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Many therapeutic leads fail to advance clinically because of bio-
availability, selectivity, and formulation problems. Molecular
transporters can be used to address these problems. Molecular
transporter conjugates of otherwise poorly soluble or poorly
bioavailable drugs or probes exhibit excellent solubility in water
and biological fluids and at the same time an enhanced ability to
enter tissues and cells and with modification to do so selectively.
For many conjugates, however, it is necessary to release the
drug/probe cargo from the transporter after uptake to achieve
activity. Here, we describe an imaging method that provides
quantification of transporter conjugate uptake and cargo release in
real-time in animal models. This method uses transgenic (lucif-
erase) reporter mice and whole-body imaging, allowing noninva-
sive quantification of transporter conjugate uptake and probe
(luciferin) release in real time. This process effectively emulates
drug-conjugate delivery, drug release, and drug turnover by an
intracellular target, providing a facile method to evaluate compar-
ative uptake of new transporters and efficacy and selectivity of
linker release as required for fundamental studies and therapeutic
applications.

drug delivery � imaging � transgenic animals

Molecular transporters§ are agents which, when covalently
linked to or complexed with a cargo, enable or enhance its

entry into cells or tissues. Many types of transporters have been
reported in recent years including peptides (1–5), peptoids (6),
polyamines (7, 8), oligocarbamates (9), dendrimers (10, 11),
polysaccharides (12), steroids (13), cationic lipids (14, 15),
guanidinoglycosides (16), and even nanotubes (17). These trans-
porters operate through a variety of mechanisms and some
through multiple mechanisms depending on cell type, cargo, and
other variables (5, 18–22). Among the classes of transporters,
oligoguanidine based transporters are particularly promising,
providing excellent water solubility and at the same time the
remarkable ability to rapidly cross the nonpolar membrane of a
cell. These transporters have been used for the delivery of small
molecules, peptides, proteins, nucleic acids, liposomes, and
imaging agents (23–29) and have been modified to provide
selective delivery of drugs into target cells and tissue (30, 31).
Significantly, an octaarginine transporter has been shown to
facilitate uptake into tissue (32), including human skin (23). A
conjugate of octaarginine and Cyclosporin A enabling uptake of
the latter selectively into the skin and thereby effectively elim-
inating its systemic toxicity has been advanced into Phase II
clinical trials (23).

There are two overarching and interrelated challenges con-
fronting the further advancement of this field: the development
of methods to quantify the uptake of new or existing transporters
in real-time in animal models and the identification and evalu-
ation of linkers that would allow for controllable release (if
required) of a free drug/probe from the transporter conjugate
only after cell or tissue entry. With respect to the former, most

studies on transporters have focused on their cellular uptake and
have relied heavily on a fluorescence readout. Transporters
covalently conjugated to fluorescent dyes have been used to
measure uptake in vitro, but they cannot be used to readily
measure cargo release in a cell or applied to real-time in vivo
analyses. Although radiolabeled conjugates can be used for in
vivo studies, they require special handling and, significantly,
neither establish whether the labeled conjugate is intra- or
extracellular nor whether it is intact or has released its cargo. A
functional readout based on biological activity (protection
against ischemic damage) has been used to measure uptake of an
oligoarginine-peptide conjugate and release of its otherwise cell-
impermeable peptide cargo through intracellular disulfide bond
cleavage (26). This assay, however, does not lend itself to rapidly
evaluating new transporters and linkers, because it is costly in
both time and animals and only indirectly measures release of the
active cargo through a chemical readout (creatine phosphoki-
nase release from damaged cells).

Closely coupled to the importance of developing methods for
the real-time quantification of transporter uptake is the chal-
lenge of identifying and evaluating new linkers whose cleavage
would allow for the release of a cargo from a transporter
conjugate after entry into targeted cells or tissue. Theoretically,
the cleavage of a linker between a cargo and transporter could
be effected by chemical, photochemical, or biochemical pro-
cesses. Biochemical activation is especially promising, because it
would allow for the use of transporter-linker-cargo systems that
would be shelf stable and only release the cargo in the presence
of a target enzyme or under conditions specific to the target cell
or tissue. Although many enzyme classes could be targeted for
this purpose, it is again difficult to measure the dynamic effec-
tiveness of such enzyme activated release systems, in real-time,
in animals. In this article, we describe an imaging method that
allows for the facile quantification of the uptake of a transporter-
linker-luciferin conjugate and release of its cargo, luciferin, in
vivo, in real-time without killing animals. This process is accom-
plished in transgenic reporter mice, FVB-luc�, where the trans-
gene is comprised of a strong constitutive promoter (synthetic
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�-actin) and the coding sequence from firefly luciferase such
that all cells of this animal express the luciferase reporter gene
(33). Intracellular delivery of firefly luciferin, a substrate for
luciferase, results in the formation of oxyluciferin and the
emission of photons, measurable with a cooled charge-coupled
device camera (34).

In the present study, transporter uptake and linker release
with the FVB-luc� mouse are investigated by using a conjugate
comprised of a transporter attached to luciferin through a
bioactivatable linker. A disulfide linker was selected because its
cleavage would occur only after cell entry upon encountering a
high glutathione concentration (15 mM inside vs. 15 �M outside)
(35) (Fig. 1). The resultant thiol would then undergo cyclization,
releasing free luciferin (1) which would be converted by lucif-
erase to oxyluciferin and a photon of light (36). Because luciferin
derivatives alkylated on the phenolic oxygen do not generate
light (37), only free luciferin is measured. Importantly, the
signal-to-noise ratios are excellent relative to fluorescence,
because there is essentially no background tissue luminescence.
The approach is readily applied to cells and to live animals (33).

The design and step-economical syntheses of the luciferin-
transporter conjugates (Fig. 2) used herein were described in
ref. 38. These conjugates demonstrated ex vivo stability and at
the same time quick release in PC3M-luc cells. For this current
study, a topical administration assay, using FVB-luc� trans-
genic mice, was selected to measure conjugate uptake and
cargo release in the skin. Because of the ubiquitous expression
of luciferase in these animals, this method is also amenable to
the quantification of uptake in other organs (lung, eye, etc.)
(34) and can also be applied to the dynamic evaluation of
bioactivatable release by various enzymes (e.g., esterases,
proteases, and phosphatases).

Results
Calibration with Intradermal Injection. Calibration of this mouse
model for intradermal delivery was conducted by using free
luciferin. To establish the amount of free luciferin needed for
signal detection from the skin of FVB-luc� mice and whether
light emitted is dose dependent, a known amount of free luciferin
(100 �l of either a 20 nM or a 200 nM solution of luciferin in HBS
(Hepes buffered saline) was injected intradermally into the
flanks of mice, and the resulting bioluminescence signal (pho-
tons/unit time) was measured. The total number of photons
emitted was calculated by integrating the area under the curve
(Fig. 3).

The pattern of luminescence as a function of time was
reproducible and similar for both doses, with a steady postin-
jection decrease in light emission over the duration of measure-
ment (Fig. 3A). The area under the curve for the 10-fold higher
dose was almost exactly 10 times that of the lower dose,
indicating at these concentrations a linear response to dose and
no saturation was observed for up to 2 �M injected. Based on the
known amount of luciferin injected and the observed lumines-
cence, one photon of light is detected by the camera for every 400
molecules of luciferin injected. As is shown in Fig. 3A, there was
10 times more light observed for the higher doses throughout the
time course of the experiment. Additionally, for topical appli-
cations at various concentrations, an increase in the luciferin
conjugate concentration resulted in a linear increase in signal
[see supporting information (SI)]. This data supports a propor-
tional relationship between photons observed and injected lu-
ciferin (or applied conjugate) at multiple time points over the
period of observation.

To determine the number of photons produced from a known
amount of the conjugate independent of transporter mediated
skin entry, the luciferin conjugate 2 was injected intradermally
as described above for free luciferin. Intradermal injection of
conjugate 2 generated a distinctly different temporal pattern of
bioluminescence relative to that observed for free luciferin (Fig.
3C). A significant signal is apparent immediately after injection,
which increases for the next 20 min and then slowly decays over
the next 50 min. The profile is consistent with the time depen-
dent generation and depletion of luciferin upon cellular uptake
and linker cleavage. Approximately 80% of the theoretical
amount of luciferin in the injected sample of conjugate 2 was
accounted for when the total number of photons emitted in 60
min was multiplied by the previously calculated number of 400
molecules of luciferin per photon detected.

Topical Application of Luciferin Conjugates. For topical applications,
the fur of the FVB-luc� mice interferes with contact between the
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Fig. 1. Scheme for measurement of intracellular release.
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conjugate sample and the skin, creating reproducibility problems
during administration. There were no transgenic hairless mice
available and shaving alone with razors did not uniformly
remove fur. Moreover, highly variable degradation of the stra-
tum corneum, a barrier of great importance for topical appli-
cations, was observed, creating further reproducibility problems
in measuring uptake. The alternative use of a depilatory (Nair;
Church and Dwight, Princeton, NJ) removed fur more uniformly
but also caused variable erosion of the stratum corneum, com-
promising the ability to reproducibly study uptake in intact skin.
Our observation that luciferin readily enters the skin of mice

whose stratum corneum has been eroded and produces a biolu-
minescent signal provided the basis for a solution to this
reproducibility problem. Specifically, by applying only luciferin
(1) to the skin of the transgenic mice one can determine the
integrity of the stratum corneum and importantly its regrowth
over time. As is shown in Fig. 4, at the first time point after
treatment with Nair, a large and highly variable signal is ob-
served. As time progresses, however, not only does the signal
decrease, indicating decreasing penetration of luciferin with
stratum corneum regrowth, but there is more reproducibility in
the signal.

From this time-course study, the ideal time to obtain a
reproducible signal was determined to be 5 days after treatment
with Nair. The next step was to determine the best vehicle for
topical application of the conjugates. Solutions of 5 mM trif lu-
oroacetate salts of octa-D-arginine luciferin conjugates have a
pH close to 2.0. The importance of including a buffer was tested
by topically applying 15 �l of a 5 mM solution of 3 either in 25%
water, or buffered with 25% 200 mM NaOAc (pH 6.0), and
combining with 75% PEG 400 (Fig. 5). There was a dramatic
difference in the amount of light produced, with a steadily
increasing amount of luminescence being observed only when
the conjugate was applied in the buffered vehicle. The lack of
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Fig. 3. Resultant bioluminescence after intradermal injection of luciferin in
HBS pH 7.4 into transgenic (FVB-luc�) mice. (A and B) Approximately 10 times
the amount of light was observed when the luciferase expressing mice were
injected with 200 vs. 20 nM luciferin (1) (A). Area under the curve for 200 nM
was 3.02 � 1010 photons, whereas that for 20 nM was 3.11 � 109 photons
(10.24%). When plotted linearly, the bioluminescence rapidly decreases for
the first 30 min (B). The plot is the average of three injections in separate
animals. (C) Resultant bioluminescence after intradermal injection of 100 �l of
200 nM carbonate 2 in HBS pH 7.4 into luciferase transgenic (FVB-luc�) mice.
The pattern of luminescence is shown for two different animals. The areas
under the curve are 2.54 and 2.01 � 1010 photons.
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light in the absence of buffer could arise from the acidification
of the skin by the conjugate, which would decrease both the
activity of luciferase and the rate of release of luciferin (39).
These results establish the need to include an appropriate buffer
in the vehicle.

With the identification of an appropriate vehicle for applica-
tion, a procedure for reproducibly obtaining an intact, fur-free
stratum corneum and with calibrations based on intradermal
injections of luciferin and of a luciferin conjugate, the uptake and
release of luciferin from two topically administered, disulfide
linked conjugates of luciferin and octa-D-arginine were investi-
gated. The most reproducible method to evaluate the relative
performance of transporters and linkers was to apply a single
drop of a solution of each conjugate to the flank of anesthetized
FVB-luc� mice. The drop was allowed to remain in contact with
the skin for the duration of the assay during which luminescence
from the animal was monitored. In selected experiments the
wash sample containing the residual contents of the adminis-
tered drop was examined by analytical HPLC and the conjugate
was found to be fully intact. The administration experiments
were designed for reproducibility, for comparative quantifica-
tion of different conjugates and release systems, and to conserve
camera time and not to achieve optimum therapeutic levels.
However, as would be expected, greater uptake can be achieved
by increasing the dose, exposure time or area of application or
by repeated applications.

As is shown in Fig. 6, both conjugates generated a strong and
reproducible luminescence signal. The difference between the
observed signal and the amount of conjugate entering the skin
represents the nonproductive fates of the conjugate (e.g., in-
complete uptake, incomplete cleavage, clearance from the skin,
metabolism). Based on the intradermal calibration, the total
amount of luciferin released in 1 hr can be determined by
multiplying the area under the curve by 400 molecules per
detected photon. Dividing by Avogadro’s number indicates that
the amount of luciferin released is 3.62 � 10�12 mol for
carbonate 2 and 2.0 � 10�11 mol for carbonate 3. From the area
of application and the thickness of mouse skin (0.69 mm), the
cumulative intradermal concentrations resulting from skin ex-
posure over 1 hr are 47 nM and 62 nM, respectively. The amount
of light generated is linearly proportional to the amount of
conjugate applied within the range of 0.5 to 4.5 mM (SI),
affording intradermal concentrations as high as 299 nM.

Negative Control. It was necessary to determine whether the light
observed was solely due to transport and intracellular release or
conjugate decomposition and luciferin release on the skin. In
addition to analyzing the post assay droplet for free luciferin,

another control was to test a conjugate that is composed of an
inefficient transporter with exactly the same releasable linker
and luciferin cargo. Lysine tetramers are known to be poor
transporters for skin entry (40). Therefore, a conjugate of a
lysine tetramer 4 was synthesized and tested (Fig. 7). When this
less effective transporter conjugate 4 is compared with the
corresponding r8 conjugate 3, there is 77% less light, thus
establishing that luminescence results primarily from the intra-
cellular release and not external hydrolysis of the prodrug.

Discussion
As the field of transporter-mediated drug and probe delivery
moves forward, quantification of the comparative performance
of existing and new transporters will have increasing importance
in the selection of preferred systems for therapeutic, diagnostic,
or imaging purposes. Methods that allow for quantification of
transporter uptake into both cells and animals and especially
temporal tissue distribution are needed. In addition, for many
conjugates, release of free cargo is required and thus real-time
release must also be evaluated in intact tissue. Ideally, these
evaluations would be done in living systems, using an assay with
a real-time readout. We opted to use a luciferin-luciferase
reporter system, because both stably transfected cell lines and a
transgenic reporter mouse (FVB-luc�) that expresses luciferase
in all of its cells were available, allowing for screening in cells and
animals. Additionally, the biochemistry of the luciferin-
luciferase system is well established and lends itself superbly to
the current objective because of the absence of background
signal leading to sensitive in vivo detection. Another advantage
is that only free luciferin is a substrate for luciferase, and the
reaction is only active within cells because of its ATP depen-
dence (41). This process emulates a drug-target interaction, and
the photon release on turnover can be quantified with excellent
sensitivity, using a charge-coupled device camera (IVIS100;
Xenogen, Alameda, CA). A further feature of this system is that,
by design, it is not intended to distinguish among mechanisms of
entry and can thus be used as a first screen to quantify the
cumulative success of entry and release.

In this study, we built on our work in which conjugates were
synthesized, and their performance was tested in cells (38). The
synthesis of the luciferin conjugates proved initially to be difficult
because of luciferin’s limited solubility in organic solvents. After
much effort, however, a strategy was found to readily prepare the
conjugates shown in Fig. 2 in only three steps and in good yield
without protecting groups, providing a versatile methodology for
the synthesis and study of other transporter-linker conjugates.
The conjugates are stable at room temperature (for up to months
as solids) for storage and handling, but release luciferin in
minutes when exposed to dithiothreitol or to the reducing
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environment in cells (38). Analyses of free luciferin injected
directly into the skin of transgenic mice revealed that the number
of photons generated was reproducible and had a linear dose–
response curve over the range tested. A similar study was
conducted by intradermal injection of the transporter conjugate.
These calibration experiments were intended to determine the
number of photons produced from a known amount of agent
independent of transporter mediated entry into skin. In the case
of conjugate 2, 80% of the theoretically possible photon flux and
therefore free luciferin based on the injected dose, was detected.
The difference between the amount of luciferin injected and of
photons detected is in part a reflection of the amount of injected
luciferin that has access to the intracellular enzyme (34), the
uniformity of luciferase expression in different cell types (33,
42), the number of luciferin molecules turned over by luciferase,
the quantum efficiency of the enzyme, and the absorption and
scattering of the signal by mammalian tissues. The photon flux
thus represents a minimum but reproducibly quantifiable mea-
sure of uptake and release.

The results generated from the intradermal injection, and
calibration assays were then used to determine the amount of
luciferin delivered and released by topically administered octa-
arginine transporter conjugates of luciferin. A great deal of
variability in the photon readout was initially observed because
of erosion of the stratum corneum resulting from the method of
fur removal. A method was devised to monitor stratum corneum
regrowth after fur removal by measuring the diminishing ability
of free luciferin to enter skin as a function of time. Five days after
fur removal, the stratum corneum in the area of fur removal was
restored as indicated by the minimal uptake of free luciferin.
Uptake experiments conducted after day 5 and before day 12
exhibited excellent reproducibility and were not complicated by
the presence of fur.

Once the procedure for fur removal was established, the next
step was to determine a vehicle with which to apply the conju-
gate. The transporter has been shown to acidify its environment,
making it essential to buffer the vehicle with NaOAc, pH 6.0
buffer. In unbuffered vehicle, essentially no signal was observed.
To assure reproducibility in the application procedure, we found
that administration of a known volume of solution to the
prepared skin surface provided reproducible control of the area
of application. No further manipulation of the sample was done.
This procedure was designed for the comparative and reproduc-
ible evaluation of the conjugates under a standard set of
administration conditions and not for maximizing uptake. For
therapeutic applications, administration over a larger area, using
a rubbing in procedure would result in greater uptake. Using the
drop administration procedure and the values determined by the
intradermal injection of free luciferin and conjugate, we were
able to determine the amount of luciferin released by the
conjugates. In the case of conjugate 3, 299 nM of luciferin was
delivered in a 1-hr period, which is well above what is required
for therapeutic activity for many drugs. For therapeutic appli-
cations, it is noteworthy that the area of signal readout resulting
from released luciferin was larger than the area of application of
the conjugate, and it increased with time, indicating that the
conjugate moved inward and laterally after passage across the
stratum corneum.

As a control, it was necessary to determine whether the
majority of light was due to intracellular release of luciferin by
disulfide cleavage after cell entry or extracellular hydrolysis of
the carbonate functionality. This was done by attaching a
luciferin conjugate to a lysine tetramer, using the same carbonate
disulfide linker. It is known that lysine is a poor transporter
relative to octaarginine, and thus the conjugate would produce
a signal only if the conjugate were cleaved extracellularly or
during administration (40). In comparison to the octaarginine
transporter the lysine tetramer produced a significantly attenu-

ated signal, indicating that the light signal reflects the efficacy of
transporter uptake and bioactivatable release and not extracel-
lular hydrolysis of the conjugate or cleavage during administra-
tion. This is consistent with previous in vivo experiments (43),
suggesting that signals are only produced after intracellular
uptake of substrate.

This assay allowed us to test a number of linkers for topical
uptake and release without having to kill animals or manipulate
tissue to collect the data. The linkers that were developed are
currently being used to study delivery of therapeutic agents. In
addition to studying the comparative performance of transport-
ers in real-time, this protocol also allows for the study of
bioactivatable release in real-time and could thus be applied to
evaluation of release strategies for which dynamic enzyme
functional activity in animal tissue is not available. The bioac-
tivatable release strategies studied and optimized by using the
luciferin/luciferase system could then be applied to the release
of drugs with similar functionalities (phenolic oxygens and
related heteroatoms).

In summary, we have developed an in vivo assay that allows for
the real-time quantification of uptake and release of molecular
transporters conjugated to luciferin through a bioactivatable
disulfide linker. The transporter conjugates are stable on storage
(up to months) and handling. They are not substrates for
luciferase, but release luciferin within seconds to minutes when
exposed to DTT or the reducing environment of cells in culture
or in animals. For a given linker, this method allows for the
quantification of the relative performance of new and existing
transporters. For a given transporter, this method allows for the
quantification of the relative performance of bioactivatable
linkers in releasing the luciferin cargo. Although uptake into skin
was the focus of this initial study, this method can also be applied
to other modes of administration (e.g., i.v., i.p., inhalation,
ocular, buccal, etc.) (34). More generally, when used for the
bioactivatable release of luciferin, this procedure can be used to
measure the temporal and spatial availability and dynamic
effectiveness of extra- and intracellular enzymes (e.g., esterases,
phosphatases, proteases) or conditions that promote cleavage,
information of critical value in prodrug design, and perfor-
mance. The ability to measure uptake of transporters and release
of their probe or drug cargo in real-time in animals is an
important step in advancing this technology toward fundamental
and therapeutic applications.

Materials and Methods
Synthesis of Conjugates. Unless otherwise stated, all reagents and
solvents were obtained from commercial sources and used
without purification. Compounds 2 and 3 have been previously
reported (38). For synthesis of compound 4, see SI.

Transgenic Animals. A transgenic animal expressing firefly lucif-
erase (FVB-luc�) was created by using standard methods of
pronuclear injection (42) and used here to evaluate the delivery
of releasable luciferin conjugates across the skin. The transgene
comprised of a hybrid CMV-chicken-�-actin promoter, a mod-
ified coding sequence based on the firefly luciferase gene
(present in the pGL3 vector from Promega, Madision, WI), a
FMDV 2A ribosomal slippage site and GFP gene. The animals
first described by Cao et al. (33) were shown to express luciferase
in most cell types (not expressed in erythroid cells) and exhibit
GFP expression in the skin but not in many other tissues (40). All
procedures were approved by the Animal Care and Use Com-
mittee of Stanford University.

Mouse Preparation. Animals were treated after hair removal by
clipping with a large hair clipper on the right flank. Subse-
quently, Nair (Church and Dwight) was applied for 90 seconds
then wiped off, and the animals were washed well with wet paper
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towels and dried. Five days were allowed for stratum corneum
regrowth before the mice were used for imaging.

Intradermal Injection of Luciferin (1). A 2 mM solution of luciferin
was made by dissolving 0.62 mg in 1 ml water pH 5.5. This
solution was serially diluted with HBS (pH 7.4) (1:10) to make
1 ml of 200, 20, 2, 0.2, and 0.02 �M solutions. Solutions of
luciferin (1) (100 �l), 0.02 and 0.2 �M, were injected intrader-
mally into two different mice. Luminescence was observed, and
the higher dose was shown to be sufficiently intense to be useful
for the experiment. Subsequently, three other mice were injected
and imaged as rapidly as possible.

Intradermal Injection of Conjugate. A 1 mM solution of carbonate
2 was made by dissolving 2.1 mg in 770 �l water pH 5.5. This
solution serially diluted with HBS (pH 6.9) (1:10) to make 1 ml
of 200, 20, 2, 0.2, and 0.02 �M solutions. Solutions of carbonate
2 (100 �l), 0.2 �M, were injected intradermally into two different
mice. Luminescence was observed, and the dose was shown to be
sufficiently intense to be useful for the experiment.

Topical Application of Conjugates. In an Eppendorf (Boulder, CO)
tube, we combined 25 �l of 200 mM NaOAc pH 6.0, 55 �l of PEG

400 with 1 mg each of carbonate 2 and carbonate 3 to produce
final concentrations of carbonate 2 of 4.93 mM, of carbonate 3
of 4.93 mM, and sodium acetate of 63 mM. Solutions (15-�l) of
5 mM carbonate 2 and carbonate 3 were topically applied in two
locations on each of four mice, using a standard pipette tip (1–20
�l size). Luminescence was observed over �60 min.

In Vivo Bioluminescence Imaging. Animals were imaged in a dark
chamber, using a cooled charge-coupled device camera
(IVIS100; Xenogen) as described in ref. 44, and the data were
analyzed with LivingImage software (Xenogen). Data are ex-
pressed as photons per ster radian per sec for each region of
interest such that the data are not dependent on camera settings,
chamber geometry, or integration time.

Other Methods. Additional details are provided in SI.
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