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Purpose: To determine the imaging and receptor-binding properties 
of a multireporter probe designed for sentinel lymph node 
(SLN) mapping via nuclear and fluorescence detection.

Materials and 
Methods:

The animal experiments were approved by the institutional 
animal care and use committee. A multireporter probe 
was synthesized by covalently attaching cyanine 7 (Cy7), 
a near-infrared cyanine dye, to tilmanocept, a radiophar-
maceutical that binds to a receptor specific to recticu-
loendothelial cells. In vitro binding assays of technetium 
99m (99mTc) -labeled Cy7 tilmanocept were conducted at 
4°C by using receptor-bearing macrophages. Optical SLN 
imaging after foot pad administration was performed by 
using two molar doses of Cy7 tilmanocept. Six mice were 
injected with 0.11 nmol of 99mTc-labeled Cy7 tilmanocept 
(low-dose group); an additional six mice were injected 
with 31 nmol of 99mTc-labeled Cy7 tilmanocept (high-dose 
group) to saturate the receptor sites within the SLN. Af-
ter 2.5 hours of imaging, the mice were euthanized, and 
the sentinel and distal lymph nodes were excised and as-
sayed for radioactivity for calculation of SLN percentage 
of injected dose and extraction. Four mice were used as 
controls for autofluorescence. Standard optical imaging 
software was used to plot integrated fluorescence inten-
sity against time for calculation of the SLN uptake rate 
constant and scaled peak intensity. Significance was calcu-
lated by using the Student t test.

Results: In vitro binding assays showed subnanomolar affinity 
(mean dissociation constant, 0.25 nmol/L 6 0.10 [stan-
dard deviation]). Fluorescence imaging showed a detec-
tion sensitivity of 1.6 3103 counts ⋅ sec21 ⋅ mW21 per pi-
comole of Cy7. All four imaging metrics (percentage of 
injected dose, SLN extraction, SLN uptake rate constant, 
and expected peak fluorescence intensity) exhibited high-
er values (P = .005 to P = .042) in the low-dose group than 
in the high-dose group; this finding was consistent with 
receptor-mediated image formation.

Conclusion: The multireporter probe 99mTc-labeled Cy7 tilmanocept 
exhibits in vitro and in vivo receptor-binding properties 
for successful receptor-targeted SLN mapping with nu-
clear and optical imaging.
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cross-sectional imaging and would enable 
one to localize the SLN basins within the 
pelvis.

The purpose of this study was to 
determine the imaging and receptor-
binding properties of a multireporter 
probe designed for SLN mapping via 
nuclear and fluorescence detection.

Materials and Methods

Tilmanocept, the active ingredient in 
Lymphoseek, was provided by Navidea 
Biopharmaceuticals. The authors had 
full control over the inclusion of all data 
and information submitted for publica-
tion. This study was approved by the 
Institutional Animal Care and Use Com-
mittee of the University of California, 
San Diego.

Synthesis and Characterization of 
Optically Labeled Tilmanocept
Conjugation of the optical reporter, a cy-
anine dye (21), to tilmanocept proceed-
ed in a manner described previously 
(22). Estimation of cyanine 7 (Cy7) den-
sity was defined as the average number 
of Cy7 molecules per tilmanocept mole-
cule and was performed with a method 
similar to that used by Mujumbar and 
coworkers (21), in which they used dye 

Rapid accumulation and long reten-
tion of tilmanocept by the SLN permits 
greater logistic flexibility, which is more 
compatible with a fluorescent tag than 
with a radioactive label. For example, 
rapid SLN uptake after submucosal in-
jection of 99mTc tilmanocept (16) permits 
SLN mapping within minutes of injection 
into the stomach or colon. Unfortunately, 
intraoperative injections of radioactive 
material present logistical and regulatory 
issues. Conversely, a prolonged interval 
between tilmanocept administration and 
SLN mapping is possible due to persis-
tent SLN retention imparted by receptor 
binding (17). An example would be til-
manocept injection during colonoscopy 
followed by surgery a week later. If radio-
labeled with 99mTc, the SLN at the time 
of surgery would not contain a detectable 
amount of radioactivity. The solution to 
these and other scenarios is to label til-
manocept with a fluorescent reporter and 
perform SLN mapping with a handheld 
optical imaging system (18). An addi-
tional setting compatible with an optical 
reporter is robot-assisted surgery (19), 
where near-infrared-capable imaging 
systems are integrated into the three-di-
mensional viewing console (20); mapping 
in this setting would follow single photon 
emission computed tomography (SPECT) 

Sentinel lymph node (SLN) map-
ping (1) of breast cancer (2,3) and 
melanoma (4) is well validated 

(5–7) and has become standard proce-
dure in the determination of whether 
these cancers have metastasized to re-
gional lymph nodes. The sentinel node 
concept is based on the hypothesis (8) 
that lymphatic spread of metastatic cells 
within a lymph node basin proceeds in 
an orderly fashion through multiple an-
atomic levels. If the SLN, which is the 
first lymph node that drains the tumor, 
is free of cancer cells, then the remain-
ing lymph nodes in the chain will also be 
free of metastatic disease. For a patient 
with breast cancer, if the SLN is nega-
tive, the remaining lymph nodes within 
the axillary basin need not be removed, 
thereby reducing the risk of lymphede-
ma (9). In patients with melanoma, dis-
ease-free SLNs offer a strong prognostic 
indication of survival (10).

Technetium 99m (99mTc)-labeled til-
manocept, also known as 99mTc diethy-
lenetriaminepentaacetic acid manno-
syl dextran (11) and Lymphoseek (12) 
(Navidea Biopharmaceuticals, Dublin, 
Ohio), is a glycoconjugate with high af-
finity to the receptor mannose binding 
protein, which is specific to recticuloen-
dothelial cells. The relatively small size 
of the molecule (,8 nm) enables it to 
rapidly enter the lymphatic system af-
ter intradermal injection (12,13). The 
specific interaction of 99mTc tilmanocept 
with the receptor permits the mole-
cule to accumulate within the SLN, 
with minimal passage into distal lymph 
nodes. Phase I clinical trials in patients 
with breast cancer (12) and in those 
with melanoma (13) successfully dem-
onstrated these properties, which were 
confirmed in phase II (14) and phase III 
(15) clinical trials.

Implications for Patient Care

 n This fluorescent-labeled SLN 
mapping agent is compatible 
with new surgical and imaging 
instrumentation, such as high-
bandwidth illumination and 
camera systems designed for 
near-infrared imaging

 n A dual 99mTc- and fluorescent-
labeled agent would permit 
SPECT imaging of the pelvic 
lymph node basins before sur-
gery and guide SLN mapping 
during surgery for breast, pros-
tate, bladder, and gynecologic 
cancers.

 n Intraoperative optical imaging 
would eliminate the need to 
administer radioactive agents in 
the surgical suite during SLN 
mapping of gastrointestinal 
cancers.

Advance in Knowledge

 n The multireporter probe fluores-
cent-labeled technetium 99m 
(99mTc) tilmanocept exhibits 
receptor-mediated accumulation 
by sentinel lymph nodes (SLNs) 
at a concentration that is visible 
with fluorescence and nuclear 
imaging.
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over the footpad and the SLN. Serial 
measurements of fluorescence intensity 
were acquired at the injection site and 
in the draining lymph node basin every 
10 minutes for a total of 150 minutes. 
Immediately after acquisition of the 
last image, the mice were euthanized 
by inhalation of carbon dioxide gas and 
cervical dislocation. For each mouse, 
the popliteal node, which represents 
the SLN, and the inguinal lymph node, 
which is distal to the popliteal lymph 
node relative to the injection site, were 
excised, placed in plastic scintillation 
vials, and assayed for radioactivity. In a 
separate group, Swiss Webster mice (n 
= 4) were shaved, and imaging was per-
formed over the popliteal lymph node. 
This group enabled us to measure tis-
sue autofluorescence, which was used 
to predict signal-to-background ratio in 
a human imaging study.

After all images were acquired, a 
medical physicist (D.J.H., 19 years of 
optical imaging experience) drew a re-
gion of interest (ROI) around the SLN 
and footpad. Each ROI was checked by 
another author (D.R.V., a radiochemist 
with 32 years of experience in kinetic 
modeling of imaging data). The injec-
tion site ROI encompassed the entire 
foot (size range, 41–89 mm2, mean size, 
66 mm2); the size of the SLN ROI was 
adjusted to encompass only the area 
(range, 14–24 mm2; mean, 17 mm2) 
of increased signal intensity over the 
lymph node. The counts from each 
pixel within the ROI were summed to 
yield an integrated fluorescence in-
tensity for each ROI at a given time 
point. Time-intensity curves for each 
mouse study were generated by using 
integrated fluorescence in kilocounts as 
the y axis and were used to calculate 
the SLN accumulation rates and scaled 
peak fluorescence intensities. Details of 
each calculation are provided in Appen-
dix E1 (online).

Detection sensitivity was defined 
as the scaled fluorescence intensity per 
mole of fluorophore within an SLN. It 
was calculated by using the last frame 
of the dynamic fluorescence imaging 
study and the radioactivity measure-
ment of the SLN. For each of the mice 
within the low-dose group, the scaled 

negative controls of 99mTc-labeled Cy7 
tilmanocept and 99mTc-labeled tilmano-
cept binding to macrophages. The as-
says were conducted at 4°C to elimi-
nate the effect of receptor recycling. 
Details are provided in Appendix E1 
(online).

Optical Imaging
We performed dynamic fluorescence 
imaging in 12 mice (weight range, 20–30 
g). Six Swiss Webster mice, members 
of the low-dose group, were injected 
in the foot pad with an amount of Cy7 
tilmanocept that would not saturate re-
ceptor sites within the SLN. Seven days 
later, a second group, designated the 
high-dose group, received a dose 300 
times greater than that administered to 
the low-dose group; this was designed 
to saturate the receptor sites within the 
SLN. Imaging of each group was com-
pleted within an 18-hour period.

Prior to the injection, each mouse 
was anesthetized via inhalation of 2%–
3% isoflurane, shaved, and placed in the 
supine position onto a warmed imaging 
stage (36°C) within the optical imager 
(Optix MX2; Advanced Research Tech-
nologies, Montreal, Quebec, Canada). 
The Cy7 setting of the imager used a 
758-nm excitation laser and a pair of 
emission filters, a 780-nm long-pass fil-
ter and a 782-nm band-pass filter, with 
a 20-nm bandwidth; the pixel size was 
determined by the distance between 
each rectilinear scanning position and 
the line offset, which were set at 1.5 
mm and 1.5 mm, respectively. During 
imaging, continuous anesthesia was 
maintained by delivery of 1%–2% iso-
flurane via a nose cone. A total of 7.5 
mL of injectate was drawn into a 0.3-mL 
syringe with a fixed 28-gauge needle. 
Each mouse in the low-dose group re-
ceived 0.11 nmol of 99mTc-labeled Cy7 
tilmanocept (0.28 Cy7 per tilmanocept,  
0.078 nmol of Cy7), and each mouse 
in the high-dose group received 31 
nmol of 99mTc-labeled Cy7 tilmanocept 
and the same amount of Cy7 (0.078 
nmol) as the low-dose group. The right 
hind foot pad of each mouse was in-
jected with the entire contents of each 
syringe and massaged for 10 seconds. 
Separate scanning regions were drawn 

absorbance at the absorption maximum 
to measure the quantity of cyanine dye. 
Absorbance and emission spectra were 
measured for unconjugated Cy7 and 
Cy7-conjugated tilmanocept prepara-
tions. Absorbance spectra were obtained 
at five dilutions of each Cy7 tilmanocept 
preparation and unconjugated Cy7. All 
solutions were in 0.9% saline (pH, 6.0) 
within a 10-mm cuvette, with all absor-
bances below 0.05 units. Emission spec-
tra (710–850 nm, 5-nm slit width) (Flu-
orolog 2; Horiba Jobin Yvon, Edison, 
NJ fitted with an R928 photomultiplier 
tube; Hamamatsu Photonics, Iwata City, 
Japan) were excited at 700 nm. Absor-
bance spectra (Varian Carey 3E; Agilent 
Technologies, Walnut Creek, Calif) were 
acquired between 400 and 850 nm (1.5-
nm slit width). Details of synthesis and 
Cy7 density measurements are provided 
in Appendix E1 (online).

Radiolabeling Cy7 Tilmanocept with 99mTc
Radiolabeling of Cy7 tilmanocept (Fig 1a)  
with 99mTc was performed with a tin 
reduction method (23). Quality control 
consisted of instant thin-layer chroma-
tography and size exclusion high-perfor-
mance liquid chromatography with ra-
dioactivity and fluorescence detection. 
Radiolabeling of Cy7 tilmanocept and 
high-performance liquid chromatogra-
phy quality control was also conducted 
after 4 months of storage at 5°C. All la-
beling reactions resulted in radiochem-
ical yields in excess of 98% and single 
components within the instant thin-lay-
er chromatography, radioactivity, and 
fluorescence chromatograms (Figure 
E1 [online]). Details for radiolabeling 
and quality control are provided in Ap-
pendix E1 (online).

Measurement of Receptor Affinity
We measured the equilibrium dissocia-
tion constant of Cy7 tilmanocept by us-
ing an in vitro binding assay with J774E 
or J774 macrophages (24). The equi-
librium dissociation constant for each 
assay was calculated by using LIGAND 
software (25), and it was displayed as a 
Scatchard plot (26). Because the wild-
type J774 macrophages do not express 
mannose-binding protein, the bind-
ing studies with these cells served as 
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preparation; the binding assays used the 
preparation with the 0.90 Cy7 density.

The covalent attachment of Cy7 to 
the amino-terminated leashes of til-
manocept altered the absorption and 
fluorescence spectra and slightly low-
ered the quantum yield. Absorbance 
and fluorescence spectra (Fig 1) of 
Cy7-conjugated tilmanocept revealed a 
red shift of 7 nm when compared with 
unconjugated Cy7. The absorbance 
spectra revealed an elevation of the 
short-wavelength shoulder compared 
with unconjugated Cy7 consistent with 
dimerization and subsequent loss of 
quantum yield. Quality control of 99mTc-
labeled Cy7 tilmanocept that was radio-
labeled 4 months after Cy7 conjugation 
and stored at 5°C showed single radio-
activity and fluorescence peaks (Figure 
E1 [online]), with no evidence of free 
fluorophore, which has an elution vol-
ume of 12.0 mL.

Radiolabeling for the in vitro cell 
binding studies resulted in specific ac-
tivities of 0.4 3 108 GBq/mol, without 
the need for purification. Moreover, 
high radiochemical purity (.98%) was 
maintained after a 240-fold dilution, 

Statistical Analysis
We used the Student t test (JMP, ver-
sion 9, 2010; SAS Institute, Cary NC) 
to calculate a one-tailed test of signif-
icance, which we justified based on 
our knowledge that a receptor-binding 
process will result in diminished ac-
cumulation when the receptor is chal-
lenged with excess ligand. We tested 
each of the time-intensity and time-ac-
tivity metrics: SLN accumulation rates, 
scaled peak fluorescence intensities, 
percentage of injected dose, and per-
centage of SLN extraction. We con-
sidered a P value of less than .05 to 
indicate a significant difference. We re-
peated the statistical analysis by using 
the Wilcoxon signed rank test.

Results

Characterization of Optical and 
Radiochemical Properties
We synthesized two Cy7 tilmanocept 
preparations (Fig 1a), each with a dif-
ferent mean Cy7 density (0.28 and 0.90 
Cy7 molecules per tilmanocept). The 
mouse study used the lower density 

fluorescence intensity was calculated 
from the SLN ROI. This value was di-
vided by the amount of Cy7 within the 
SLN. The Cy7 amount was calculated by 
multiplying the average number of Cy7 
molecules per dextran (ie, Cy7 density) 
by the amount of tilmanocept within the 
SLN, as determined with a radioactivity 
assay of each harvested SLN.

Nuclear Counting and Calculations
The SLNs were assayed by using a 100–
200-keV window (Gamma 9000; Beck-
man Instruments, Fullerton, Calif) and 
compared with a counting standard that 
was prepared from a known dilution of 
the injected material. The percentage of 
injected dose of tilmanocept was calcu-
lated by comparing the tissue counts with 
the counting standard. Calculation of the 
amount of Cy7 within each SLN was 
based on the percentage of injected dose 
of tilmanocept and the measured Cy7 
density of the Cy7 tilmanocept prepara-
tion. The percentage of SLN extraction 
was calculated as the difference between 
SLN and distal lymph node count rates 
divided by the sum of the SLN and distal 
lymph node count rates (11).

Figure 1

Figure 1: (a) The receptor-targeted fluorescent radiopharmaceutical, Cy7 
tilmanocept, is composed of one molecule of 10-kDa dextran, to which are 
attached multiple units of Cy7, diethylene triamine pentaacetic acid, and 
mannose. Cy7 is an optical reporter that emits a photon with a near-infrared 
wavelength; diethylene triamine pentaacetic acid permits radiolabeling with 
99mTc; and mannose units impart affinity to a receptor that resides within the 
SLN. (b) Absorbance spectra of a Cy7 tilmanocept preparation (0.90 Cy7 
per dextran) and unconjugated Cy7 (dashed red and blue lines, respectively). 
Fluorescence spectra of a Cy7 tilmanocept preparation and unconjugated Cy7 
(solid red and blue lines, respectively) show an emission peak at 780 nm for 
each preparation; this is a 7-nm red shift from Cy7.
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low-dose group (0.40% 6 0.16) was sig-
nificantly (P = .007) greater than that at-
tained in the high-dose group (0.16% 6 
0.08). The mean SLN extraction (83% 6 
11) attained in the low-dose group was 
significantly (P = .042) greater than that 
attained in the high-dose group (55% 6 
31). There was a significant (r = 0.85, P 
, .001) correlation (Figure E2 [online]) 
between the scaled SLN fluorescence 
intensity at the end of each study and 
the amount of SLN Cy7, as measured 
by 99mTc activity of each excised lymph 
node. The nonparametric test of signif-
icance yielded lower P values for SLN 
accumulation rates, scaled peak fluores-
cence intensities, and percentage of SLN 
extraction, as well as a P value of .01 for 
percentage of injected dose.

Discussion

The purpose of this study was to deter-
mine the performance of the receptor-
binding fluorescent radiopharmaceuti-
cal 99mTc-labeled Cy7 tilmanocept. The 
nuclear and optical labels showed high 
stability and provided sufficient sensi-
tivity for nuclear detection and fluo-
rescent imaging. The receptor-binding 
characteristics were demonstrated in 
vitro at subnanomolar affinity and in 
vivo by receptor saturation. The spe-
cific activity achieved would permit 
a 3-nmol injection of 1.2 GBq, which 

additional tilmanocept. Thus, after sat-
uration, any tilmanocept that enters the 
SLN will not find a receptor to which it 
can bind. As a result, tilmanocept will 
exit and travel to the next lymph node. 
The result is a high-dose curve (Fig 3d)  
that was flat when compared with that 
in the low-dose study (Fig 3b). Recep-
tor saturation resulted in lower accu-
mulation rates, peak uptake values, 
percentage of injected doses, and SLN 
extraction coefficients. For example, 
the slope of the low-dose study yielded 
an accumulation rate constant of 1.65 
hours21, which was 57-fold greater 
than the rate constant in the high-dose 
study.

Two metrics of SLN accumulation 
(Fig 4) exhibited significant differences 
between the two experimental groups. 
The Cy7 tilmanocept SLN rate constant 
in the low-dose group (1.36 hours21 
6 0.66) was significantly (P = .005) 
greater than that in the high-dose group 
(0.33 hours21 6 0.34). The scaled peak 
fluorescence was significantly (P = .018) 
higher in the low-dose group (220 
counts ⋅ sec21 ⋅ mW21 6 140) than in 
the high-dose group (55 counts ⋅ sec21 ⋅ 
mW21 6 42).

Two metrics of lymph node accumu-
lation (Fig 5) exhibited significant dif-
ferences between the two experimental 
groups. The mean percentage of inject-
ed dose attained with the SLNs in the 

which was required to prepare the 
highest Cy7 tilmanocept dilution used 
in the cell binding assay.

Measurement of Receptor Affinity
Five 99mTc-labeled Cy7 tilmanocept 
binding assays at 4°C yielded a mean 
dissociation constant of 0.25 nmol/L 
6 0.10 (standard deviation) (Table E1 
[online]). This value was lower than 
but not significantly different from 0.42 
nmol/L 6 0.31, which was the mean 
dissociation constant (n = 5) for 99mTc-
labeled tilmanocept. The in vitro stud-
ies showed that the attachment of the 
optical label did not increase nonspe-
cific binding, as shown by the fraction of 
nonspecific binding of the in vitro assay 
and the absence of binding by wild-type 
J774 cells, which do not express the re-
ceptor. A typical Scatchard plot of Cy7 
tilmanocept binding to J774E cells is 
presented in Figure 2. Scatchard plots 
from wild-type cells did not exhibit a 
specific binding component.

Optical Imaging
The mean scaled fluorescence intensity 
of the SLNs from the six mice in the 
low-dose group was (0.22 6 0.14) 3 
103 counts ⋅ sec21 ⋅ mW21. The mean 
amount of Cy7 tilmancept within each 
SLN based on the 99mTc assay results 
was 0.44 pmol 6 0.18; by using the 
average value of 0.28 Cy7 molecules 
per tilmanocept, the mean amount of 
SLN Cy7 was 0.12 pmol 6 0.05. The 
mean detection sensitivity was (1.62 6 
0.56) 3 103 counts ⋅ sec21 ⋅ mW21 per 
picomole of Cy7. By using an excitation 
power of 800 mW, mean autofluores-
cence intensity from the popliteal re-
gion was 516 counts 6 121 per pixel or 
a scaled intensity of 0.65 6 0.15 counts 
⋅ sec21 ⋅ mW21.

A comparison of the SLN time-
intensity curves from a low-dose study 
with those from a high-dose study (Fig 3)  
showed a receptor-mediated process 
for Cy7 tilmaocept accumulation by 
the SLN. Within minutes of injection, 
the large amount of tilmanocept in the 
high-dose study bound up all of the re-
ceptors within the SLN. Consequently, 
during the remainder of the study, 
the SLN could not accumulate any 

Figure 2

Figure 2: (a, b) Scatchard plots show results of a single-binding experiment analyzed with LIGAND 
software (25), which separated the specific- () and nonspecific-bound () radioactivity prior to estimation 
of the dissociation constant. (a) Mean dissociation constant was 0.36 nmol/L 6 0.14 at 4°C (negative slope 
of straight solid line). (b) Expanded view of the specific-bound component used to calculate the dissociation 
constant of the individual assay. Mean dissociation constant of five Cy7 tilmanocept assays was 0.25 nmol/L 
6 0.10, which was not significantly different from tilmanocept without Cy7 attached (0.42 nmol/L 6 0.31).
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Figure 3

Figure 3:  (a, c) Examples of fluorescence imaging of mouse SLNs (arrows) within ROIs (white outlines). kcts = Kilocounts. 
(a) Optical image obtained 150 minutes after administration of a 0.11-nmol dose of Cy7 tilmanocept yielded an SLN with an 
integrated fluorescence intensity with an ROI of 780 3 103 counts. The pixel with the highest fluorescence intensity held 64 3 
103 counts. (b) Time-intensity curve from the SLN shows sustained accumulation from 140 3 103 counts at 15 minutes to 800 
3 103 counts at 100 minutes. SLN uptake rate constant, percentage of injected dose, and SLN extraction were 1.65 hours21, 
0.53%, and 89%, respectively. (c) Optical image (150 minutes) of the injection site and popliteal lymph node in a mouse in the 
high-dose group (31 nmol) shows decreased sentinel node intensity. (d) Time-intensity curve from the SLN showed diminished 
uptake due to receptor saturation. SLN accumulation rate, percentage of injected dose, and SLN extraction were 0.029 hour21, 
0.28%, and 19%, respectively.

Figure 4

Figure 4: Box plots show mouse fluorescence imaging stud-
ies of 99mTc-labeled Cy7 tilmanocept demonstrated receptor 
binding to SLNs. Cy7 tilmanocept SLN uptake rate constant in 
the low-dose group (1.36 hours21 6 0.66) was significantly 
(P = .005) greater than that in the high-dose group (0.33 
hours21 6 0.34). Uptake peak as measured by peak scaled 
fluorescence intensity was significantly (P = .018) higher in the 
low-dose group (220 counts ⋅ sec21 ⋅ µW21 6 140) than in the 
high-dose group (55 counts ⋅ sec21 ⋅ µW21 6 42).

Figure 5

Figure 5: Box plots show radioactivity measurements that 
enabled us to confirm the findings of mouse fluorescence 
imaging studies. At 3 hours after injection, the percentage of 
injected dose accumulated by SLNs in the low-dose group 
(0.11 nmol) accumulated a significantly (P = .007) greater 
percentage (0.40% 6 0.16) of the injected dose than did the 
high-dose group (31 nmol) (0.16% 6 0.08). SLN extraction in 
the low-dose group (83% 6 11) was greater (P = .042) than 
that in the high-dose group (54% 6 31).
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and pharmacokinetics of tilmanocept. 
99mTc-labeled Cy tilmanocept is a multi-
reporter probe that exhibits the in vitro 
and in vivo requirements for receptor-
targeted SLN mapping via nuclear and 
optical imaging.

Attachment of an optical imaging 
reporter to tilmanocept will expand 
the applications of the SLN concept. 
When combined with other advances 
in medical imaging, optically labeled 
tilmanocept offers the potential for 
SLN mapping without radioactivity. 
The development of intraoperative op-
tical imaging (31) will enable wider 
dissemination of SLN mapping to hos-
pitals without access to radiopharma-
ceuticals. This is especially true in de-
veloping countries, where only urban 
hospitals are equipped to handle radio-
activity (32).

Unlike nuclear imaging reporters, 
which constantly emit photons and dimin-
ish in signal over time, optical imaging re-
porters only emit photons when properly 
illuminated. Consequently, 99mTc-labeled 
Cy7 tilmanocept and fluorine 18-labeled 
near-infrared tilmanocept (33) offer so-
lutions to problems encountered at SLN 
mapping of cancers in locations such as 
the prostate, colon, and lung. For ex-
ample, in preparation for robot-assisted 
prostatectomy, the surgeon can obtain 
a tomographic map of the patient’s pel-
vic SLNs. This would be achieved with 
transrectal injection of dual-labeled til-
manocept into the prostate, followed by 
hybrid imaging with combined SPECT 
and computed tomography (CT) or com-
bined positron emission tomography and 
CT. Preoperative imaging would guide 
the surgeon solely to the basins that 
contain the sentinel lymph. This SPECT/
CT strategy has been proved to save op-
erative time during SLN mapping (34). 
Because this strategy uses SLN mapping 
via fluorescence detection, scheduling 
of robotic surgery would be free of the 
time restrictions imposed by the nuclear 
reporter. A multimodal agent that uses 
radioactivity and fluorescence would play 
to the strength of both modalities: Nu-
clear imaging could be used to scan large 
volumes with high sensitivity, and fluores-
cence imaging could be used for detec-
tion within small spatial dimensions.

can provide adequate signal for fluores-
cence imaging. van Dam and co-work-
ers (28) used laparoscopic fluorescence 
imaging of isothiocyanate-labeled folate 
and successfully detected ovarian can-
cer. This was accomplished despite the 
less-than-optimal nature of the fluores-
cent label. Van der Poel and colleagues 
(29) combined indocyanine green with 
NanoColl (GE Healthcare, Amersham 
Health, Braunschweig, Germany) and 
successfully detected SLNs with laparo-
scopic fluorescence imaging. Although 
researchers in the latter study used a 
near-infrared optical reporter, prepara-
tion of the agent required sterile com-
pounding under the authority of the 
local pharmacist.

In our study, we confirmed that the 
attachment of a fluorescent imaging 
reporter did not alter the pharmacoki-
netic properties of tilmanocept. The in 
vitro binding studies showed that the at-
tachment of the fluorophore did not al-
ter the receptor affinity and nonspecific 
binding of tilmanocept, as measured by 
the mean dissociation constant and the 
fraction of nonspecific binding, respec-
tively. A decrease in receptor affinity of 
Cy7 tilmanocept would decrease SLN 
extraction and therefore increase the 
probability of distal lymph node up-
take. An increase in nonspecific binding 
would reduce the ability of Cy7 tilmano-
cept to enter the lymph channels and 
impede injection site clearance. The 
mouse study results showed rapid in-
jection site clearance and SLN accumu-
lation with ample fluorescent signal.

Tilmanocept belongs to a class of 
radiopharmaceuticals that accumulate 
at the target tissue via a receptor-medi-
ated mechanism (30). The design strat-
egy for tilmanocept (11) requires ex-
tremely high receptor affinity and a low 
molar dose that will not saturate the 
receptors within the SLN. This strategy 
permits the receptors to extract all of 
the tilmanocept flowing into the SLN. 
Complete extraction prevents tilmano-
cept from reaching the second lymph 
node in the chain. The mouse stud-
ies showed receptor-mediated bind-
ing to SLNs. In summary, the attach-
ment of the near-infrared fluorophore 
Cy7 did not alter the receptor affinity 

is over 50-fold greater than the stan-
dard dose (0.019 GBq) for a human til-
manocept SLN study (14), which uses a 
3-nmol injection.

The results were consistent with 
the bimolecular mechanism of recep-
tor ligand binding. The low-dose group 
exhibited pseudo-first-order binding of 
a high-specific-activity ligand, and the 
high-dose group exhibited second-order 
binding. These measurements were de-
rived from time fluorescence curves, 
which exhibited dose-dependent up-
take (27), which is a hallmark of in vivo 
receptor-mediated binding. These char-
acteristics were demonstrated by faster 
accumulation rates and higher peak 
values for the time-fluorescence curves 
of the low-dose group. The fluorescence 
data were confirmed with nuclear mea-
surements in the low-dose group, which 
exhibited higher SLN percentage of in-
jected dose and higher SLN extraction 
than did the high-dose group. Also im-
portant was the fact that mean SLN ac-
cumulation in the low-dose studies was 
similar to the percentage of injected 
dose in the human 99mTc tilmanocept 
studies (12,13), which yielded high-
quality planar images of SLNs.

The fact that the radioactive and fluo-
rescent labels are attached to the same 
molecule permitted us to calculate the 
absolute amount of tilmanocept within 
each lymph node. We estimated (Appen-
dix E1 [online]) the amount of the avail-
able SLN receptor to be approximately 
50 pmol. Most important is the knowl-
edge that a 0.11-nmol injection of Cy7 
tilmanocept occupied less than 1% of the 
receptor population within the SLN.

The imaging studies showed that a 
receptor-targeted fluorescent imaging 
agent can yield ample signal for a clin-
ical imaging study by using the same 
amount (3 nmol) of tilmanocept used 
for nuclear imaging (14). We conserva-
tively estimated (Appendix E1 [online]) 
a signal-to-background ratio of 31-to-1 
for a human imaging study with the fol-
lowing scenario: a 3-nmol dose of Cy7 
tilmanocept bearing 1 Cy7 per tilmano-
cept and 0.4% SLN uptake by a 4-mm-
diameter SLN 1 cm below the skin.

Recent studies have shown that flu-
orescent-tagged radiopharmaceuticals 
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