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Convenient and effective ICGylation 
of magnetic nanoparticles for 
biomedical applications
Hye Sun Park1,2, Jongwoo Kim   3, Mi Young Cho1,2, Hyunseung Lee1,2, Sang Hwan Nam3, 
Yung Doug Suh3,4 & Kwan Soo Hong1,2,5

Nanoprobes used for biomedical applications usually require surface modifications with amphiphilic 
surfactants or inorganic coating materials to enhance their biocompatibility. We proposed a facile 
synthetic approach for the phase transfer of hydrophobic magnetic nanoparticles by the direct 
adherence of fluorescent probes, without any chemical modifications, for use as a magnetic resonance 
(MR)/near-infrared (NIR) fluorescence bimodal imaging contrast agent. Indocyanine green (ICG) was 
used not only as an optical component for NIR imaging, but also as a surfactant for phase transfer 
with no superfluous moiety: we therefore called the process “ICGylation”. Cell labeling and tracking 
in vivo with ICGylated magnetic nanoparticles were successfully performed by MR/NIR dual-mode 
imaging for three days, which showed remarkable biostability without any additional surface 
functionalization. We expect that this novel MR/NIR contrast agent demonstrating sensitive detection 
and simultaneous imaging capability can be used in diverse fields, such as the imaging and tracking of 
immune cells to confirm immunotherapeutic efficacy. The approach used could also be applied to other 
kinds of nanoparticles, and it would promote the development of advanced functional multimodal 
nanobioprobes.

Magnetic nanoparticles (MNPs) have been used in various fields1 such as those involving magnetic resonance 
imaging (MRI)2, biomedicine3, catalysts4, and data storage5. In particular, there has been an increasing interest 
in cell labeling and tracking based on MRI because of its noninvasive nature and the high resolution it offers6–9. 
Immune cells labeled with MNPs have been recently used for in vivo tracking for immune cell-based therapies as 
well as immunological research6.

For biomedical applications, additional surface modification of the MNPs is usually necessary because of their 
instability owing to their high surface-to-volume ratio and chemical activity10–13. Amphiphilic surfactants or 
inorganic molecules such as lipid-poly(ethylene glycol)14–16, copolymers based on dextran derivatives17, or silica 
shells18, 19 have been introduced as surface-coating materials for stabilization and functionalization in biological 
environments20–22.

Moreover, there has been an increased demand for multimodal imaging using combinations of modali-
ties to provide complementary and diverse information, such as MR/optical23–25, MR/PET (positron emission 
tomography)26, and MR/PET/optical27 techniques. For optical imaging, near-infrared (NIR) fluorescence is 
used widely; it enables non-invasive in vivo imaging as well as ex vivo histological analyses with sensitive detec-
tion28, 29. Accordingly, the combination of MR and NIR fluorescence imaging has undergone intensive investi-
gation30. In particular, indocyanine green (ICG), a NIR fluorescent probe approved by the U.S. Food and Drug 
Administration, has already been used in clinical applications31–36. However, its applications are still limited owing 
to the difficulties of combining it with other imaging components, and long-term in vivo tracking of labeled cells 

1Bioimaging Research Team, Korea Basic Science Institute, Cheongju, 28119, Korea. 2Immunotherapy Convergence 
Research Center, Korea Research Institute of Bioscience and Biotechnology, Daejeon, 34141, Korea. 3Laboratory for 
Advanced Molecular Probing (LAMP), Research Center for Convergence NanoRaman Technology, Korea Research 
Institute of Chemical Technology, Daejeon, 34114, Korea. 4School of Chemical Engineering, Sungkyunkwan 
University, Suwon, 16419, Korea. 5Graduate School of Analytical Science and Technology, Chungnam National 
University, Daejeon, 34134, Korea. Hye Sun Park and Jongwoo Kim contributed equally to this work. Correspondence 
and requests for materials should be addressed to Y.D.S. (email: ydsuh@krict.re.kr) or K.S.H. (email: kshong@kbsi.
re.kr)

Received: 31 March 2017

Accepted: 27 July 2017

Published: xx xx xxxx

OPEN

http://orcid.org/0000-0002-7419-021X
mailto:ydsuh@krict.re.kr
mailto:kshong@kbsi.re.kr
mailto:kshong@kbsi.re.kr


www.nature.com/scientificreports/

2SCIENTIfIC REPOrts | 7: 8831  | DOI:10.1038/s41598-017-09627-x

with ICG is challenging owing to its non-functional moiety and poor stability31. No approach has been proposed 
in which ICG is used both as an optical probe and as a stabilizer of nanoparticles.

Herein, we used ICG not only as an optical component for NIR imaging, but also as a surfactant for phase 
transfer with no superfluous moiety of MNPs — we call the technique “ICGylation”. ICGylated MNPs were syn-
thesized by a novel and facile approach for the phase transfer of hydrophobic MNPs by direct adherence of ICG. 
We demonstrated that several immune cell lines were successfully labeled with ICGylated MNPs and that the 
labeled cells can be used for tracking in a mouse model for three days, as illustrated in Fig. 1.

Results and Discussion
Synthesis and characterization of ICGylated MNPs.  MNPs were synthesized by a two-step thermal 
decomposition procedure37 and were observed by high-resolution transmission electron microscopy (HRTEM) 
images (Fig. 2a) to exhibit a uniform size distribution with a diameter of around 13.7 nm. ICG was coated onto 
the surface of MNPs using a single emulsion evaporation method wherein ICG molecules were dissolved in water 
and MNPs were dispersed in an organic phase: we termed this process ICGylation of MNPs. To remove uncoated 
free ICG molecules, magnetic separation was performed several times (Fig. 2b). After ICGylation, TEM images 
(Fig. 2c) showed that the ICGylated MNPs were well dispersed in water and in a cell culture medium. The sizes 
of the ICGylated MNPs measured by dynamic laser scattering (DLS) were in the range 63.1 ± 15.3 nm in water 
and 68.4 ± 22.2 nm in the medium, whereas those of MNPs in the organic solvent lay in the range 16.9 ± 4.9 nm 
(Fig. 2d). The size distributions suggest several layers of ICG molecules on the MNPs without large aggregates. 
The zeta potential of the dissolved ICG shifted from −25.1 to −41.6 mV after ICGylation (Supplementary Fig. 1a), 
and this result was not affected by the concentration of ICG or ICGylated MNP solutions.

ICG molecules have two hydrophobic polycyclic groups and two hydrophilic sulfate groups. The hydrophobic 
part of ICG is easily embedded in the hydrophobic core of proteins38. The hydrophobic parts of the ICG mole-
cules were adsorbed on the particle surface via hydrophobic interactions, while the hydrophilic parts were more 
exposed to the water phase, which enhanced the negative charge of the ICG molecules. We found that ICG mol-
ecules act as surfactants for phase transfer owing to their amphiphilic property in a solution of ICGylated MNPs.

After ICGylation, the peak of the absorption spectrum of ICG molecules on MNPs shifted slightly from 
778.8 nm to 781.0 nm and broadened (Fig. 2e), and the peak for the emission spectrum shifted from 810.7 nm 
to 799.6 nm (Fig. 2f). These results are consistent with previous reports indicating that ICG molecules interact 
with their surroundings38, 39. Additionally, as demonstrated by the Fourier transform infrared (FT-IR) spectra 
of the ICG molecules and ICGylated MNPs (Fig. 2g), the intensities of several peaks related to the motions of 
the aromatic planes of ICG molecules, aromatic C = C stretches (1400–1500 cm−1), and c-h out-of-plane bend-
ing (600–1000 cm−1) decreased and = C-H vinyl stretches (900–1100 cm−1) shifted to higher wavenumbers 
(Supplementary Fig. 1b)40. These observations may suggest restricted motion of ICG molecules embedded in 
oleic acid-capped particle surfaces. With respect to the magnetic property, the ICGylated MNPs showed a high 
T2 relaxivity (r2), approximately 308 mM−1 s−1, as shown in Fig. 2h. Dark-field and fluorescence images of the 
ICGylated MNPs were obtained at the single particle level (Fig. 2i). The scattering from MNPs and fluorescent 
signals from ICG molecules were highly co-localized and their intensities corresponded to each other, indicating 
the direct adhesion of ICG molecules to the particle surfaces. The shift in the zeta potential, the FT-IR spectra of 
the ICGylated MNPs with respect to those of free ICG molecules, and the co-localization of the dark-field and 
fluorescence images indicate that the ICG molecules were effectively coated on the MNPs using our proposed 
method.

Photostability of ICGylated MNPs.  To compare the photostability of free ICG molecules and the 
ICGylated MNPs, we added free ICG molecules to a solution of ICGylated MNPs. Dark-field and fluorescence 
images of the mixed solution were obtained (Fig. 3a). The ICGylated MNPs were observed in both dark-field 
and fluorescence images, whereas free ICG molecules were only observed in the fluorescence image. Thus, we 
could distinguish the ICGylated MNPs from free ICG molecules in the merged images. We analyzed the average 
fluorescence intensity as a function of the irradiation time in 5 arbitrarily chosen regions of interest (ROIs) for 
the two cases to compare the decrease rate under continuous irradiation (Fig. 3b). The time-intensity profile for 
each ROI is shown in Supplementary Fig. 2. We observed a fluctuation in the intensity within 1 min in the case 

Figure 1.  Schematic illustration of preparation of ICGylated MNPs. Hydrophobic magnetic nanoparticles 
(MNPs) were coated with indocyanine green (ICG) molecules, which enable their phase transfer to aqueous 
media.
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of free ICG molecules, attributed to photoblinking and photobleaching, similar to the usual behavior of organic 
dyes; however, we could not find any fluctuation in the case of ICGylated MNPs. After irradiation for 5 min, flu-
orescence signals were rarely detected for free ICG owing to rapid photodegradation, but could be detected for 
ICGylated MNPs. These results indicate that the photostability of ICGylated MNPs is enhanced by adsorption 
of ICG molecules on the particle surface. We assumed that the ICG molecules bound to the hydrophobic surface 
were more stable than the free ones in water, which was consistent with previous reports concerning fluorophores 
in hydrophobic environments39, 41, 42.

In vitro MR/FL imaging of cells labeled with ICGylated MNPs.  To conduct MR and fluorescence 
dual-mode imaging using ICGylated MNPs, we first performed intracellular delivery of the particles into bone 
marrow-derived dendritic cells (BMDCs). In vitro cellular fluorescence images (Fig. 4a) and flow cytometric anal-
ysis (Fig. 4b) of the DCs incubated with ICGylated MNPs and DCs not incubated were obtained. Fluorescence 
of ICG molecules coated on the particles was clearly observed for the incubated DCs but not for the control. In 
Prussian blue (PB)-stained images (Fig. 4c), staining was effectively detected in the cytosol for most cells, indicat-
ing that the BMDCs were successfully labeled with the ICGylated MNPs.

Figure 2.  Characterization of ICGylated MNPs. (a) Transmission electron microscopy (TEM) image of MNPs 
in an organic solvent. (b) Magnetic separation procedure of ICGylated MNPs. (c) TEM image of ICGylated 
MNPs in water. (d) Size distribution of MNPs in an organic solvent and ICGylated MNPs in aqueous solvents. 
(e) Absorption and (f) fluorescence (emission scan at λex = 765 nm) spectra of ICG and ICGylated MNPs. (g) 
FT-IR spectra of MNPs, ICG, and ICGylated MNPs (*aromatic C = C stretches, **C-H out of plane bending). 
(h) T2 relaxation rate (bottom, 1/T2, s−1) and T2-weighted MR images (top) as a function of Fe concentration 
for ICGylated MNPs. (i) Dark-field (left) and fluorescence microscopy (right) images of ICGylated MNPs at a 
single-particle level. MNPs are shown in the dark-field image; ICG is shown in the fluorescence image.
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To measure the MR imaging sensitivity of the labeled cells, T2-weighted MR images and T2 values were 
obtained as functions of treated concentrations (Fig. 4d) and labeled cell numbers (Fig. 4e). These factors could 
affect sensitive detection of the labeled cells following their redistribution among neighboring cells or tissues after 
in vivo administration. The T2 value of DCs labeled with ICGylated MNPs was only 10% of that of unlabeled DCs 
for 1 × 106 cells, indicating their excellent MR imaging sensitivity.

We also adopted the same approach for two other cell lines: DC2.4 and RAW264.7 cells (Supplementary 
Fig. 3); the ICGylated MNPs were also effective in labeling these two cell lines. The cell viability of the three 
cell lines after labeling with the ICGylated MNPs was also measured as a function of iron concentration 
(Supplementary Fig. 4), revealing that the cytotoxicity of the ICGylated MNPs in the cell lines was negligible.

The photostability of the cells labeled with ICGylated MNPs was also investigated (Supplementary Fig. 5). NIR 
fluorescence images of DCs labeled with ICGylated MNPs (Supplementary Fig. 5a) and those labeled with ICG 
(Supplementary Fig. 5b) were obtained. Cells were incubated with ICGylated MNPs or ICG molecules for 24 h 
and collected (2 × 106 cells). The DCs labeled with ICGylated MNPs (ICG-MNP-labeled DCs) and those labeled 
with ICG (ICG-labeled DCs) as a control were incubated at 37 °C in a CO2 incubator for 3 days and fluores-
cence images were obtained on each day. To compare the relative difference between ICG-MNP-labeled DCs and 
ICG-labeled DCs, initial fluorescence signals were equally adjusted by controlling the treatment concentrations. 
Signal-to-noise ratios (SNRs) of fluorescence images for ICG-MNP-labeled DCs and ICG-labeled DCs are shown 
in Supplementary Fig. 5c. After 2 days of incubation, fluorescence signals of the ICG-labeled DCs were scarcely 
detected, indicating photo- or thermal degradation of ICG. The fluorescence of ICG-MNP-labeled DCs could be 
detected even after 3 days of incubation, exhibiting a much slower decrease over time36; accordingly, the fluores-
cence of the ICGylated MNPs was deemed more stable than that of ICG molecules in DCs.

In vivo MR/FL imaging of cells labeled with ICGylated MNPs.  For in vivo MR and fluorescence 
imaging, C57BL/6 mice were subcutaneously injected in the fore- or hind-leg footpads with DCs labeled with 
ICGylated MNPs or unlabeled ones. After injection with labeled (left pad) and unlabeled (right pad) DCs 

Figure 3.  Enhanced photostability of ICG after ICGylation. (a) Dark-field (red), fluorescence (green), and 
merged images of ICGylated MNPs. MNPs are shown in the dark-field image; ICG is shown in the fluorescence 
image. In the merged image, the ICGylated MNPs appear yellow, whereas the free ICG molecules appear green. 
Yellow boxes (1–5) and green boxes (6–10) were selected as ROIs to measure the fluorescence signals for coated 
ICG and free (uncoated) ICG, respectively. (b) Averaged fluorescence intensities under continuous radiation (at 
785 nm) for each ROI. Individual fluorescence intensities for each ROI are indicated in Supplementary Fig. 2.
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(2 × 106), MR and fluorescence images of popliteal (Fig. 5) and axillary lymph nodes (Supplementary Fig. 6) were 
observed for three days. T2-weighted MR images of the left popliteal lymph nodes after injection with the labe-
led DCs (Fig. 5a) showed substantial darkening in the central zone of lymph nodes over time, whereas those of 
unlabeled DCs did not7, 43; a decrease in the signal-to-noise ratio of MR images was also observed for the labeled 
DCs (Fig. 5b). These results indicate that the labeled DCs migrated into lymph nodes from the injection site over 
several days after the injection and gradually accumulated inside the lymph node.

Fluorescence images were obtained for the same individual mouse (Fig. 5c), which showed clear detection 
of the left popliteal lymph nodes by NIR fluorescence signals. These results were in accordance with in vivo MR 
imaging results, indicating that in vivo tracking of DCs via MR and fluorescence dual-mode imaging can be eval-
uated by labeling with ICGylated MNPs. Contrast-to-noise ratio (CNR) of each day indicates signal decrease in 
the lymph node over time (Fig. 5d), which was due to degradation of ICG molecules in the in vivo experiments.

It has been reported that the injection of many cells has negative effects on migration owing to a lack of nutri-
tion at the localized site and the interruption of efficient flow along the lymphatic vessel7, 43. In that regard, we also 
performed DC migration assays using four times fewer cells, i.e., 5 × 105 labeled DCs (Supplementary Fig. 7). As 
shown in Supplementary Fig. 7a, immediately after the injection of a small amount of DCs, darkening of lymph 
nodes was evident. The fluorescence of ICGylated MNPs after 1 day was much stronger than that after 2 or 3 days 
and thus the images cannot be shown at the same intensity scale. Fluorescence signals from the lymph nodes were 
observed for 3 days. Remarkably, even after 3 days after injection, fluorescence signals could be detected at the 
lymph node.

For clear observation of ICGylated MNPs by histological analysis, the popliteal lymph nodes of mice were 
extracted 3 days post-injection. Supplementary Fig. 8 shows NIR fluorescence and PB-stained images of the 
dissected and sliced lymph node. Co-localization of PB-stained and fluorescent regions was clearly identified for 

Figure 4.  In vitro MR/FL imaging of cells labeled with ICGylated MNPs. (a) In vitro microscope images and 
(b) flow cytometric analysis of the labeled DCs with ICGylated MNPs (top) and those of the unlabeled ones 
(bottom). Blue and red colors represent DAPI-stained nuclei and ICG fluorescence. The scale bar indicates 
15 μm in (a). (c) Prussian blue staining of the labeled DCs incubated with 25 µg Fe/ml of ICGylated MNPs 
for 24 h. (d) T2-weighted MR images (top) and T2 values (bottom) for the labeled DCs (5 × 106) as a function 
of treated Fe concentration. (e) Same as (d) but as a function of the cell number with DCs labeled at a 
concentration of 100 µg Fe/ml of ICGylated MNPs.
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the case of the labeled DCs, suggesting the maintenance of the dual-mode structures and simultaneous sensitive 
detection, even at the tissue level.

It is difficult to use organic fluorescent dyes as imaging agents for long-term in vivo tracking owing to their 
rapid degradation and consequent low stabilities in vivo. A crucial point to note about this study is that the direct 
combination of MR and NIR fluorescence imaging agents (MNPs and ICG, respectively) are applicable for simul-
taneous, long-term in vivo dual-mode imaging without chemical modifications, expanding the potential clinical 
applications.

In conclusion, we designed a novel MR/NIR fluorescence imaging contrast agent by facile fluorescent 
dye-coating on MNPs. The fluorescent dye, ICG, was directly attached to the nanoparticle surface, enabling the 
nanoparticles to transition from a hydrophobic to a hydrophilic phase, a technique we termed “ICGylation”. ICG 
molecules were stably attached to MNPs. ICGylated MNPs and DCs labeled with ICGylated MNPs presented 
MR/NIR dual-mode imaging properties with high and sensitive detection. Importantly, the migration of the labe-
led DCs via lymphatic drainage and homing into lymph nodes was monitored by real-time MR/NIR imaging for 
three days. We expect that this novel MR/NIR contrast agent with sensitive detection and simultaneous imaging 
capabilities can be used in various fields, such as the imaging and tracking of immune cells to confirm immuno-
therapeutic efficacy. Furthermore, this principle can be also applied to the phase transfer of other kinds of hydro-
phobic particles using amphiphilic fluorescent dyes to develop multimodal probes for biomedical applications.

Methods
Synthesis of Magnetic Nanoparticles.  Magnetic nanoparticles (MNPs, Fe3O4) were synthesized using 
previously reported methods37. Briefly, 36 g of Fe-oleate (40 mmol), 5.7 g of oleic acid (20 mmol), and 200 g of 
1-octadecene were mixed under vacuum for 30 min at 25 °C. The mixture was heated to 320 °C at a constant 
heating rate of 3.3 °C/min and maintained at that temperature for 30 min. After cooling to room temperature, the 
products were precipitated by the addition of excess ethanol and isolated by centrifugation. The purified MNPs 
were dispersed in hexane with a concentration of 10 mg mL−1.

Synthesis of ICGylated MNPs.  MNPs in hexane were transferred to chloroform by adding excess meth-
anol and centrifugation. MNPs (1 mg mL−1) in chloroform were filtered using a 0.1-µm syringe filter. Five mil-
ligrams of ICG was dissolved in water, which was added to an aqueous solution of ICG and emulsified using a 
microtip-probe sonicator (VCX750, 750 W, 20 kHz; SONICS, Newtown, CT, USA) set at 20% power for 3 min. 
The organic solvent was evaporated by magnetic stirring until it was completely removed. The uncoated ICG 
molecules were removed by magnetic separation several times at 4 °C.

Figure 5.  In vivo MR/FL imaging of cells labeled with ICGylated MNPs. (a) In vivo T2-weighted MR images of 
mouse popliteal lymph nodes at different times after injection of DCs labeled with ICGylated MNPs (L, left) and 
unlabeled (R, right) DCs (2 × 106 cells). (b) Signal-to-noise ratios obtained from MR images of (a). (c) In vivo 
NIR fluorescence images of mouse popliteal lymph nodes after injection of the labeled DCs. (d) Contrast-to-
noise ratio (CNR) values of the lymph nodes obtained from (c). ***p < 0.001.
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Characterization of ICGylated MNPs.  The MNPs in organic phase and the ICGylated MNPs were char-
acterized by HRTEM (Tecnai F20; Philips Electron Optics, Eindhoven, Holland) and their size distributions and 
surface zeta potentials were analyzed using the Zetasizer Nano ZS instrument (Malvern Instruments, Malvern, 
UK). An elemental analysis of MNPs was performed by inductively coupled plasma (ICP) optical emission spec-
troscopy (Optima 8300DV or 4300DV; Perkin Elmer, Waltham, MA, USA). The absorption and fluorescence 
emission spectra were obtained using a UV-Vis spectrophotometer (UV-2600; Shimadzu, Tokyo, Japan) and a flu-
orescence spectrophotometer (FS2; Scinco, Seoul, Korea), respectively. Powder forms of ICG, ICGylated MNPs, 
and MNPs were analyzed by FT-IR spectroscopy (ALPHA-P, Bruker, Bremen, Germany).

Single-particle imaging of ICGylated MNPs.  For single-particle imaging of the ICGylated MNPs, the 
solution was spin-coated on a cover slip, which was laid on an inverted microscope (IX71; Olympus, Tokyo, 
Japan). Dark-field and NIR fluorescence images were obtained using an electron multiplying charge coupled 
device (EMCCD) camera (DU-888E-C00-#BV; Andor Technology, Belfast, UK) in situ. For NIR fluorescence 
images, the cover slips were excited using a 785 nm continuous-wave (CW) diode-pumped solid state laser 
(PI-ECL-785-900-FC; Process Instruments, Salt Lake City, UT, USA), and BLP01-785R and FF01-842/SP 
(Semrock, Rochester, NY, USA) were used. For ROI analysis, the software Solis (Andor Technology) was used. 
To obtain color images of tissues, an sCMOS camera (OS4MPc-CL-RGB; Raptor Photonics, Larne, UK) was 
employed.

Preparation of mouse bone marrow-derived dendritic cells (BMDCs).  Male C57BL/6 mice 5 to 6 
weeks of age were purchased from OrientBio (Kyunggi-do, Korea). All experiments followed the guidelines of 
the committee on animal research at the Korea Basic Science Institute (KBSI), and the protocol was approved by 
the local institutional review committee on animal care (KBSI-AEC1508). Femurs and tibiae were collected, and 
the muscles were removed. Bones were washed with phosphate-buffered saline (PBS), their ends were cut with 
scissors, and the marrow was flushed out with RPMI 1640 media using a syringe (26 gauge needle). After they 
were washed in media, bone marrow cells were collected and cultured in dishes containing 10 mL of Roswell Park 
Memorial Institute (RPMI) medium supplemented with 10% fetal bovine serum, 50 IU/mL penicillin, 50 μg/mL 
streptomycin, and 20 ng/mL mouse recombinant granulocyte-macrophage colony-stimulating factor (GM-CSF; 
R&D Systems, Minneapolis, MN, USA). After 7 days, cells were harvested, washed, and used for in vitro and in 
vivo experiments44.

In vitro and in vivo MR imaging studies.  DCs were incubated with ICGylated MNPs at given concentra-
tions for 24 h. After incubation, various quantities of cells were collected and mixed with agarose gel for the MR 
analysis. MR imaging was performed under a Bruker 4.7 T scanner (Biospec 47/40; Bruker). The MR images of 
phantoms were obtained by multi-slice multi-echo (MSME; TR = 3,600 ms, TE = 35 ms, slice thickness = 1 mm, 
FOV = 40 × 70 mm2, matrix = 192 × 192, NEX = 2) sequences. BMDCs were incubated with the ICGylated MNPs 
for 24 h and stimulated to maturation by lipopolysaccharide (LPS) addition. The cells labeled with ICGylated 
MNPs or unlabeled cells (2 × 106 or 5 × 105) were injected into TNF-α-pretreated (24 h before injection) mouse 
footpads. Prior to the imaging experiments, the mice were anesthetized with 4% isoflurane/O2 (v/v) and were 
maintained in a 1–2% (v/v) isoflurane/O2 atmosphere throughout the experiments. Axial images of the mouse 
popliteal or axillary lymph nodes were acquired using turbo-rapid acquisition with relaxation enhancement 
(Turbo-RARE) sequences using the following parameters: TR = 3,500 ms, TE = 36 ms, FOV = 30 × 30 mm2, slice 
thickness = 1 mm, matrix = 256 × 256, NEX = 4.

In vivo fluorescence imaging studies.  The DCs labeled with ICGylated MNPs (2 × 106) were injected 
into the mouse footpads, and the imaging areas were treated with a depilatory cream. The mice were placed in 
an in-house-prepared high-quality in vivo imaging system connected to an EMCCD camera (DU897-EX, iXon 
Ultra; Andor Technology). Fluorescence images of the mice were acquired using an 808-nm (0–15 W) diode laser 
(OCLA, Gyeonggi-do, Korea) as an excitation light source and an emission filter (840 ± 12 nm, Semrock).

Histological analysis.  The dissected lymph nodes were embedded in a Tissue-Tek OCT compound (Sakura, 
Tokyo, Japan) and frozen in a deep freezer. Cryosections (~10 µm) were prepared using a cryostatic microtome 
(Leica Microsystems Nussloch GmbH; Nussloch, Germany) and transferred to glass slides. The slides were incu-
bated with Prussian blue reagent for 15 min and the nuclei were counterstained with a pararosaniline solution 
for 30 s.
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