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Abstract. Dynamic fluorescence images were obtained from a subcu-
taneous human Kaposi’s sarcoma tumor (KS1767) model immediately
following the intravenous injection of an integrin-targeting cyanine
dye conjugate, Cy5.5-c(KRGDf). The fluorescence images, acquired
via an intensified charge-coupled device detection system, were used
in conjunction with a pharmacokinetic (PK) model to determine ki-
netic properties of target binding in the presence and absence of a
competitive ligand, free c(KRGDf). The results indicate that the con-
jugate dye behaves similarly in normal tissue to the free Cy5.5 dye
while it possesses increased uptake in tumor tissue. The change in
pharmacokinetic parameters obtained from dynamic imaging of
Cy5.5-c(KRGDf) after administration of c(KRGDf) as a competitive
ligand to the integrin receptor suggests that (i) the increased uptake of
Cy5.5-c(KRGDf) is molecularly specific and that (ii) receptor turnover
occurs within 24 h. In addition, PK analysis enables quantification of
an in vivo c(KRGDf) binding constant attributable to integrin binding.
In vivo pharmacokinetic analysis based on rapid and dynamic optical
imaging may be potentially useful for evaluating the presence and
turnover rate of disease markers that are potential targets of molecular
medicine. © 2005 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1924696]
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1 Introduction
In the past several years, there has been acceleration in t
development of cancer agents which act to inhibit signa
transduction that would otherwise lead to the proliferation or
antiapoptosis of the cancer cells. The agents are often target
to an extracellular membrane bound receptor or to an intrac
ellular protein critical to the signaling pathway, resulting in
the interruption of the downstream signaling cascade.1–4 A
surrogate marker and noninvasive imaging technique tha
could assess receptor or protein expression levels could e
able ~i! evaluation of patient candidacy for receiving the
therapeutic agent,~ii ! early indication of treatment response,
and ~iii ! understanding of the mechanism of therapeutic re
sponses. The integrinavb3 has been associated with tumor
progression and metastasis5 and has been shown to play a
critical role in tumor angiogenesis.6 Furthermore, antagonists
of avb3 have been shown to decrease angiogenesis and i
duce tumor regression in preclinical tumor models.7,8 Both
peptide and antibody integrin antagonists have been clinicall
evaluated.9,10 Studies involving peptide or antibody targeting
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of paramagnetic agents for magnetic resonance imaging11 or
radiotracers for nuclear imaging12–14 have been reported fo
predicting treatment outcome or patient candidacy
integrin-targeted therapies. In this work, we demonstrate
use of fast, dynamic optical imaging from which early tim
pharmacokinetic analyses may providein vivo information of
receptor-ligand affinity and receptor expression levels, as w
as an estimate of the timescales associated with receptor
over. The diagnostic agent used was a conjugate of cyclo~Lys-
Arg-Gly-Asp-D-phe! peptide @c~KRGDf!#, known to selec-
tively bind toavb3 integrin,13 and a fluorescing cyanine dye
Cy5.5, for optical imaging ofavb3 integrin overexpressed on
xenografted tumors in a murine model of human Kapos
sarcoma, KS1767, as well as on cultured cellsin vitro. Upon
pretreatment with the c~KRGDf! peptide to occupy theavb3

integrin receptor sites for binding of the conjugate Cy5
c~KRGDf!, we show that dynamic optical imaging may b
used to provide pharmacokinetic parameters that indicatin
vivo receptor expression levels as well as their modification
response to therapy.

In the following, we present the materials and metho
derivation of the pharmacokinetic model, as well as the ph
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Gurfinkel et al.: Quantifying molecular specificity . . .
macokinetic~PK! parameters for uptake of free Cy5.5 and
Cy5.5-c~KRGDf! in the absence of and following administra-
tion of c~KRGDf! as a blocking ligand within KS1767 and
normal tissuesin vivo. The study is conducted with small
subcutaneous tumors on xenografts where tomographic ima
ing with diffusion-based, time-dependent measurements o
light propagation and generation are inappropriate and in
valid. Nonetheless, the rapid, continuous-wave measuremen
permitted by a red-sensitive intensifier coupled with a charge
coupled device~CCD! camera provide dynamic imaging from
which pertinent PK parameters of molecular specificity can be
obtained.

2 Materials and Methods
2.1 Synthesis Cy5.5-c(KRGDf)]-Conjugate
c~KRGDf! was synthesized on linker-PL-DMA resin using
Fmoc solid phase chemistry as described previously.15 Briefly,
peptide was cleaved from the support with 1% trifluoroacetic
acid ~TFA! with all sidechain protecting groups intact.
The head-to-tail cyclization was then carried out in DMF
using benzotriazol-1-yl-oxy-tris-pyrrolidino-phosphonium
hexaflurophosphate, 1-hydroxybenzotriazole, and N,N
diisopropylethylamine~DIPEA! as coupling agents. After
removal of all sidechain protecting groups the cyclic peptide
was purified by reverse phase HPLC eluted with
H2O/acetonitrile containing 0.1% TFA. For conjugation with
the fluorescence dye, a solution of Cy5.5-NHS@Eq. ~1!# and
c~KRGDf!# @Eq. ~1.3!# in DMF/DIPEA (10/1,v/v) was stirred
at room temperature overnight. After all solvents and by-
products were removed under vacuum, the compound wa
purified by reverse phase HPLC eluted with a 0.01 M solution
of NH4OAc in water/methanol. The Cy5.5-c~KRGDf! product
was validated by analytic HPLC and MALDI mass spectrom-
etry.

2.2 Cell Adhesion Assay
KS1767 cells were seeded in DMEM/F12 culture medium
supplemented with 10% fetal bovine serum for 24 h. Cells
(13105) with different concentrations of c~KRGDf! or
Cy5.5-c~KRGDf! were added to vitronectin-coated microtiter
wells under serum-free conditions and incubated at 37 °C fo
1 h. After washing steps, the bound cells were stained with
5% crystal violet, followed by addition of 0.1 M HCl to each
well. The concentrations of crystal violet were determined by
ultraviolet/visible absorption at 627 nm.IC50 values were es-
timated from the dose-activity curves.

2.3 Animal Model
Six-week-old female athymic nude mice~nu/nu; 18–22 g!
were purchased from Harlan Sprague Dawley, Inc.~India-
napolis, IN! and housed five per cage and fed sterilized pel-
leted food ~Harlan Sprague Dawley Inc., Indianapolis, IN!
and sterilized water. Animals were maintained in a specific
pathogen-free mouse colony in the Department of Veterinar
Medicine ~The University of Texas M. D. Anderson Cancer
Center, Houston, TX!. The facility is accredited by the Ameri-
can Association for Laboratory Animal Care and all experi-
ments were performed in accordance with the guidelines o
the Institutional Animal Care and Use Committee.
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Tumor cells to be implanted into mice were harvested n
confluence by incubation with 0.05% trypsin-EDTA. Cel
were pelleted by centrifugation at4503g for 5 min and re-
suspended in sterile PBS. Cells(2 – 33106/animal! were im-
planted subcutaneous into the thigh region of mice.

Animals were subdivided into four test groups based
the contrast agent administered. Animals in the first gro
(N52) received the free Cy5.5 dye~6 nmol/mouse!, while
animals in the remaining three groups were administered
Cy5.5-c~KRGDf! conjugate~6 nmol/mouse!. Of those ani-
mals receiving the conjugate dye, one-third received the c
jugate dye alone(N53); one-third received the conjugat
one hour after the intravenous injection of unconjugated c~K-
RGDf! peptide(N53); and the remaining third received th
conjugate 24 h after the intravenous injection of the uncon
gated c~KRGDf! peptide (N53). The unconjugated c~K-
RGDf! peptide was administered at 200 times the dose of
Cy5.5-c~KRGDf! conjugate.

2.4 Experimental Imaging Method
Before fluorescence imaging, mice were anesthetized by
traperitoneal injection of 50 mg~kg bw!21 Nembutal~Sigma,
St. Louis, MO! and a catheter was positioned into the tail ve
to facilitate the subsequent delivery of the fluorescent d
Fluorescence images were obtained every 7 s for a period of
approximately 18 min following the injection of contras
agent. Excitation light provided by a laser diode~660 nm, 35
mW! whose beam was expanded via a planoconvex lens a
holographic diffuser to provide a uniform excitation field o
approximately 12 cm in diameter over the surface of the a
mal. An intensified CCD, comprised of a 16-bit CCD came
~Photometrics, model CH350/L, Tucson, AZ! coupled to an
image intensifier ~model FS9910C, ITT Night Vision,
Roanoke, VA! via a 105 mm lens, functioned as an area d
tector of re-emitted fluorescence light.16 A holographic notch-
plus band rejection filter~660 nm center wavelength; Kaise
Optical Systems, Inc., Ann Arbor, MI! and a bandpass filte
~710 nm center wavelength; CVI Laser, Albuquerque, N!
were positioned prior to a 50 mm lens to reject backscatte
and reflected excitation light and isolate only re-emitted flu
rescence light. For the acquisition of white-light images
low-power lamp provided a white-light source and the filte
were removed. Image acquisition was controlled by a p
sonal computer equipped withV11 imaging software~Digi-
tal Optics, Auckland, New Zealand!. The first five images
were acquired prior to the bolus administration of the fluor
cent probe, and thus, served as base line or background
ages.

The injected dose of Cy5.5-c~KRGDf! and the image ex-
posure time were equivalent to 6 nmol~in 0.3 mL volume!
and 800 ms, respectively, and were constant for all the im
ing studies conducted. Fluorescence images were obtaine
24 h postinitial injection and again every 24 h thereafter u
little or no fluorescence signal was detectable from the tum
region of interest, as determined qualitatively, for up to 168

2.5 Analysis of Pharmacokinetics from Dynamic
Imaging
Upon completion of the imaging routine, a background ima
was subtracted from each of the acquired fluorescence
ages. The white light image was then used to define two
-2 May/June 2005 d Vol. 10(3)
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Fig. 1 Schematic depicting the three-compartment pharmacokinetic
model employed.
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gions of interest~ROI!; one was located entirely within the
circumference of the tumor and the other, approximately
equivalent in size, defined a region of normal tissue located
symmetrically opposite the tumor site. Utilizing Matlab soft-
ware ~The MathWorks, Inc., Natick, MA! the mean of the
fluorescence intensity within each ROI was computed for ev
ery fluorescence image acquired. Plots of mean fluorescenc
intensity versus time were then generated for each of the im
aging studies performed. The mean fluorescence intensity as
function of time after agent administration within each ROI
was fitted via a nonlinear Levenberg–Marquardt regressio
algorithm to the PK equation described in the following sec-
tion.

3 Theory
3.1 Derivation of Three-Compartment
Pharmacokinetic Model
In this section we develop a pharmacokinetic model in orde
to describe the time-dependent distribution of the fluorescing
dye-peptide conjugate throughout the animal. The model, de
picted schematically in Fig. 1, is comprised of three compart
ments in which Cy5.5 resides:~i! the blood plasma compart-
ment, ~ii ! the extravascular, extracellular compartment, and
~iii ! the tissue compartment representing the ‘‘bound’’ Cy5.5
associated to the integrin receptor.

The dye is administered rapidly into the blood plasma
compartment via an intravenous bolus injection. From this
central blood compartment, the dye diffuses across the vasc
lar endothelium, and partitions into the extravascular, extra
cellular space~EES! represented by the second compartment
The endothelial transfer coefficient or the rate constant for th
distribution of dye from the blood to the EES is given bykp

while kr is the rate constant describing the reflux from the
EES to the blood. A measure of vascular permeability can b
obtained from an analysis conducted on first pass circulatio
data, or data obtained immediately following the bolus injec-
tion of the agent. In the past, Cuccia et al. employed a phar
macokinetic analysis to quantify physiologic parameters re
lated to capillary permeability following the administration of
the nonspecific dye indocyanine green.17

In addition to extravasation into the EES, the dye is elimi-
nated from the blood compartment via other routes such a
kidney filtration and liver metabolism, described collectively
by the rate constantkel . For nonspecific dyes, that is, dyes
that do not exhibit cellular specificity, the blood and EES
compartments may be sufficient to describe their
distribution.17,18 However, for dyes that exhibit molecular
specificity, a third compartment is included. This third com-
partment represents the association of the dye at a molecul
level, whether it is through surface receptor binding or cellu-
034019Journal of Biomedical Optics
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lar uptake. The rate at which the dye accumulates in the
lular compartment, whether through association with cellu
membrane receptors or internalization, is denoted byR.

If the rate of accumulation of dye in the cellular compa
ment,R, is constant, determining the time-dependent dye c
centration in each of the compartments is relatively straig
forward. However, in general, the association between the
and the cell is a saturable process. Therefore, the rate of
uptake by the cell may be expressed as

R5
VmCEES

Km1CEES
, ~1!

whereVm is the maximum rate of dye internalization or re
ceptor association at the cellular compartment andKm is
known as the Michaelis constant and is equivalent to the
concentration at which the rate of uptake is equivalent to o
half the maximum rate. Equation~1! is a form of the
Michaelis–Menten expression for a saturable reaction ba
on a single substrate mechanism. Using Eq.~1! to express the
rate of distribution of the dye to the cellular compartme
leads to nonlinear pharmacokinetics and considerably com
cates the mathematics of the model. Fortunately, at low
concentrations, whereCEES is much smaller thanKm , Eq. ~1!
reduces to

R5
Vm

Km
CEES5kcCEES, ~2!

whereVm /Km can be expressed as an apparent first-order
constant,kc , that describes the distribution of dye betwe
the EES and bound, cellular compartments. Furthermore,
distribution of dye from the EES to the cellular compartme
is assumed to be a one-way process which is proportiona
the available integrin receptor density. That is, cellular upta
is considered irreversible and dissociation of the receptor-
complex is assumed to occur at a rate much slower than
rate of association. Therefore, the rate constant for the re
from the cell to the EES compartment is assumed to be n
ligible. Applying this approximation, the diminution and ac
cumulation of dye in each of the three compartments can
expressed as

dCB

dt
52~kp1kel!CB1krCEES52kBCB1krCEES,

~3!

dCEES

dt
5kpCB2~kr1kc!CEES5kpCB2kEESCEES, ~4!

dCc

dt
5kcCEES, ~5!

wherekB5kp1kel , kEES5kr1kc , t is time, andCB , CEES,
andCC represent the concentration of dye in the blood, EE
and the cell, respectively.

The detected fluorescence intensity at the tissue surfac
mediated by a number of factors including the tissue opti
properties of scattering and absorption and the depth and
centration of the embedded fluorophore within the tissue.
purposes of monitoring the temporal fluorescence intensity
-3 May/June 2005 d Vol. 10(3)
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can assume optical properties of the tissue are constant a
can express the detected fluorescence intensity as a weight
sum of the concentration of the dye in each compartment

I ~ t !>w1CB1w2CEES1w3CC , ~6!

where I (t) is the time-dependent fluorescence intensity and
w1 , w2 , and w3 are weighting functions that represent the
volume fraction of the blood, EES, and the cellular compart-
ments, respectively. Additionally, the weighting functions ac-
count for the attenuation that occurs as the fluorescent ligh
traverses each compartment.

To obtain the time-dependent dye concentration in each o
the compartments, the system of differential equations give
by Eqs.~3!–~5! may be solved simultaneously subject to the
initial condition that at the time of i.v. bolus injection of the
dye, t50, CB5CBo , CEES50, and Cc50. The results may
then be applied to Eq.~6! to obtain the following expression
for the time-dependent observed fluorescence intensity:

I ~ t !5I 01A@12exp~2at !#1B@12exp~2bt !#, ~7!

where

I 05w1CBo , ~8!

A5
CBo

a2b Fkpw22~a2kEES!w12
kckpw3

a G , ~9!

B5
CBo

a2b F ~b2kEES!w12kpw21
kckpw3

b G , ~10!

anda andb are complex rate constants given by

a5 1
2@kEES1kB1A~kEES2kB!214krkp#, ~11!

b5 1
2@kEES1kB2A~kEES2kB!214krkp#. ~12!

The pre-exponential factorsA andB are concentration terms
that mathematically reflect the magnitude of the detected sig
nal. Upon inspection of Eqs.~9! and~10! one observes that it
is difficult to relate these parameters to physiological param
eters as the volume fractions of vascular and extravascula
space or the rate constants governing dye uptake. Noneth
less, these parameters may reflect high vascular volumes a
sociated with diseases.

An examination of Eqs.~11! and~12! reveals that the com-
plex rate constanta must be greater thanb. As a result, at
early time points the expression for the observed fluorescenc
intensity is more strongly influenced by the term containinga.
However, the exponential term containinga approaches zero
more rapidly than does the term containingb. Consequently,
at later time points the expression for the observed fluores
cence intensity becomes a function ofb alone. Therefore, the
early time portion of the fluorescence intensity profile is re-
ferred to as thea phase whereas the later portion is known as
the b phase.

Furthermore, it is evident that the values ofa and b are
intimately related to the values of all other rate constants. It is
particularly interesting to examine howa andb vary with the
magnitude of the elimination rate constant,kel . For example,
if the value of kel is varied while all other rate constants
034019Journal of Biomedical Optics
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remained fixed, the root function that appears in the exp
sion for both a and b would asymptotically approachkB

2kEES for large values ofkel andkEES2kB for small values.
As a result,a approacheskB while b approacheskEES when
the intrinsic elimination is very rapid. The trend is revers
when elimination is slow;a approacheskEES while b ap-
proacheskB . Finally, and more importantly, becausea andb
differ by only the sign in front of the root function, the sum o
a and b yields the sum of all rate constants between t
various compartments of the model,a1b5kel1kp1kr

1kc . One may exploit this result to determine the magnitu
of the rate constant for specific uptake of contrast agent wi
the cellular compartment,kc as follows: for a given specific
contrast agent administered in an animal bearing a tum
model in which the specific cellular uptake mechanism h
been compromised while the remaining mechanisms of
uptake remain unchanged, the net decrease ina1b reflects
the magnitude of the rate constant for specific cellular upt
of the contrast agent.

As a final note, from Eq.~7! it is evident thatI 0 represents
the fluorescence intensity at the time of contrast agent adm
istration or background fluorescence intensity level. Th
when one applies a background subtraction technique,
mathematical equivalent of settingI 0 equal to zero, the num
ber of parameters to be fit is reduced such that the tim
dependent observed fluorescence intensity may be expre
as

I ~ t !5A@12exp~2at !#1B@12exp~2bt !#, ~13!

where the pharmacokinetic parametersA, B, a, and b were
previously defined in Eqs.~9!–~12!. Given time-dependen
observations of fluorescence intensity, Eq.~13! may be em-
ployed in a regression algorithm to obtain estimates of
pharmacokinetic parametersA, B, a, andb.

In summary, the four parameter, double-exponential eq
tion represents the analytical solution to a three-compartm
pharmacokinetic model with first order distribution betwe
~i! the vascular,~ii ! the extravascular extracellular space, a
that associated with~iii ! molecularly specific binding. The
parametersa andb are complex rate constants governing u
take into each of the three compartments and its sum,~a1b!
represents the sum of first order rate constants.

4 Results and Discussion
4.1 In vitro Binding Studies
To test the antiadhesive activity of Cy5.5-c~KRGDf! and c~K-
RGDf! peptides, attachment of KS1767 cells(13105) to
vitronectin-coated microtiter wells were studied using diffe
ent concentrations of each peptide. Both Cy5.5-c~KRGDf!
and c~KRGDf! behaved similarly, blocking the attachment
KS1767 cells to microtiter wells in a dose-dependent man
with estimatedIC50 of 2.5 and 1.2mM, respectively. Figure 2
shows the dose-dependent inhibition of KS1767 cell adhes
as indicated by the diminution of crystal blue dye with i
creasing concentrations of both Cy5.5-c~KRGDf! and c~K-
RGDf!. Cell attachment was inhibited because the pepti
compete for ligand binding sites of the cell surface integri
These in vitro results confirm the molecular specificity o
Cy5.5-c~KRGDf! and c~KRGDf! to the cell surface integrins
-4 May/June 2005 d Vol. 10(3)
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Fig. 2 Dose-dependent inhibition of adhesion of KS1767 cells to
vitronectin-coated microplate wells by c(KRGDf) and Cy5.5-
c(KRGDf).
y

a

Furthermore, using fluorescence microscopy we have con
firmed the inhibition of Cy5.5-c~KRGDf! binding to KS1767
cells by preincubation with c~KRGDf!.15

4.2 Pharmacokinetic Analysis
Figure 3 represents typical dynamic fluorescence intensit
profiles in the~a! tumor ROI and~b! normal ROI and the
corresponding least-squares fit obtained from one represent
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tive animal of each of the groups that received an injection
the Cy5.5-c~KRGDf! conjugate. The coefficient of determina
tion R2 for the regression was 0.99 or greater in all cases
both normal and tumor ROIs, uptake was~i! greatest when the
animal received Cy5.5-c~KRGDf! conjugate alone,~ii ! re-
duced when the animal received the Cy5.5-c~KRGDf! conju-
gate 1 h after administration of free c~KRGDf! as a blocking
agent, and~iii ! recovered when the animal received th
Cy5.5-c~KRGDf! conjugate 24 h after administration of fre
c~KRGDf! as a blocking agent. In addition, normal tissue e
periences a diminished reduction of update with adminis
tion of competitive binding of c~KRGDf! than seen in the
Kaposi’s sarcoma. This is presumably due to the lower in
grin receptor density found in normal tissues as compare
Kaposi’s sarcoma.

Figure 4 shows that the sum of the pharmacokinetic r
constants,a1b, does not appear to differ between the norm
ROIs of all animal groups; a series of homoscedastic poolt
tests confirmed that the mean estimates ofa1b are not sig-
nificantly different, at a 95% significance level. For anima
injected with free Cy5.5 and animals pretreated with c~K-
RGDf! peptide one hour prior to the injection of the Cy5.
c~KRGDf! conjugate, the values ofa1b in tumor ROIs are
statistically similar at a 95% level of significance to ea
other and to the mean values ofa1b determined from the
normal ROIs. These results suggest that the free Cy5.5
exhibits similar targeting, or lack thereof, in KS1767 tum
tissue and in normal tissue. In contrast, the value ofa1b was
found to be three to fourfold greater for the tumor ROIs of t
animals which received Cy5.5-c~KRGDf! conjugate~mean
a1b50.21! than for those values~i! from the normal tissue
ROIs in animals injected with Cy5.5 or Cy5.5-c~KRGDf!
~meana1b50.049 or 0.068! and~ii ! from the tumor ROIs in
animals injected with Cy5.5~meana1b50.055!. Statistical
analysis revealed that the estimates fora1b from within the
tumor ROIs of the test groups administered Cy5.5-c~KRGDf!
alone or the conjugate dye 24 h after treatment with free c~K-
RGDf! peptide were significantly different from the values
the remaining test groups.

Fig. 4 Results of the nonlinear least-squares regression in determining
the sum of the pharmacokinetic complex rate constants a+b. The
column height represents the mean value of the test group listed along
the abscissa while the error bars represent the standard deviation. The
time in parenthesis represents the time between injection of the RGD
peptide and the Cy5.5-c(KRGDf) conjugate.
Fig. 3 Fluorescence intensity versus time profiles obtained from one
representative animal of each of the groups that received an injection
of the RDG-Cy5.5 conjugate, acquired from the (a) tumor ROI and (b)
normal ROI. The symbols denote experimental measurements while
the solid line denotes the corresponding least-squares fit. The squares
(h) denote data from an animal receiving the Cy5.5-c(KRGDf) conju-
gate alone, while the circles (s) and diamonds (L) represent data
obtained from an animal receiving the conjugate 1 h and 24 h, re-
spectively, after the injection of RGD peptide.
-5 May/June 2005 d Vol. 10(3)
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The conjugate Cy5.5-c~KRGDf! exhibited a lack of tumor
targeting when the administration of the dye is preceded b
the injection of free c~KRGDf! peptide by 1 h, as evidenced
by the fact that no statistical difference ina1b value was
found between the tumor ROIs of animals receiving Cy5.5
dye and that of mice receiving c~KRGDf! followed by Cy5.5-
c~KRGDf! 1 h later. When the c~KRGDf! peptide preceded
injection of the conjugate by 24 h, the value ofa1b in tumor
ROIs was recovered and became once again significantly di
ferent from thea1b values of the normal tissue ROIs and
from the tumor ROIs of mice injected with Cy5.5 and mice
injected with c~KRGDf! followed by Cy5.5-c~KRGDf! with a
1 h interval.

From the studies involving the administration of the RGD
peptide prior to the administration of the Cy5.5-c~KRGDf!
conjugate, one may draw the following conclusions. First, be
cause the net effect of administering the RGD peptide on
hour prior to the Cy5.5-c~KRGDf! conjugate is the reduction
of the tumor uptake and since theavb3 integrin receptor
overexpressed on KS1767 binds the RGD peptide, the pha
macokinetic analyses from dynamic imaging verify the spe-
cific binding of the Cy5.5-c~KRGDf! conjugate. Second, be-
cause the value ofa1b obtained from the tumor ROIs of
animals injected with the conjugate dye alone or the conjugat
dye 24 h following the pretreatment with the RGD peptide are
statistically similar, one may speculate that the turnover of the
avb3 integrin receptor expressed on the cell surface o
KS1767 occurs within 24 h. Given experimental dynamicin
vivo fluorescence data obtained subsequent to the injection o
the Cy5.5-c~KRGDf! conjugate at various intervals following
the administration of the c~KRGDf! peptide, one may be able
to experimentally determine receptor turnover time. Finally,
sincea1b is equivalent to the sum of all the rate constants of
the compartmental pharmacokinetic model, and since th
avb3 integrin receptors bind the c~KRGDf! peptide such that
pretreatment with the c~KRGDf! peptide results in the elimi-
nation of the cellular uptake of the dye conjugate, the differ-
ence in the value ofa1b between animals injected with the
conjugate dye alone and animals injected with the conjugate
h after the pretreatment with the RGD peptide may indicate
the molecularly specific cellular uptake of the conjugate. Us-
ing this rationale, we found the rate constant for the specific
cellular uptake of Cy5.5-c~KRGDf! to have a mean value of
kc50.16 s21.

While the sum ofa andb can be used to provide model-
dependent information about molecular binding as describe
earlier, the regression values for the PK complex rate con
stants,a and b as well as the PK pre-exponential factorsA
andB are individually presented in Fig. 5. As shown in Figs.
5~a! and 5~b!, the complex rate constant,a, is greater thanb
in these early time-course studies and shows significant dif
ferences between normal and tumor tissues when Cy5.5
c~KRGDf! is administered. The differences disappear when
Cy5.5-c~KRGDf! is administered 1 h after c~KRGDf! is ad-
ministered as a blocking ligand, but reappear again when ad
ministered 24 h after c~KRGDf! is administered. The complex
rate constant,b, does not show significant differences be-
tween these groups in the early time courses investigate
herein. Further study at longer times after administration o
Cy5.5-c~KRGDf! need to be conducted in order to effectively
address possible differences. The pre-exponential factors i
034019Journal of Biomedical Optics
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lustrated in the histograms of Figs. 5~c! and 5~d! are truly
arbitrary factors which could vary with external factors su
as variation in illumination power on the animal surfac
Nonetheless, with the exception of the free Cy5.5 dye,
tumor regions possess greater values of the pre-expone
factors indicative of perhaps of the increased vascular
Clearly, owing to the large number of parameters that con
tute a, b, A, andB individually, it is not possible to extrac
biophysical information in the same manner as one can for
sum ofa1b.

Fluorescence images of all animals studied were also
tained at 24 h intervals following the administration of th
contrast agent. Figure 6 displays the images of raw fluo
cence~i.e., no background subtraction! overlaid with white
light images and obtained 24 and 48 h following the init
injection of the contrast agent for a representative anima
each of the four test groups studied. From the images of
6~a! it is clear that the KS1767 tumor was not visible from th
fluorescence images at any time following the injection of t
free Cy5.5 dye. In this case and the other cases as well,
visible fluorescence intensity originating from the animal g
is due to animals’ diet. The KS1767 tumor was clearly visib
24 and 48 h after the administration of the Cy5.5-c~KRGDf!
peptide, as evidenced in Figs. 6~b!–6~d!, and returned to base
line after about 168 h. At any given time, the fluorescen
intensity originating from the tumor was highest for the an
mal that was administered the Cy5.5-c~KRGDf! conjugate
alone, Fig. 6~b!; slightly diminished for the animal injected
with the RGD peptide 24 h prior to the administration of th
conjugate dye, Fig. 6~d!; and lower still for the animal that
received the RGD peptide 1 h prior to the administration o
the Cy5.5-c~KRGDf! conjugate, Fig. 6~c!. These results fur-
ther substantiate the specificin vivo cellular binding of the
Cy5.5-c~KRGDf! conjugate to KS1767.

5 Summary and Conclusions
In the past several years, a number of targeted cancer d
have shown tremendous promise and a select few have
approved by the Food and Drug Administration~FDA!. These
cancer drugs generally target and inhibit signal transduc
that would otherwise lead to the proliferation or antiapopto
of the cancer cells. The drug is often targeted to an extra
lular membrane bound receptor or to an intracellular prot
critical to the signaling pathway, resulting in the interruptio
of the downstream signaling cascade.1 Herceptin®, developed
by Genentech, Inc. and approved by the FDA in 1998, ex
its therapeutic effects on metastatic breast cancer cells
overexpress the HER-2 receptor.1–3 Similarly, Erbitux®, de-
veloped by ImClone Systems Inc., targets the extracellu
membrane-bound epidermal growth factor receptor, co
monly overexpressed in many types of cancer.1,2 More re-
cently, the protein-tyrosine kinase Bcr-Abl, whose eleva
activity is strongly implicated in the mechanism of develo
ment of chronic myeloid leukemia, has been the molecu
target of a therapeutic drug.4 The drug, Gleevec®, markete
by Novartis Pharmaceutical Corporation in 2001, compe
tively binds the ATP binding site on the enzyme, and su
presses the proliferation of Bcr-Abl-expressing cells.1–4

An ongoing challenge for drug discovery is the unmet ne
for ~i! rapid in vivo animal screening tools in order to verif
-6 May/June 2005 d Vol. 10(3)
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Fig. 5 Results of nonlinear least-squares regression for determining the PK complex rate constants (a) a and (b) b as well as the PK pre-exponential
factors (a) A and (b) B from Eq. (13). The column height represents the mean value of the test group listed along the abscissa while the error bars
represent the standard deviation. The time in parentheses represents the time between injection for the c(KRGDf) peptide and the Cy5.5-c(KRGDf)
conjugate. Figure 5(b) is similar to Fig. 4 owing to the small values of b.
e
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molecular targeting and action and~ii ! candidate patient
screening in phase II and III clinical trials in order to decrease
their durations and to improve their efficiency. While
diffusion-based fluorescence enhanced tomography has be
demonstrated for clinically relevant volumes,19–23 to date
RTE-based tomographic algorithms valid for small animal im-
aging remains to be developed. Herein, we have shown tha
before such developments, a sensitive and simple optical tec
nique capable of rapid collection of dynamic measurement
can provide information of molecular update without the need
for tomography or quantification of tissue fluorophore con-
centration. Upon combining dynamic measurements and pha
macokinetic analysis with proper controls and competitivein
vivo ligand binding studies, the molecular specificity of any
034019Journal of Biomedical Optics
n

t
-

-

small targeted agent can be determinedin vivo relative to a
nonspecific analog such as in the case of a conjugate con
ing a scrambled, nonspecific peptide. In addition, by asses
the change in the uptake kinetics of a molecularly spec
agent administered at varying times following the administ
tion of either a ligand that exhibits competitive binding to th
target, or a therapeutic that modulates the expression of
target, important information about the rate of target repl
ishment~i.e., receptor recycling! or the efficacy of therapy can
be determined. Such analysis assumes the use of ‘‘steal
molecular contrast agents whose resistance to transport to
tissue region of interest do not limit the uptake process.
nally, the analogous molecular nuclear imaging technique
gamma scintigraphy requires several minutes for image ac
-7 May/June 2005 d Vol. 10(3)
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Gurfinkel et al.: Quantifying molecular specificity . . .
Fig. 6 Raw fluorescence images (no background subtraction) ob-
tained 24 h (first column) and 48 h (second column) after the admin-
istration of (a) Cy5.5, (b) Cy5.5-c(KRGDf) conjugate alone, (c) Cy5.5-
c(KRGDf) conjugate 1 h after the injection of RGD peptide, and (d)
Cy5.5-c(KRGDf) conjugate 24 h after injection of the RGD peptide.
The white arrows indicate the location of the xenografted Kaposi’s
sarcoma tumor.
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to-
sition in comparison to the subsecond image acquisition pre
sented herein for dynamic optical imaging. Such tempora
resolution for dynamic imaging suggests that optical imaging
may not only join nuclear imaging as another ‘‘gold standard’’
of molecular imaging in medicine,24 but may provide more
quantitative information to assess the dynamics of diseas
marker expression.

In closing, until RTE-based tomographic algorithms are
validated for small animal imaging, information on the bio-
distribution of optical contrast agents or fluorescently tagged
molecules remain problematic and difficult. Until such a time
that small animal tomography is validated, the simple ap-
proach presented herein for assessing uptake can provide
convenient and simple manner to confirm molecular specific
ity of the agent before biodistribution studies are undertaken
In yet another approach to the problem, we have dual labele
034019Journal of Biomedical Optics
a

c~KRGDf! with both an optical and nuclear tracer in order
provide a validated means for assessing biodistribution.24,25

While the dual labeled c~KRGDf! represents yet a differen
contrast agent targeting the same disease marker consid
herein, it provides a new approach to perform both biostri
tion assessment in deep tissues from nuclear emission
pharmacokinetic information on surface tissue from opti
emissions. Clearly the ability for rapid, dynamic optical im
aging combined with proposed small animal optical tomog
phy would enable the full complementary of information r
quired for drug and contrast agent discovery without the n
for dual labeling.
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S. Böttcher, W. Wynendaele, J. Drevs, J. Verweij, and A. T. Oo
erom, ‘‘Phase I and pharmacokinetic study of continuous tw
weekly intravenous administration of Cilengitide~EMD 121974!, a
novel inhibitor of the integrinsavb3 and avb5 in patients with ad-
vanced solid tumours,’’Eur. J. Cancer39, 917–926~2003!.

11. D. A. Sipkins, D. A. Cheresh, M. R. Kazemi, L. M. Nevin, M. D
Bednarski, and K. C. P. Li, ‘‘Detection of tumor angiogenesisin vivo
by avb3-targeted magnetic resonance imaging,’’Nat. Med.4, 623–
626 ~1998!.

12. R. Haubner, H.-J. Wester, U. Reuning, R. Senekowitsch-Schmid
B. Diefenbach, H. Kessler, G. Stocklin, and M. Schwaiger, ‘‘Rad
labeledavb3 integrin antagonists: a new class of tracers for tum
targeting,’’J. Nucl. Med.40, 1061–1071~1999!.

13. R. Haubner, H.-J. Wester, W. A. Weber, C. Mang, S. I. Ziegler, S
Goodman, R. Senekowitsch-Schmidtke, H. Kessler, and
Schwaiger, ‘‘Noninvasive imaging ofavb3 integrin expression using
18F-labeled RGD-containing glycopeptide and positron emission
mography,’’Cancer Res.61, 1781–1785~2001!.
-8 May/June 2005 d Vol. 10(3)



.

,

l

a

,

CD

in,
st

ng,
st

ca,
re-

e-
oint

ca,
l
be,’’

ow,
g
-

Gurfinkel et al.: Quantifying molecular specificity . . .
14. M. L. Janssen, W. J. Oyen, I. Dijkgraaf, L. F. Massuger, C. Frielink,
S. Edwards, M. Rajopadhye, H. Boonstra, F. H. Corstens, and O. C
Boerman, ‘‘Tumor targeting with radiolabeledavb3 integrin binding
peptides in a nude mouse model,’’Cancer Res.62, 6146–6151
~2002!.

15. W. Wang, S. Ke, Q. Wu, C. Charnsangavej, M. Gurfinkel, J. G. Gelo-
vani, E. M. Sevick-Muraca, and C. Li, ‘‘Near-infrared optical imag-
ing of integrin avb3 in Human Tumor Xenografts,’’Molecular Im-
aging ~in press!.

16. S. Ke, X. Wen, M. Gurfinkel, C. Charnsangavej, Z. Fan, S. Wallace
E. Sevick-Muraca, and C. Li, ‘‘Near-infrared optical imaging of epi-
dermal growth factor receptors~EGFr! in a breast cancer xenograft,’’
Cancer Res.63, 7870–7875~2003!.

17. D. Cuccia, F. Bevilacqua, A. Durkin, S. Merritt, B. Tromberg, G.
Gulsen, H. Yu, J. Wang, and O. Nalcioglu, ‘‘In vivo quantification of
optical contrast agent dynamics in rat tumors by use of diffuse optica
spectroscopy with magnetic resonance imaging coregistration,’’Appl.
Opt. 42, 2940–2950~2003!.

18. M. Gurfinkel, A. Thompson, W. Ralston, T. Troy, A. Moore, T.
Moore, J. Gust, D. Tatman, J. Reynolds, B. Muggenburg, K. Nikula,
R. Pandey, R. Mayer, D. Hawrysz, and E. Sevick-Muraca, ‘‘Pharma-
cokinetics of ICG and HPPH-car for the detection of normal and
tumor tissue using fluorescence, near-infrared reflectance imaging:
case study,’’Photochem. Photobiol.72, 94–102~2000!.

19. A. Godavarty, M. J. Eppstein, C. Zhang, S. Theru, A. B. Thompson
M. Gurfinkel, and E. M. Sevick-Muraca, ‘‘Fluorescence-enhanced
034019Journal of Biomedical Optics
optical imaging in large tissue volumes using a gain modulated IC
camera,’’Phys. Med. Biol.48, 1701–1720~2003!.

20. A. Godavarty, A. B. Thompson, R. Roy, M. Gurfinkel, M. J. Eppste
C. Zhang, and E. M. Sevick-Muraca, ‘‘Diagnostic Imaging of brea
cancer using fluorescence-enhanced optical tomography,’’J. Biomed.
Opt. 9~3!, 488–496~2004!.

21. A. Godavarty, A. B. Thompson, R. Roy, M. J. Eppstein, C. Zha
and E. M. Sevick-Muraca, ‘‘Detection of multiple targets in brea
phantoms using fluorescence enhanced optical imaging,’’Radiology
235, 148–154~2005!.

22. R. Roy, A. B. Thompson, A. Godavarty, and E. M. Sevick-Mura
‘‘Tomographic fluorescence imaging in tissue phantoms: a novel
construction algorithm and imaging geometry,’’IEEE Trans. Med.
Imaging24~2!, 137–154~2005!.

23. R. Roy, A. Godavarty, and E. M. Sevick-Muraca, ‘‘Fluorescenc
enhanced optical tomography of a large tissue phantom using p
illumination geometry,’’J. Biomed. Opt.~submitted!.

24. J. P. Houston, S. Ke, W. Wang, C. Li, and E. M. Sevick-Mura
‘‘Quality analysis of in vivo NIR fluorescence and conventiona
gamma images acquired using a dual-labeled tumor-targeting pro
J. Biomed. Opt.~submitted!.

25. S. Ke, W. Wang, Q. Wu, C. Charnsangavej, J. P. Houston, D. Ch
E. M. Sevick-Muraca, and C. Li, ‘‘Dual optical and nuclear imagin
of integrin avb3 in human melanoma xenografts using a single im
aging probe,’’Eur. J. Nuc. Med. Mol. Imag.~submitted!.
-9 May/June 2005 d Vol. 10(3)


