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ABSTRACT: Current methods for sentinel lymph node (SLN) mapping
involve the use of radioactivity detection with technetium-99m sulfur
colloid and/or visually guided identiﬁcation using a blue dye. To
overcome the kinetic variations of two individual imaging agents through
the lymphatic system, we report herein on two multifunctional
macromolecules, 5a and 6a, that contain a radionuclide (99mTc or
68
Ga) and a near-infrared (NIR) reporter for pre- and/or intraoperative
SLN mapping by nuclear and NIR optical imaging techniques. Both
bimodal probes are dextran-based polymers (10 kDa) functionalized with
pyrazole-diamine (Pz) or 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) chelating units for labeling with fac-[99mTc(CO)3]+
or 68Ga(III), respectively, mannose units for receptor targeting, and NIR
ﬂuorophore units for optical imaging. The probes allowed a clear
visualization of the popliteal node by single-photon emission computed tomography (SPECT/CT) or positron emission
tomography (PET/CT), as well as real-time optically guided excision. Biodistribution studies conﬁrmed that both
macromolecules present a signiﬁcant accumulation in the popliteal node (5a: 3.87 ± 0.63% IA/organ; 6a: 1.04 ± 0.26% IA/
organ), with minimal spread to other organs. The multifunctional nanoplatforms display a popliteal extraction eﬃciency >90%,
highlighting their potential to be further explored as dual imaging agents.

■

mannosylated 99mTc-diethylene triamine pentaacetic acid
(DTPA)-dextran (99mTc-Tilmanocept) reported by Vera and
co-workers has shown the most promising in vivo behavior and
has been recently approved by FDA for SLND in melanoma
and breast cancer.21,22 Proﬁting from the versatility of the
99m
Tc-tricarbonyl technology as well as from the superior
coordination properties of the pyrazolyl-diamine-based chelators, we have also reported the ﬁrst class of fully characterized
99m
Tc-mannosylated dextran derivatives with adequate biological features for SLND.10,11
In some cases, a blue dye is coinjected with the radiopharmaceutical to obtain visual guidance during SLN surgery.
However, this procedure presents some drawbacks, namely,
tattooing of skin, limited value when the node is localized deep
within the tissue, and diﬀerent kinetics through the lymphatic
system of the individual imaging agents.23 To overcome these
drawbacks, near-infrared (NIR)-emitting ﬂuorophores have
been proposed for real-time intraoperative SLND as they

INTRODUCTION
The sentinel lymph node (SLN) is the ﬁrst node receiving
lymphatic drainage directly from the region of primary
tumors.1,2 The detection of SLN is regarded as useful
prognostic information for some cancers, namely, melanoma,
breast, lung, and colon.3−7 After injection of a radiopharmaceutical, the SLN can be preoperatively detected by
lymphoscintigraphy, whereas the surgeon can localize the SLN
intraoperatively based on the acoustic signal coming from a
hand-held gamma probe. 8,9 The most frequently used
radiopharmaceuticals for sentinel lymph node detection
(SLND), namely, 99mTc-human serum albumin colloids and
ﬁltered 99mTc-sulfur colloids, suﬀer from either slow clearance
rate from the injection site or low residence time in the
SLN.8−13
With the aim of designing speciﬁc probes for SLND, the
mannose receptor (MR) expressed on lymphatic macrophages
became an attractive target.14,15 Indeed, conjugation of
mannose molecules to 99mTc-labeled macromolecules like
polylysine, albumin, dextrans, and gold nanoparticles led to
compounds that can be trapped in the sentinel node with
minimal spread to nontarget organs.10,11,16−20 Among these,
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Scheme 1. Synthesis of 5a/b and 6a/ba

a

(i) IR755-Succ; (ii) TFA; (iii) [99mTc(CO)3(H2O)3]+, 100 °C, 10 min; (iv) 68Ga(III), 50 °C, 15 min; (v) [natRe(CO)3(H2O)3]+, 50 °C, 16 h; (vi)
Ga(NO3)3·10H2O, 50 °C, 2 h.

nat

mannosylated dextran-based nanoconstructs functionalized
with a NIR dye and with adequate chelators for a stable
radiometal coordination. Therefore, herein, we report on the
synthesis, characterization, and preclinical evaluation of 99mTc(CO)3- and 68Ga-mannosylated dextran derivatives containing
NIR ﬂuorophores (5a and 6a) for pre- and intraoperative SLN
mapping.

present greater sensitivity and depth penetration compared to
blue dyes.24−27 Moreover, the incorporation of a NIR
ﬂuorophore and a radionuclide in the same imaging agent
would enable pre- and intraoperative SLND using one single
dual probe for nuclear imaging and optically guided surgery.
The extensive work of van Leeuwen and co-workers is worth
noting, in which the authors have used the hybrid ﬂuorescent−
radioactive tracer indocyanine green(ICG)-99mTc-nanocolloid,
a self-assembled multimodal complex in which ICG is
noncovalently bound to the albumin radiocolloid, for LN
imaging in various clinical trials.24,27−30
With regard to other families of multimodal tracers, namely,
those in which the ﬂuorescent unit is covalently attached to the
radiotracer, target-speciﬁc mannosylated nanocarriers containing radionuclides (e.g., 18F, 68Ga, or 99mTc) and NIR
ﬂuorophores have been reported for SLN mapping.31−34
Nevertheless, the performance of these probes for SLN
mapping still has to be improved, particularly in the case of
dual probes containing 99mTc and 68Ga, which are among the
most relevant radionuclides for single photon emission
computed tomography (SPECT) and positron emission
tomography (PET) imaging, respectively. Indeed, these probes
still present a relatively slow clearance from the injection site or
low residence time in the SLN. The promising biological results
we have previously reported for 99mTc(CO)3-labeled mannosylated dextrans,10 which present high SLN accumulation and
high popliteal extraction values, prompted us to design new

■

RESULTS
The 99mTc- and 68Ga-multimodal dextran-based probes were
prepared, characterized from the chemical and physical point of
view, and biologically evaluated as brieﬂy described below and
detailed in the Supporting Information (SI). The mannosylated
dextran precursors 3 and 4 and their respective metalated
nanocompounds (5a/b and 6a/b) were synthesized as depicted
in Scheme 1.
Compounds 3 and 4 were characterized by 1H- and 13CNMR, IR, and UV−vis spectroscopy. The number of chelators,
mannose, and amine units per dextran molecule in both
compounds was determined based on the intensity ratios of
appropriate 1H NMR resonances from the diﬀerent units, as
previously demonstrated.10 The number of ﬂuorophore units
per molecule of dextran in 3, 4, 5b, and 6b was determined by
UV−vis spectrophotometry as described in the SI. Brought
together, these studies allowed the determination of the
substitution degree of the dextran backbone that is summarized
in Table 1.
1964
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Table 1. Group Density, Hydrodynamic Diameter (Z-average), Zeta Potential (Zp), and Calculated Molecular Weight of
Dextran Derivatives
group density (units/molecule dextran)

a

compounds

amine

chelator

mannose

ﬂuorophore

Dextran
3
4
5b
6b

6
7
6
7

8
5
8
5

13
15
13
15

3
3
3
3

Z-average (nm)a
4.3
17.7
11.3
22.5
50.8

±
±
±
±
±

0.4
2.0
1.4
2.9
8.1

Zp (mV)a
−9.9
−2.3
−4.8
−7.7
−2.9

±
±
±
±
±

0.5
0.4
0.1
2.5
0.3

MW calculated (g/mol)b
10000
22116
19918
23364
21392

Mean ± SD. bMW was estimated according to the substitution degree of the polymer found by 1H NMR and UV−vis spectrophotometry.

The purity of all dextran-based polymers (>95%) was
evaluated by SEC and RP-HPLC at 220 and 760 nm. Figure
1 displays the SEC−UV−vis traces of the conjugates 3 and 4 at
220 and 760 nm.

Figure 2. RP-HPLC chromatograms of 5a/b and 6a/b (the short
diﬀerence in the retention times of the radioactive nanocompounds
and respective cold surrogates is due to detector separation).

comparable to the ones exhibited by the respective precursors
3 and 4.
The bimodal probe 5a is highly stable in vitro, as shown by
its resistance toward transchelation reactions with strong
competitors such as cysteine and histidine (>95% purity after
6 h incubation) and the absence of pertechnetate, even after
long incubation periods of time at 37 °C. This result is in line
with the well-established ability of the pyrazolyl-diamine
chelating unit to stabilize the fac-[99mTc(CO)3]+ core.10,35−37
The stability of 6a was not assessed directly, but the
congener 6c (SI) is highly stable, remaining intact after
incubation with excess of transferrin or DTPA up to 6 h at 37
°C (>96% purity as determined by ITLC-SG).
Planar gamma-images and SPECT/CT images (Figure 3)
acquired, respectively, at 60 and 90 min after injection of 5a
demonstrated that the tracer migrates from the injection site to
the popliteal lymph node with a slight spread to secondary
lymph nodes. Low signal is observed in the liver and bladder.
The popliteal lymph node in Wistar rat could also be
visualized by PET/CT imaging 60 min after subcutaneous
injection of 6a. As can be also seen in Figure 4, only a slight
spread to secondary lymph nodes was found.
The imaging results were conﬁrmed by ex vivo biodistribution analysis performed at 180 and 90 min p.i. for 5a and
6a, respectively (Table 2). In both cases, a signiﬁcant
accumulation in the popliteal lymph node was found (5a:
3.87 ± 0.63% IA/organ and 6a: 1.04 ± 0.26% IA/organ).
Injection of 5a or 6a (1 nmol) allowed a clear visualization of
the popliteal lymph node by NIR ﬂuorescence imaging (Figure
5). Furthermore, the optical signal of 5a and 6a enabled a
simple image-guided surgical excision of the lymph node (SI).

Figure 1. SEC chromatograms of 3 (left) and 4 (right) at λ = 220 and
760 nm.

The physical features of the dextran derivatives, namely, their
hydrodynamic diameter and zeta potential, have been
determined by DLS and LDV (Table 1). The dextran
conjugates 3 (Z-average = 17.7 ± 2.0 nm) and 4 (Z-average
= 11.3 ± 1.4 nm) present larger hydrodynamic diameters than
the dextran precursor (Z-average = 4.3 ± 0.4 nm). Upon
metalation, these polymeric conjugates also yielded compounds
with larger hydrodynamic diameters (5b, Z-average = 22.5 ±
2.9 nm; 6b, Z-average = 50.8 ± 8.1 nm). Noteworthy is the fact
that no relevant changes in the zeta potential of the dextran
derivatives have been observed, compared to dextran alone.
Indeed, they all have a slightly negative superﬁcial charge, with
values between −2.3 ± 0.4 and −7.7 ± 2.5 mV.
The bimodal probes 5a and 6a were prepared by reacting 3
and 4 with the precursors fac-[99mTc(CO)3(H2O)3]+ and
68
Ga(III), respectively (Scheme 1). Incorporation of the
radiometals reached more than 95% with speciﬁc activities in
the range 19.4−23.2 MBq/nmol and 34.4−42.1 MBq/nmol for
5a and 6a, respectively. In both cases, only one species was
formed as demonstrated by RP-HPLC (5a: tR = 15.4 min; 6a:
tR = 16.1 min).
The chemical identity of 5a and 6a was conﬁrmed by
comparing their retention times in the RP-HPLC chromatograms (γ-detection) with those of the respective nonradioactive
surrogates 5b and 6b (UV detection) (Figure 2).
The impact of the labeling conditions on the ﬂuorescence
properties of 5a and 6a was assessed by comparing the emitted
ﬂuorescence signals of equal volumes (20 μL) of equimolar
solutions of 3, 5a, 4, and 6a applied on a ITLC-SG plate. The
ﬂuorescence signal of the samples was measured in a Odyssey
IR imaging system using the 800 nm channels. These assays
have shown that 5a and 6a have ﬂuorescent properties

■

DISCUSSION
We have previously reported a stable 99mTc(CO)3-mannosylated dextran derivative (Dx-Man-99mTc) with adequate biological properties for SLN mapping. 10 Following this
encouraging result, we synthesized and characterized the
1965
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Table 2. Biodistribution Studies of 5a and 6a in Wistar Rat
Model at 180 and 90 min, Respectively (n = 3)

organ
liver
intestine
stomach
kidney
bladder
muscle
spleen
blood
popliteal node
iliac node
site of inj.
PE (%)

5a

6a

%IA/Organ

%IA/Organ

180 min

90 min

1.81
0.34
0.01
0.46
0.02
0.03
0.02
0.23
3.87
0.40
86.73
89.66

±
±
±
±
±
±
±
±
±
±
±
±

0.46
0.17
0.01
0.1
0.01
0.02
0.01
0.20
0.63
0.20
0.92
1.22

1.48
0.09
0.08
0.35
0.14
0.18
0.01
1.36
1.04
0.10
92.82
91.01

±
±
±
±
±
±
±
±
±
±
±
±

0.15
0.08
0.01
0.15
0.02
0.04
0.00
0.54
0.26
0.54
0.94
1.35

Figure 3. Planar gamma-image of a Wistar rat injected with 5a at 60
min p.i. (a). SPECT/CT image of the same animal at 90 min p.i. (b).

Figure 5. NIR optical images of Wistar rat leg injected with 5a (left,
180 min p.i.) or 6a (right, 90 min p.i.) respectively. The yellow arrows
indicate the localization of the bimodal probes in the popliteal lymph
node.

resistance to in vivo transchelation processes if compared with
the DTPA counterparts.38−40
The probes 5a and 6a described herein were prepared and
characterized aiming to be used for preoperative SLN mapping
by SPECT or PET imaging and also for optical image-guided
excision. Their administration avoids separate injections of a
radiopharmaceutical and a blue dye, and may allow a one-toone correlation between pre- and intraoperatively localization
of the SLN. These probes were characterized by comparing
their chromatographic behavior with that of the surrogates 5b
and 6b, respectively, which were synthesized and fully
characterized from the physicochemical point of view. The
multimodal probes 5a and 6a present a similar substitution
pattern of the dextran backbone (Table 1). A comparison with
other 99mTc- or 68Ga-dextran-based bimodal probes is diﬃcult,
as for some of them there is no data available (99mTc-labeled
Cy7 tilmanocept) and for other diﬀerent chelators and/or
ﬂuorescent reporter moieties have been used (68Ga-labeled
800CW-tilmanocept).33 The hydrodynamic diameter and zeta
potential described in this work for 5a and 6a cannot be also
directly compared to 99mTc-labeled tilmanocept or any other
dextran-based bimodal probes such as 99mTc-labeled Cy7
tilmanocept, [18F]PET/NIR-Lymphoseek, or 68Ga-labeled
800CW-tilmanocept, as no physical characterization is available.19,31−33 In our work we have considered that the
hydrodynamic diameters and zeta potential values of the

Figure 4. PET/CT image of a Wistar rat injected with 6a at 60 min p.i.

dextran-based (∼10 kDa) bimodal probe 5a containing the
99m
Tc(CO)3 core for SPECT and a IR775-derived NIRﬂuorophore for optical imaging. The metal core is stabilized by
a pyrazole-diamine chelating backbone (Pz), which is known to
give highly stable complexes in vitro and in vivo, and has been
successfully used for labeling a wide range of biologically active
biomolecules.35−37 Aiming to proﬁt from the widespread
availability of 68Ga through a 68Ge/68Ga generator and from
its superior imaging properties for PET, we have also prepared
and characterized the bimodal probe 6a in which 1,4,7,10tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) was
used for metal stabilization. Although acyclic chelators, such as
diethylenetriaminepentaacetic acid (DTPA), have been used to
stabilize Ga(III)-complexes it is well recognized that cyclic
chelators, namely, DOTA, can aﬀord Ga-complexes of high
kinetic inertness and thermodynamic stability that show a high
1966
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(video in SI). Furthermore, histological examination of the ﬁrst
LN on a EVOS FI (digital ﬂuorescence microscope) has shown
a homogeneous distribution of ﬂuorescence in a section (see
SI).
Considering the rapid migration and persistent retention in
the popliteal node as well as the low distal lymph node
accumulation, we consider that after an optimization process,
namely, through replacement of IR-775 by an FDA-approved
NIR ﬂuorophore such as ICG, both probes hold the potential
to be explored in the two conventional protocols currently used
for SLN detection (1- or 2-day protocol). Only a single
injection by the nuclear medicine physician is required for both
preoperative mapping and intraoperative SLND, reducing the
duration of surgery, anesthesia, and cost. Furthermore, accurate
identiﬁcation and excision of the SLN will decrease the
postoperative morbidity rates, improving the patients’ quality of
life.8,26,44

radioactive compounds are similar to the ones found for the
corresponding nonradioactive analogues 5b (Z-average = 22.5
± 2.9 nm; Zp = −7.7 ± 2.5 mV) and 6b (Z-average = 50.8 ±
8.1 nm; Zp = −2.9 ± 0.3 mV).
The sizes found for these probes are 10- to 4-fold smaller
than the values described for the 99mTc-colloids in clinical
setting (200 nm).8,13,22 However, the Z-average values found
for both probes are large enough to prevent leakage from the
interstitial space to the circulatory system.
The SLN-mapping properties of 5a or 6a were assessed in
Wistar rats after subcutaneous administration. Dynamic planar
images have shown relevant migration of 5a from the injection
site, with accumulation of radioactivity in the popliteal node.
Low activity was detected in the iliac lymph node (Figure 3A).
Similar results were obtained from the SPECT/CT images at
180 min p.i. (Figure 3B), where a clear delineation of the
popliteal node with minimal spread to secondary lymph nodes
or nontarget organs was observed. As shown in Figure 4, similar
results were obtained for PET/CT imaging of 6a at 60 min p.i.
The ex vivo biodistribution data for both probes corroborate
the results obtained by the nuclear imaging techniques with
appreciable accumulation of 5a (3.87 ± 0.63% IA/organ) and
6a (1.04 ± 0.26% IA/organ) in the popliteal lymph node at 180
and 90 min, respectively. The uptake of each probe in
nontargeted organs was negligible (<0.5% IA/organ), except
for blood (99mTc: 0.23 ± 0.20; 68Ga:1.36 ± 0.54% IA/organ)
and liver (99mTc: 1.81 ± 0.46; 68Ga:1.48 ± 0.15% IA/organ),
which present slightly higher values. These values may be due
to the interaction of the macromolecule with the MR’s
expressed by Kupﬀer cells in liver.41
Surprisingly, no information regarding the activity retained at
the injection site is available for the dextran-based bimodal
tracers’ 99mTc-labeled Cy7 tilmanocept or 68Ga-labeled 800CWtilmanocept.32,33 However, the values found for both probes
described herein (5a, 86.73 ± 0.92% IA, 180 min; 6a, 92.82 ±
0.94% IA, 90 min) are higher than the values found for
compounds in clinical use, such as 99mTc-sulfur colloid (70.4 ±
11.0% IA) and Lymphoseek (52.6 ± 10.5% IA).19 The
moderate clearance from the injection site found for our
compounds may be due to the low zeta potential values (5a, Zp
= −7.7 ± 2.5 mV; 6a, Zp = −2.9 ± 0.3 mV). In fact, previously
reported results demonstrated that when the absolute value of
zeta potential is less than 10 mV the repulsive forces between
particles is weak leading to in vivo aggregation and hampering a
fast migration from the injection site.42
Although the biological data described for both bimodal
probes cannot be compared directly with other tracers explored
for SLND, as the latter were evaluated in diﬀerent animal
models, the popliteal extraction (PE) value found for 5a (89.66
± 1.22%) compares well with the ones found for 99mTc-labeled
tilmanocept in rabbits (90.1 ± 10.7%), 99mTc-labeled Cy7
tilmanocept in mice (83 ± 11%), and is much higher than the
value described for 99mTc-labeled colloids (78.8 ± 6.5%) at 180
min p.i.19,32,43
The PE value found for 6a (91.00 ± 1.35%) at 90 min p.i. is
also comparable with the one found for the bimodal tracer
[18F]PET/NIR-Lymphoseek (ca. 87 ± 7%, 80 min p.i.) in
mice.31 Taken together, these results demonstrate the potential
usefulness of the described bimodal probes for preoperative
planning using SPECT/CT or PET/CT imaging.
The ﬂuorescence signal of each probe, monitored with an
imaging camera (Fluobeam), allowed also the real-time guide
surgical exposure, visual identiﬁcation, and excision of the SLN

■

CONCLUSIONS
With the aim of designing bimodal tracers for SLND by nuclear
and NIR optical imaging we have prepared and fully
characterized 99mTc(CO)3- and 68Ga-labeled mannosylated
dextran derivatives containing NIR ﬂuorophore units (5a and
6a). Herein we provided solid information on the physicochemical properties of nanotracers for SLND and correlate
these features with the in vivo properties. The bimodal probes
show a clear delineation of the SLN without signiﬁcant washout
to other regions as shown by SPECT/CT and PET/CT
imaging. Furthermore, the NIR reporter of both probes enabled
intraoperative guidance and visual identiﬁcation of the SLN
during surgery. The biological properties of these probes
highlight their potential to be further explored as dual imaging
agents for SLND using SPECT/NIR or PET/NIR. Finally,
proﬁting from the ability of the DOTA chelator to provide inert
complexes with a large variety of trivalent radiometals, the
multifunctional nanoplatform 4 can be labeled with many other
radionuclides, such as 89Zr (PET/NIR), 67Ga, or 111In
(SPECT/CT-NIR).

■

MATERIAL AND METHODS
All chemicals were of reagent grade and used without further
puriﬁcation. Solvents for high-performance liquid chromatography (HPLC) were HPLC-grade. Dextran (9500−10 500 g/
mol) and mannose were purchased from Sigma-Aldrich. Tritert-butyl 2,2′,2″-(10-(2-2,5-dioxopyrrolidin-1-yl)oxy)-2-oxoethyl)-1,4,7,10-tetra-aza-cyclododecane-1,4,7-triyl)triacetate
(DOTA-tris(tBu)-NHS ester) was purchased from CheMatech.
2-[2-[2-Chloro-3-[2-(1,3-dihydro-1,3,3-trimethyl-2H-indol-2ylidene)-ethylidene]-1-cyclohexen-1-yl]-ethenyl]-1,3,3-trimethyl-3H-indolium chloride (IR775.Cl, excitation and emission
maximum: 793 and 818 nm, respectively) was purchased from
Sigma-Aldrich. The polymeric precursors Dx-Man-Pz(Boc) (1)
and Dx-Man-natRe were prepared according to described
methods.10 Dx-Man-DOTA-tris(tBu) (2), IR775-Succ, DxMan-Pz-IR775 (3), and Dx-Man-DOTA-IR775 (4) were
prepared and characterized as described in Supporting
Information (SI). Natural gallium, as Ga(NO3)3·10H2O, was
purchased from Sigma-Aldrich. The radioactive precursor
[99mTc(CO)3(H2O)3]+ was prepared as previously described.10
68
Ga(III) was obtained from a 68Ge/68Ga generator (Eckert and
Ziegler) eluted with 0.1 M HCl (made from 30% HCl ultrapure
from Merck). 67GaCl3 was prepared from 67Ga-citrate
1967
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5a or 6a (19−23 MBq) was injected subcutaneously in the left
footpad region. The area of injection was massaged gently with
a strip of gauze pad for about 2 min to facilitate movement of
the radiolabeled preparation from the injection site. After
injection of the 99mTc-labeled probe, the animals were subjected
to a dynamic scintigraphy scan over 60 min. At 90 min
postinjection (p.i.) a SPECT/CT image was acquired. Animals
injected with the 68Ga-labeled probe underwent a PET/CT
scan at 60 min p.i.
The animals were sacriﬁced at 180 and 90 min p.i. in the case
of 99mTc- or 68Ga-labeled probes, respectively. The relevant
organs and tissues, including popliteal and iliac lymph node,
were harvested for ex vivo biodistribution analysis. Radioactivity
retained in each organ or tissue was measured on a gammacounter (Cobra II inspector 5003, Canberra-Packard), decaycorrected, and expressed as a percentage of the total injected
activity per organ (% IA). The popliteal extraction (PE) was
determined as previously described, considering the accumulated radioactivity at the popliteal and iliac lymph node.10,46
Nuclear Imaging Techniques. Dynamic Scintigraphy.
Animals were placed in prone position under a gamma camera
(E.cam180, Siemens Medical Solutions) equipped with a
parallel-hole collimator (256 × 256 matrix, zoom factor
1.78). The site of injection was for the greater part shielded
with lead during the acquisition. Consecutive images of 30 s
each were acquired and further processed in AMIDE medical
software.
SPECT/CT Imaging. Micro-CT imaging was performed prior
to SPECT with a dual-source CT-scanner (Skyscan 1178;
Skyscan) at 60 kV and 615 mA, with a resolution of 83 μm.
Images were reconstructed by ﬁltered back projection
(NRecon; Skyscan). Pinhole SPECT was performed with a
dual-headed gamma-camera (e.cam180), equipped with two
single pinhole collimators (1.5 mm; distance between rotation
axis and detector surface 270 mm). Images were acquired in 64
projections with 10 s per step over 360° (zoom 1, 128 × 128
matrix). Images were reconstructed by iterative reconstruction
algorithm and fused with the micro-CT images. Images were
analyzed in Osirix.
PET/CT Imaging. Image acquisition was performed on a
clinical Gemini time-of-ﬂight PET/CT scanner (Philips) at 1 h
after injection. The CT acquisition was set to 120 kV at 83 mA
at a resolution of 5 mm, using ﬁltered back projection for image
reconstruction. The total CT scanning time was 10 s. PET
images were acquired over 9 min and reconstructed to 426
slices of 128 × 128 pixels (at a 2 mm isotropic pixel size), with
attenuation correction based on the CT data. The images were
analyzed using Osirix.
NIR Fluorescence Imaging. Camera FluoBeam800
(Fluoptics) was used for NIR imaging of the left leg at 180
or 90 min after injection of 1 nmol of 5a or 6a, respectively.
Image processing was performed using ImageJ software. The
NIR signal was also used as guidance for the precise excision of
the popliteal lymph node after sacriﬁce of the animals.

(Mallinckrodt Medical, Netherlands) as described in the
literature.45 Buﬀers used for coupling reactions or radiolabeling
were puriﬁed from metal contamination using Chelex 100 resin
(Sigma-Aldrich). 1H- (300 MHz) and 13C- (75.5 MHz) NMR
spectra were recorded in a Varian Unit Inova-300 spectrometer
at 20 °C. 71Ga-NMR spectra were recorded using a Bruker
Avance 500 (11.75-T, 152.5-MHz) spectrometer at 25 °C.
Infrared (IR) spectra were recorded as KBr pellets on a Bruker
Tensor 27 Fourier transform IR spectrometer in the region
4000−400 cm−1 (SI for details). Reversed-phase HPLC (RPHPLC) and size exclusion chromatography (SEC) analysis
were performed using a PerkinElmer liquid chromatography
pump 200 coupled to a UV/vis detector (220 and 760 nm,
Shimadzu SPD-10 AV or PerkinElmer Lc 290) and γ detector
(LB 507 or LB 509, Berthold). RP-HPLC was performed using
a Supelco Discovery Bio Wide Pore C18 25 cm × 4.6 mm, 5
μm analytical column; ﬂow: 1 mL/min; eluents: A - TFA 0.1%
in H2O; B - TFA 0.1% in CH3CN. Gradient: 0−9 min, 0−80%
B; 9−14 min, 80% B; 14−15 min, 80−0% B; 15−20 min, 0% B.
SEC was performed using a Shodex OHpack SB-803 HQ
analytical column; ﬂow: 0.5 mL/min; isocratic elution: 0−60
min, 100% H2O (0.02% NaN3). Instant thin layer chromatography (ITLC) analysis of 5a or Dx-Man-68Ga-IR775 (6a) was
performed in silica gel impregnated glass ﬁber sheets (Pall
Corporation, Life Sciences) eluted with 5% HCl 6 M/MeOH
or sodium citrate 0.1 M (pH 5.0), respectively. Radioactivity
detection on ITLC was performed with a radiochromatograph
(Berthold LB 2723) equipped with a 20-mm-diameter NaI(Tl)
scintillation crystal.
The average hydrodynamic diameter (Z-average) and zeta
potential (Zp) of the nanocompounds were determined by
dynamic light scattering (DLS) and laser Doppler velocimetry
(LDV) in zeta potential cells using a Zeta Sizer Nano ZS from
Malvern (SI).
Synthesis of Dx-Man-99m Tc-IR775 (5a) and DxMan-68/67Ga-IR775 (6a/6c). Compound 5a was prepared by
adding 1 mL of fac-[99mTc(CO)3(H2O)3]+ (74−222 MBq) to a
capped nitrogen purged glass vial containing 3 (100 μg, 5
nmol) and incubated for 10 min at 90 °C. Compounds 6a and
6c were prepared by adding 500 μL of 67GaCl3 or 68Ga(III)
(198−221 MBq), at pH 5, to 4 (100 μg, 5 nmol) and incubated
for 15 min at 50 °C. The labeling yield and radiochemical
purity of the radiolabeled compounds were monitored by RPHPLC, SEC, and by ITLC. [ 99m Tc(CO) 3 (H 2 O) 3 ] + ,
[99mTcO4]−, and 67/68Ga3+ precursors migrate to the solvent
front (Rf = 1), whereas radioactive nanoconjugates and
colloidal species stay at the origin (Rf = 0).
Synthesis of Dx-Man- nat Re-IR775 (5b) and DxMan-natGa-IR775 (6b). The “cold” references 5b and 6b
were synthesized by reaction of the respective metalated
precursors Dx-Man-natRe10 and Dx-Man-natGa with the
activated NIR ﬂuorophore ester (SI).
In Vitro Stability Studies. The in vitro stability of 5a was
assessed in the presence of a large molar excess (100-fold) of
cysteine or histidine solutions as described in the SI. The
stability of 6c was assessed by incubating the compound with
excess (100-fold) of transferrin or DTPA as described in the SI.
Animal Studies. The ethical committee of the Vrije
Universiteit Brussel approved all animal study protocols.
Female Wistar rats (n = 3 per group) weighing 200−250 g
were anesthetized by intraperitoneal injection of Nembutal (0.1
mL of 60 mg/mL solution per 100 g bodyweight) and the left
leg region was shaved. Approximately 50 μL (20 μg, 1 nmol) of
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