissue or through the use of
confocal detection. Confocal sectioning
in both reflectance and fluorescence has
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Figure 2. Optical targeting mechanisms for (a) diagnostic and (b) therapeutic delivery
of light into and out of tissue can take many forms. For diagnostic purposes (a), these
include specular reflectance off the surface or deeper signals from light that is diffuse or
that has been multiply scattered. Transmission of diffuse reflectance photons and fluo-
rescence photons is also possible, as shown in the figure. For therapeutic purposes (b)
light can be targeted by either: use of short pulses to heat or excite local events within
tissue, typically confined to surface layers; or delivered more slowly to activate photo-
dynamic or photoactivatable chromophores deeper within tissue.
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been developed into useful in vivo
tools 2; the same is true for two-photon
imaging.3 An example of in vivo confo-
cal imaging can be seen in Fig. 3(b).4

Sectioning light via coherence, lifetime
and polarization are all finding specific
niches in medicine.5 Polarization based
imaging of superficial tissues has
received significant attention in recent
years; an example of the added contrast
available for imaging lesions is shown in
Fig. 3 (c).6

When light is used to image larger
regions of tissue, the features observed 
as a result are predominantly recovered
from the surface. The probability that a
photon will be scattered in tissue is
effectively 10 to 100 times higher than
the probability that it will be absorbed.7

The average distance a photon will travel
before a scattering event is approxi-
mately 100 �m. However, since the
probability of absorption is compara-
tively lower, it is still possible to propa-
gate scattered light through significant
distances of tissue [see Fig. 2(a)]. Indeed,
delivery of light several centimeters deep
into tissue for therapy or for diagnostics
is commonplace in applications such as
pulse oximetry of the finger and light
therapy for neonatal jaundice. While
both these applications require penetra-
tion of light through several millimeters
or centimeters of tissue, it is also possible
to observe light signals through up to 
12 cm of tissue. In particular, red and
near-infrared light has the lowest scatter-
ing and absorption probability of all
wavelengths, with an effective penetra-
tion depth of approximately 5 mm for 
a decrease to 1/e times the incident 
fluence.7 By use of numerical modeling
of light transport in tissue, it is possible
to predict the light fluence pattern pre-
sent and work out from where the rela-
tive contributions to the signal are
derived. This type of analysis has been
used commercially in neonatal cerebral
oxygen saturation monitors; its use in
cancer imaging continues to be investi-
gated. Potential applications of fluo-
rophore reporter imaging also hold
significant promise.

The subtle problems associated with
optical modeling of light in tissue
become apparent when specific geome-
tries for imaging or therapy are 
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Figure 3. Three examples of ways in which optical sampling of superficial tissue regions
can be achieved by imaging of signal spatially confined by (a) wavelength, (b) confocal
sampling spot and (c) polarized light. In (a), a suspicious cervical lesion is imaged with 
different colored bands of light, including full white light, 500 nm, 560 nm, 577 nm, 
600 nm and 660 nm wavelengths. The lesion is a whitish patch of epithelium on the
upper left region of the cervical transition zone, shown in (a), and has highest contrast
from the background in the blue-green wavelengths, and considerably less contrast in the
yellow-red wavelengths. In (b), a confocal image of excised human skin is shown as it
appears normally in confocal images (left) and with acetic acid washing which compacts
the chromatin and makes a high bright contrast in the tissue. The confocal sampling
approach allows high resolution of cells deep within tissues which would not otherwise be
possible to image [Rajadhyaksha et al., J. Invest. Derm. 117: 1137-43, 2001]. In (c), the
normal white light and cross-polarized white light image of a malignant basal cell 
carcinoma, which is only really visible in the latter image due to the higher contrast of
randomized photons which transmit through the crossed polarizers [ Jacques et al., J.
Biomed. Opt. 7(3), 329-40 (2002)].6

(a)

(b)

(c)



considered. In procedures designed with
light delivery or detection, when the pho-
tons have not scattered more than five to
10 times, the dominant fraction of the
signal may preserve its original direction
and coherence. In this situation, the sig-
nal is not diffuse and to analyze the prop-
agation it is necessary to use more
computationally intensive methods, such
as a Monte Carlo simulation or solutions
of the Boltzman radiative transfer equa-
tion for photons.8 In most cases, this type
of modeling is so complex that analysis is
completed with empirical or relative
observation rather than by analyzing the
data quantitatively with these predictive
models. In contrast, however, when the
light has propagated a significant distance
into tissue—approximately more than 
five to 10 scattering lengths—then the
light is effectively randomized and can be
reliably predicted by diffusion theory
based simulation. The analysis of diffuse
light signals calls for different techniques
than the analysis of superficial light sig-
nals. Also, targeting of light therapy is
confined to mainly superficial regions, or
at least to regions less than a few centime-
ters deep, largely because of the exponen-
tial loss of intensity with distance into the
tissue.

An example of the most straightfor-
ward imaging situation is the case in
which there is remote delivery of the
light to the surface and/or remote 

detection of the light signal, as can be
accomplished by means of a CCD cam-
era. In this situation, the signal mea-
sured will generally be superficial (i.e.,
very few photons will have traveled a sig-
nificant distance into the tissue) and
only comparative analysis of fluorescent
intensity or absorbance is generally used.
This superficial constraint is also true
for most in vivo microscopy methods,
fluorescent imaging of tissue and deliv-
ery of light for treatment of superficial
diseases, as with photodynamic therapy.
Nonetheless, model-based interpretation
of superficial light transport is a mature
field of study, and a significant number
of papers have shown that weakly scat-
tered light can be reliably predicted with
Monte Carlo simulations if care is taken
to model the geometry accurately. In
addition, light detectors can be carefully
designed with smaller fibers and/or with
polarizers to specifically limit the sam-
pling depth of light in tissue. This will
eliminate the multiply scattered light
signal from tissue and provide funda-
mental information about chromophore
or fluorophore concentrations that are
present. Research into novel probe
designs and imaging methods that
specifically limit light penetration
remains an active area of investigation.
The imaging of the reflectance of super-
ficial light signals is especially important
in areas such as mucosal tissue precancer

detection, skin cancer diagnosis and
ophthalmologic imaging.

Although therapeutic delivery of light
to tissues thicker than 1 cm is difficult
because of the multiple scattering and
absorption attenuation of photons, diag-
nostic use of light through tissues as thick
as 10 to 12 cm is possible since light
detection of picowatts of power is achiev-
able. In these situations, diffusion theory
based modeling of the light transport is
extremely useful; it provides a means for
quantifying the spectral changes as well
as, potentially, the chromophore and 
fluorophore concentrations present.
Research into optical tomographic imag-
ing of breast cancer tumors by several
research groups continues to illustrate
that it is possible to image parameters
related to hemoglobin concentration,
oxygen saturation, water and lipid con-
centrations.9-11 An example of the images
which can be obtained for hemoglobin
concentration and oxygen saturation are
shown from a breast imaged with a duc-
tal carcinoma in situ (see Fig. 4). The
same tomographic technology can be
applied to fluorescence tomographic
imaging based on diffusion theory mod-
eling,12 and experimental studies with
rodent and dog tumor models have con-
firmed that fluorescent imaging can be
accurate and quantitative through several
centimeters of tissue. Development in the
area of diagnostic imaging with molecu-
lar markers is now influenced by the 
specific agents being developed and the
potential pathologic markers being 
targeted, as discussed below.

Biological-chemical targeting
While optical technology and modeling
continue to evolve, the chemistry and
synthesis of activatable agents is a more
mature field in which new compounds
are being introduced on a regular basis.
The development of photodynamic
agents has progressed steadily since the
early 1980s, when experiments with
hematoporphyrin based mixtures indi-
cated that they would be effective for
optically treating and/or imaging
tumors.13, 14 For the most commonly
used photosensitizing agents, the photo-
physical mechanism useful for a success-
ful therapeutic outcome is thought to be
dominated by the generation of singlet
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Figure 4. Example of deep tissue absorption
imaging with diffuse optical tomography (DOT).
(a) DOT image of a ductal carcinoma as shown
by mammogram (b) through (d), the oxy-
hemoglobin (HbO2), deoxy-hemoglobin (Hb)
and oxygen saturation (SO2) in breast tissue.
(µM=microMolar) [Dehghani et al., Appl. Opt.,
42(1) 135-45 (2003)] These measurements of
hemoglobin are available from tissues only by
means of DOT imaging.
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state oxygen by collisional quenching of
the excited state compound. It has been
shown that useful phototherapeutic
agents can be synthesized from hundreds
of molecules based around porphyrins,
chlorins or phthalocyanine.15, 16 The goal
in designing these agents has been to
have a low-lying triplet energy state that
provides near resonance with the
ground triplet state of molecular oxy-
gen. Since the energy of this oxygen
transition is near 1 eV (1270 nm), for
efficient quenching and generation of
singlet oxygen the energy separation
between the triplet and ground states of
the sensitizer molecule must be slightly
higher than this level. The design of
molecules which, when activated, effi-
ciently generate singlet oxygen repre-
sents a highly specialized branch of
physical chemistry developed for thera-
peutic targeting purposes.

In the therapeutic arena, the design 
of photoactivatable agents with chemical
linkages that can be cleaved by specific
enzymes to release optical agents in situ
has been explored for more than a

decade.17 While this approach has
recently come under intense investigation
in the context of diagnostic molecular
imaging, it has been established for some
time in cancer therapies, including
PDT.17 On the diagnostic side, recent
reports show cases in which photophysi-
cally quenched fluorescent probes are
molecularly activated—or
“unquenched”—by interaction with spe-
cific enzymes.18 This targeting strategy,
coined “the molecular beacon,” should
provide marking of areas of tissue which
express certain enzymes or activate spe-
cific genetic sequences. This approach
brings together specific aspects of physi-
cal chemistry to provide quenched and
unquenched fluorophores, which are
converted by a biological mechanism.
One example of the many enzyme-spe-
cific targeting agents is the lysosomal
protease activated Cy5.5 fluorochromes,
which are delivered in a polylysine
molecular formulation with multiple
methoxypolyethylene glycol side chains
to enhance uptake in tumor tissue.19

Other enzymatic targets, such as 

cathepsin B expression in tumors, can
also be observed20 (see Fig. 5). In coming
years, this rapidly expanding field will
likely lead to molecular-specific fluores-
cence based imaging applications for bio-
logical and medical use.

Targeted delivery remains the most
logical approach to localizing photoactive
agents to specific molecular targets on
tumors. For example, antibody targeting
of tumor associated antigens21 or epider-
mal growth factor receptors22 has shown
promise in experimental treatment in
both in vitro and in vivo orthotopic 
models. Receptor targeting of photosen-
sitizers and optical fluorophores has been
under investigation for some time.
Encouraging results have been demon-
strated recently: the optimal chemistry
for attachment of monoclonal antibodies
to optical agents23 and receptor recogni-
tion by these conjugates have been
reported. Recently Soukos et al.22 demon-
strated preferential targeting for both
photodiagnosis and photodynamic ther-
apy of oral precancer in a hamster cheek
pouch tumor model. Similar results may
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Technician Divya Errabelli, of Hasan’s group, prepares for in vitro photodynamic therapy.



be achieved when these receptor-specific
targeting agents are used on humans.
Modes of photosensitizer delivery that
have been studied to achieve superior
delivery of photosensitizers include low
density lipoproteins, microspheres, lipo-
somes, cremophore emulsions, polylysine
molecules, antibodies and antibody 
fragments.

On the biological targeting side, it is
likely that the majority of non-targeted
optical agents currently used in oncology
provide selectivity and localization based
on vessel leakage and poor lymphatic
drainage combined with cellular uptake.
Yet the development of more specific bio-
logical targeting mechanisms remains a
major area of research. A significant
amount of photodynamic research has
focused on understanding the targeting
of specific intracellular sites of localiza-

tion, such as the mitochondria or lyso-
somes, and the targeting of extracellular
components, such as neutrophils or
macrophages.13, 24

In PDT, photosensitizers have often
been classified as cellular or vascular, a
reference to the primary site of action in
which they were studied. This has led to
underuse of PDT’s potential to exploit
the dynamic nature of the photosensitizer
transport in vivo (pharmacokinetics).
Different compartments within the tissue
(e.g., vascular and extravascular) may
thus be targeted by the appropriate tim-
ing of excitation by light. The concentra-
tion of agents between the blood,
interstitial space and tumor parenchymal
cells varies with time; standard compart-
mental modeling allows for some inter-
pretation of these changes. While many
hydrophobic molecules will remain in the

blood until excreted, many other
hydrophilic compounds leak out of the
vessels and are retained in tumor tissue.
This dynamic process typically results in
a preferential uptake in the tumor tissue
and subsequent clearance of the agent
from the blood long after injection. In
Fig. 6, fluorescence from benzoporphyrin
derivative (BPD) is shown in a rat blad-
der tumor shortly after injection (a) and
at three hours after injection (b). The
leakage of the drug into the tissue pro-
vides a dynamic localization change over
time through non-specific targeting. The
application of PDT for the treatment of
age-related macular degeneration, where
the goal is to destroy newly developed
blood vessels in the subretinal region,25 is
based essentially on the dynamic nature
of photosensitizer transport through tis-
sue. In this application, illumination is
applied within 15 minutes of injection of
the photosensitizer, yielding a damage
mechanism which is predominantly vas-
cular. Conversely, the use of PDT at times
long after injection can preferentially tar-
get the cellular spaces, shutting down cel-
lular respiration and providing a unique
targeting mechanism for killing cells.26, 27

Specifically, PDT offers a unique method
for killing the mitochondrial function
acutely, and this has been shown to be
synergistic when combined with DNA-
targeted killing, such as radiation 
therapy.27

An important discovery was the
recognition that the endogenous pho-
toactive agent protoporphyrin IX (PPIX)
could be stimulated in certain cell types,
often in cancer cells, by exogenous appli-
cation of aminolevulinic acid (ALA) for-
mulations.28 Diagnostic uses may include
precancer detection in mucosal tissues
and skin; therapeutic uses include pre-
cancer treatment in the same organs.
ALA-PPIX has significant benefit in such
thinner organs, where topical application
is an effective means for delivery, and it
provides a considerably high contrast rel-
ative to the background normal tissues in
most cases. Although the basis of the
selectivity of ALA-based PDT or photo-
diagnosis is not fully understood, it has
sometimes been correlated with the
metabolic rate of the cells or with the 
differential expression of enzymes along
the heme biosynthetic pathway. The use
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Figure 5. Example of biological-chemical targeting by use of photoactivation by cathep-
sin B in an experimental murine tumor model. (a) MRI T2 image of the chest of a mouse
with a tumor indicated by a red arrow. (b) Fluorescence from cathepsin B activated
reporter. (c) Superimposed image of the two. [Weissleder et al., Nature Reviews Cancer,
2(1), 8-11, 2002.]

Figure 6. Example of changing the biological targeting of BPD fluorescence from the 
vascular versus cellular compartments, by imaging at (a) early times after injection when
the drug is predominantly in the vasculature, and (b) at longer time after injection, when
a large fraction is leaked out and is localized in the parenchyma. [Hasan et al., 
www.dartmouth.edu/~PDT.]
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of exogenous porphyrin and phthalocya-
nine molecules provides a good localized
marker for uptake in tumors, with tissue
uptake largely based on vessel leakage
and uptake in tumor cells; impaired lym-
phatics in tumors could limit the efflux 
of the photosensitizer, which further
enhances accumulation in tumor tissues.
The same photodynamic agents could all
work as optical fluorescent reporters of
localization and hence provide informa-
tion about vascular permeability and cel-
lular incorporation. Numerous clinical
studies with ALA-PPIX have been per-
formed for early detection of malignant
tissue transformation29 or the margins of
tumor tissue being resected.30 Optimal
results can be achieved in thin tissue
imaging by use of blue excitation wave-
length and imaging the reddish-pink
emission of PPIX. While the other photo-
sensitizer porphyrin, chlorin and
phthalocyanine agents have been used for
preclinical fluorescence diagnostics, their
clinical implementation has been limited
to date.

Recent observations illustrate that
modifying the biological function of tis-
sues can be an effective way to improve
targeting. Studies on tumor cell differen-
tiation have shown that retinoic acid and
other differentiating agents can stimulate
transformation in malignant cells,
thereby stimulating a biological change
which can be exploited. Ortel et al.31

demonstrated that the production of
PPIX could be enhanced by differentia-
tion of the cell line. In another example,
work by Pogue et al.27 has shown promis-
ing results in photodynamic treatment to
modulate tumor tissue in a way which
increases oxygenation and makes radia-
tion therapy more effective. Further stud-
ies of these types of mechanisms to
modulate diseased tissue are promising
areas for future work which may allow
more effective application of standard 
therapies.

Berg et al. have proposed a novel
approach for the selective delivery of
therapeutic agents.32 Using a technique
called photochemical internalization
(PCI), this group has demonstrated that
therapeutic agents localizing in endo-
somes and lysosomes can be released into
the cytosol by the photosensitized rup-
ture of the lysosomes. This mechanism is

being examined for delivery of gene vec-
tors and other applications.33

Conclusions
In summary, the use of photoactivation
of exogenous agents can provide selective
targeting by controlling light delivery and
collection, by specific chemical delivery
and by modulating biological targets
appropriately. Design of optical systems
and biological-chemical systems and
methodologies for optimizing targeting is
at the forefront of many research pro-
grams. Most of these aspects are far from
being fully exploited and offer exciting
opportunities for studying novel diag-
nostic and therapeutic mechanisms and
for developing new “spin-off” medical
applications.
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