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T
he metastatic spread of primary can-
cers to regional lymph nodes is one
of the most important prognostic fac-

tors determining the need for adjuvant
chemotherapy. The sentinel lymph node
(SLN) refers to the first regional lymph node
to which cancer cells are most likely to
spread from aprimary tumor.1�4 SLN biopsy
procedures have been widely used to pre-
dict the status of a tumor in clinical practice.
Dye-guided or radio-guided methods, or
a combination of both, are currently used
to map the SLN during the surgery.5�7

Although the dye-guided method is techni-
cally easy, very safe, and cost-effective, dyes
are not visible if the lymph node is located
deep within the patient. Dye-guided meth-
ods also have a high rate of false-negative
results because the small dye molecules
can readily diffuse through the true SLN to
the second- and third-tier nodes.8 Although
a lymph node in deep tissues can be de-
tected by radio-guided methods (gamma
detector), high radioactivity at the primary
injection site could interfere with intrao-
perative lymph node detection of nearby
lymph nodes.
For this reason, materials that emit fluo-

rescence in the near-infrared (NIR) region
are currently used for SLN mapping.2,9�11

The NIR region of the spectrum, between
700 and 1000 nm, is advantageous for
in vivo imaging because the autofluores-
cence background in this spectral range is
low, optical scattering is low, and significant
imaging depths are possible.9,12 Recently, NIR
fluorescencedyes, such as indocyaninegreen
(ICG),11,13,14 IRDye800,15 and heptamethine
cyanine dye IR-780 iodide,16 have been used
for in vivo imaging and SLN mapping in
animal and clinical studies. ICG showed pro-
mise in SLN mapping applications for breast

cancer and gastric cancer due to its bio-
compatibility;17,18 however, ICG molecules
readily diffuse through the true SLN and
travel to other lymph nodes, similar to the
blue dye, due to its low molecular weight.19

Researchers have attempted to address these
in vivo problems without altering the dye
properties by encapsulating ICG in biode-
gradable polymers.20,21 However, the molec-
ular sizes of such polymers are in the upper
limits of the preferred range for lymphatic
uptake.22,23 Although the magnitude of the
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ABSTRACT Sentinel lymph node (SLN)

mapping has been widely used to predict

the metastatic spread of primary tumor to

regional lymph nodes in clinical practice. In

this research, a new near-infrared (NIR)-

emitting polymer nanogel (NIR-PNG) having

a hydrodynamic diameter of about 30 nm, which is optimal for lymph node uptake, was

developed. The NIR-emitting polymer nanoprobes were designed and synthesized by

conjugating IRDye800 organic dye to biodegradable pullulan-cholesterol polymer nanogels.

The NIR-PNG nanoprobes were found to be photostable comparedwith the IRDye800-free dye at

room temperature. Upon intradermal injection of the NIR-PNG into the front paw of a mouse,

the nanoprobes entered the lymphatic system andmigrated to the axillary lymph node within 2

min. The NIR fluorescence signal intensity and retention time of NIR-PNG in the lymph node

were superior to the corresponding properties of the IRDye800-free dye. A immunohistofluor-

escence study of the SLN resected under NIR imaging revealed that the NIR-PNG nanoprobes

were predominantly co-localized with macrophages and dendritic cells. Intradermal injection of

NIR-PNG nanoprobes into the thigh of a pig permitted real-time imaging of the lymphatic flow

toward the SLN. The position of the SLN was identified within 1 min with the help of the NIR

fluorescence images. Taken together, the experimental results demonstrating the enhanced

photostability and retention time of the NIR-PNG provide strong evidence for the potential

utility of these polymer probes in cancer surgery such as SLN mapping.

KEYWORDS: polymer nanogel . nanoprobe . sentinel lymph node . NIR optical
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optimal size is still under debate, it is generally ac-
cepted that nanoscale agents with hydrodynamic
diameters of 10�50 nm exhibit rapid uptake into the
lymphatic system and can be effectively used to
identify the SLN. Nanoprobes with a hydrodynamic
diameter < 5 nm partition into the bloodstream;
nanoprobes on the 5�10 nm size scale can flow
through the SLN into adjacent nodes in the chain;
nanoprobes > 300 nm in size rarely leave the injection
site (Figure 1A).24 Recently, inorganic nanoscale
(<20 nm) quantum dots have been considered to be
promising nanoprobes for SLN mapping in living
organisms;2,3,24�26 however, practical applications
of quantum dots are limited by their potential
toxicity.27,28 Here, we designed and synthesized a
novel NIR-emitting polymer nanogel having an opti-
mal size for SLN mapping, based on pullulan-
cholesterol nanogels conjugatedwith IRDye800 organ-
ic dye. Pullulan, neutral linear polysaccharide, is pro-
duced from starch by Aureobasidium pullulans and has
been extensively studied for applications in the bio-
medical field due to its water-soluble, biodegradable,

nontoxic, and nonimmunogenic properties, as well as
its amenability to chemical modification.29�33 In this
research, we designed a pullulan-based polymer na-
nogel by conjugating a hydrophobicmoiety (cholesterol)
to the hydrophilic pullulan backbone. The hydropho-
bic moiety, cholesterol, induced the pullulan-choles-
terol copolymers to form a self-assembled nanogel
structure under the balance of hydrophilic and hydro-
phobic forces. The size of the polymer nanogel was
controlled for efficient SLN mapping, and IRDye800
was conjugated on the surface of the self-assembled
nanogels. The potential of SLNmappingwas evaluated
by the size-controlled NIR-PNG nanoprobes in both
small animals (mouse) and large animals (pigs).

RESULTS AND DISCUSSION

Synthesis of NIR-PNG Nanoprobes. Polymermodification
for synthesis of NIR-emitting polymer nanogels was
done in three steps (Figure S1): (i) pullulan-cholesterol
conjugate was synthesized by conjugating amine-
cholesterol on pullulan; (ii) amine moieties were addi-
tionally introduced for the conjugation of NIR-emitting

Figure 1. Schematic illustration of NIR-PNG nanoprobes optimized for SLN mapping. (A) Schematic illustration of SLN
mappingusing a nanoscale imagingprobe. Imaging probes on the 5�10 nm size scale can flow through the SLN into adjacent
nodes in the chain; nanoprobes >300 nm in size rarely leave the injection site. Nanoprobes with a hydrodynamic diameter of
10�50 nm exhibit rapid uptake into SLN and do not leave. (B) Chemical structure of NIR-PNG based on pullulan-cholesterol
nanogels conjugated with IRDye800 organic dye.
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fluorophores; (iii) NHS-terminated IRDye800 was finally
conjugated with aminated pullulan-cholesterol conju-
gate. Detailed information on the chemical scheme,
synthesis, and characterization is shown in theMaterials
and Methods section and Supporting Information
(Figures S1�S6). The PNG synthesized had a hydrody-
namic diameter of about 30 nm (Figure 1B), which is
considered optimal for lymph node uptake. The zeta
potentials of the NIR-PNG nanoprobes were measured
at each synthesis step (Table S1). Upon introduction of
the amine, a remarkable increase in the zeta potential
was observed, from �9.76 ( 2.29 to 34.76 ( 0.70 mV,
indicating that the negatively charged surface was
converted to a positively charged surface. IRDye800
introduction, however, led to a decrease in zeta poten-
tial (11.05 ( 0.35 mV) due to the attachment of the
negatively charged IRDye800 dye to the nanogel sur-
face (Table S1). Measurement of the amount of dye per

milligramofNIR-PNGnanoprobes revealed that 1mgof
NIR-PNG nanoprobes conjugated approximately 10 μg
of IRDye800. The size of the NIR-PNG nanoprobes was
measured by dynamic light scattering (DLS), which
revealed that the mean diameter was approximately
30 nm (Figure 2A). In addition, we also measured the
average sizes and distributions of these nanoprobes
(n = 134) using TEM. The size was found to be slightly
smaller than those measured by DLS. The possible
reason may be that the TEM images were obtained
after the air-drying process, which causes the nanop-
robes to shrink and attain a smaller size than under
water. It is well known that the particle size of a tracer
exhibits a strong impact on the migration time during
SLN mapping and the optimal tracer size for lymph
node uptake is in the range 10�50 nm.3,22,23 Particles
smaller than 5 nmmay diffuse through the lymph node
and enter the bloodstream directly, whereas larger

Figure 2. Physicochemical properties of NIR-PNG nanoprobes. (A) Size and size distribution of NIR-PNG nanoprobes
measured by DLS and TEM (inset). The scale bar in the TEM image represents 100 nm. (B) Fluorescence spectra of NIR-PNG
nanoprobes and IRDye800 dye. The spectra were normalized for the maximum fluorescence at 810 nm. (C) In vitro NIR
fluorescence image (pseudocolor) of the NIR-PNG nanoprobes in water according to the concentration of NIR-PNG
nanoprobes. (D, E) Fluorescence stability of IRDye800 dye (1 μg/mL) and NIR-PNG nanoprobes (100 μg/mL, conjugated with
1 μg/mL IRDye800)was determinedby using theNIRfluorescence images (D) and fluorescencemaximumemission spectra (E)
in water at room temperature over time (2 h). Black squares indicate NIR-PNG nanoprobe, black circles indicated IRDye800.
*p < 0.05, **p < 0.01 compared with NIR-PNG nanoprobes at the same times.
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particles cannot enter the endothelial cell junctions and
may be retained for long periods at the site of injection
(Figure 1A).3 Taken together, the experimental results
demonstrated that theNIR-PNGnanoprobes can be used
as efficient molecular imaging probes for SLN mapping
that canbe rapidly transported toand retained in theSLN.

Optical Properties of NIR-PNG Nanoprobes. The emission
spectrum of NIR-PNG nanoprobes was compared to
the spectrum of IRDye800-free dye dissolved in water
at 25 �C. As shown in Figure 2B, the emission spectra of
the IRDye800 and NIR-PNG nanoprobes agreed well in
water at 25 �C, and no spectral shifts were observed
in the emission spectrum of the NIR-PNG nanoprobes
(Figure 2B). These results suggested that NIR-PNG
nanoprobes did not influence the emission spectrum
of IRDye800 at room temperature. NIR fluorescence
imaging was performed on serial dilutions (63 to
2000 μg/mL) of the NIR-PNG nanoprobes using a
785 nm LED light source and an 835/45 nm emission
filter. The NIR fluorescence intensity was dependent on
the concentration of the NIR-PNG nanoprobes. The
fluorescence intensity was highest at the NIR-PNG
nanoprobes concentration of 0.5 mg/mL, and as the
concentration was increased up to 1�2 mg/mL, the
fluorescence signal decreased (Figure 2C). In general,
the fluorescence intensity of dye solutions increases
as the concentration of the dye increases; however, at

a certain threshold concentration, the fluorescence
intensity begins to decrease because the emitted
photons are reabsorbed by other fluorescent dyes
in the solution.34 When the fluorescence intensities of
IRDye800 and NIR-PNG nanoprobes were measured in
water for 2 h at 25 �C, the fluorescence intensity
of IRDye800 decreased over 2 h at 25 �C (Figure 2D, E).
In fact, the long-term stability of IRDye800 dye in an
aqueous solution has been found to be undesirable
during its development for clinical applications, although
IRDye800 is more stable in an aqueous solution than
conventional cyanine NIR dye. In contrast, the fluores-
cence intensity of the NIR-PNG nanoprobes did not
decrease significantly over time relative to the IRDye800
at 25 �C (Figure 2D, E). These data demonstrated that the
photostability of IRDye800 could be enhanced after
conjugation on the surface of the polymer nanogel.

Cytotoxicity of NIR-PNG Nanoprobes. One of the strin-
gent requirements for in vivo tracer applications is low
cytotoxicity. Cytotoxicity studies of the NIR-PNG na-
noprobes were conducted using a dendritic cell line
(DC2.4) and an epithelial colorectal adenoma cell line
(CT-26) to measure the cell viability after incubation
with NIR-PNG nanoprobes or IRDye800. The dendritic
cell line was especially chosen as a model cell line for
viability study because these cells are typical dendritic
cells present in lymph nodes. As shown in Figure 3, the

Figure 3. Cytotoxicity of the NIR-PNG nanoprobes. Cytotoxicities of the NIR-PNG nanoprobes (A and C) and IRDye800
(B and D) were determined for mouse DC2.4 cells (A and B) and CT-26 adenocarcinoma (C and D) after 24 and 48 h of
incubation for each molecule at indicated concentrations.
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NIR-PNG nanoprobes generally showed no cytotoxic
effects toward both the DC2.4 (Figure 3A) and CT-26
cell line (Figure 3B) up to 100 μg/mL and higher
concentrations (Figure S7). The results suggest that
the cytotoxicity of NIR-PNG nanoprobes was negligible
and could be used for in vivo applications. To deter-
mine whether NIR-PNG nanoprobes have any effect
on cytokine production of DC2.4 cells, we measured
the levels of IL-6 and TNF-R after incubation with
NIR-PNG nanoprobes or IRDye800 for 24 h. As shown
in Figure S8, the presence of nanoprobes did not
alter cytokine levels, whereas dendritic cells (DCs)
responded to LPS stimulation with a strong increase
in cytokine production. In this analysis, we found that
NIR-PNG nanoprobes did not affect production of the
immune response-associated cytokines.

In Vivo SLN Mapping in a Small Animal. After demonstrat-
ing enhanced photostability and nontoxicity of the
NIR-PNG nanoprobes, we evaluated them for use as a
SLN mapping agent in mice. For this purpose, the NIR-
PNG nanoprobes (50 μg of samples in 50 μL of water)
were intradermally injected into the right paw of a
mouse and imaged for in vivo migration of NIR-PNG
nanoprobes using a NIR optical imaging system. Weak
signal of IRDye800 was detected in axillary LN of mice

injected with only free IRDye800 into the paw, because
due to its small size, injection of free IRDye800 into the
mouse paw resulted in the easy passage of the dye
through the SLN and diffusion into other lymph nodes
(Figure 4A).24 In contrast, the SLN and lymphatic
vessels (LV) of the mice injected with NIR-PNG nanop-
robes were visualized from 2 min to more than 30 min
(Figure 4B), and the NIR fluorescence signal of the SLN
was much brighter compared to the signal of the
IRDye800, over 2�30 min (Figure 4C). Methylene blue
dye has been used as a safe and effective substitute for
isosulfan blue dye to identify the SLN in animals and
patients.35 After injection of methylene blue dye at the
same site, followed by removal of the skin, the area that
generated strong NIR fluorescence signals was con-
firmed to be a SLN (n = 3, Figure 5A, B; IRDye800, 5E, F;
NIR-PNG) after 30 min postinjection. These findings
were further corroborated by ex vivo imaging of ex-
cised lymph nodes. The NIR fluorescence signals asso-
ciated with the SLN, but not the adjacent fat tissue,
indicated preferential accumulation of the NIR-PNG
nanoprobes in the SLN. The NIR-PNG nanoprobes were
accumulated in the SLN to a greater extent than
IRDye800 (Figure 5C, D; IRDye800, 5G, H; NIR-PNG).
The lymph node retention time of the NIR-PNG

Figure 4. In vivo SLN imaging in a small animal. In vivo NIR fluorescence images (pseudocolor) at indicated time after
intradermal injection into the right paw of a mouse with IRDye800 (A) and NIR-PNG nanoprobes (B). The arrows indicate the
axillary sentinel lymph node. (C) Signal intensity of sentinel lymph node is plotted versus time in IRDye800-injected (gray
circles) and NIR-PNG nanoprobes-injected (black squares) mice. a.u.: arbitrary units. *p < 0.05, **p < 0.01 compared with
IRDye800 at same times.
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nanoprobes and IRDye800 was measured at 1�48 h
postinjection (Figure 5I). The ex vivo NIR fluorescence
of NIR-PNGnanoprobeswasmuchbrighter than that of
IRDye800 at 1�48 hpostinjection. TheNIR-PNGnanop-
robes were present at qualitatively consistent levels
in the lymph node even at 24 and 48 h postinjection,
whereas the IRDye800 was not visibly present in the
lymph nodes at these time points (Figure 5I). These
data demonstrated that the NIR-PNG nanoprobes
acted as a good tracer for SLNmapping, and themouse
data are relevant to axillary SLN mapping for breast
cancer.

Localization of NIR-PNG Nanoprobes within the SLN. The
study was further extended by performing immuno-
histofluorescence of SLN dissected from mice that
had been injected with the NIR-PNG nanoprobes or

IRDye800 after 30 min. As shown in Figure 6, the
immunohistofluorescence image of the SLN indicated
good regional lymph node retention of the NIR-PNG
nanoprobes at 30 min, whereas only a fraction of the
IRDye800 was localized in the lymph node. The locali-
zation and retention characteristics of the NIR-PNG
nanoprobes within the lymph node were investigated.
T cells tend to localize in the central region of the
lymph node, whereas B cells are often found at germi-
nal centers located toward the outer membrane. The
other major cell types present in lymph nodes are
dendritic cells and macrophages, and their locations
are dispersed throughout the subcapsular space.22

The IRDye800 was not localized in the subcapsular
spacewith themacrophages (CD68þ cell) (Figure 6A, C)
or DCs (CD205þ cell) (Figure 6E). However, NIR-PNG

Figure 5. SLN mapping procedure with IRDye800 and NIR-PNG nanoprobes. (A, E) In vivo NIR fluorescence images
(pseudocolor) at 30 min postinjection of the IRDye800 dye (0.5 μg in 50 μg of PBS) (A) and NIR-PNG nanoprobes (50 μg,
conjugated with 0.5 μg of IRDye800, in 50 μg of PBS) (E). The arrows indicate the axillary SLN. (B, F) Color images of a mouse
aftermethylene blue dye injection and skin removal after an injection of the IRDye800 (B) andNIR-PNGnanoprobes (F). (C�H)
Ex vivo NIR fluorescence (C, G) and color (D, H) images of dissected LN and fat tissue of a mouse injected with the IRDye800
(C, D) and NIR-PNG nanoprobes (G, H). (I) Ex vivoNIR fluorescence images of dissected SLN on time points in the range 1�48 h
postinjection.
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nanoprobes were significantly co-localized withmacro-
phages (Figure 6B, D) or DCs (Figure 6F). As shown in
enlarged images in Figure S5, the fluorescence signals
from the IRDye800 were exhibited outside the cells
(Figure 6A, C and Figure S9A, arrowhead). In contrast,
many fluorescence signals from the NIR-PNG nanop-
robes were exhibited on the cell surface and inside
the cells (Figure 6B, D and Figure S9B, arrow). These
data reveal that the NIR-PNG nanoprobes delivered to
the SLN were primarily phagocytosed by phagocytic
cells such as macrophages and dendritic cells, whereas
little IRDye800 could be phagocytosed in phagocytic
cells. These results also suggested that NIR-PNG nanop-
robes accumulated effectively in the lymph nodes.
In vitro cellular uptake was evaluated by incubating a
murine dendritic cell line (DC2.4) with NIR-PNG nanop-
robes and IRDye800 to confirm their in vivo action.
Fluorescence microscope and flow cytometric analysis
data reveal that the NIR-PNG nanoprobes were more
efficiently taken up by DC2.4 cells than IRDye800
(Figure 7A, B and Figure S10). To further determine
the intracellular localization of NIR-PNG nanoprobes in
DC2.4 cells, lysosomes were stained with a FITC-labeled

lysosome-specific antibody (FITC-LAMP-1 antibody)
and LysoTracker. Internalized NIR-PNG nanoprobes
were mainly co-localized with the lysosomes of the
cells (Figure 7C and Figure S11), indicating that inter-
nalized NIR-PNG nanoprobes preferentially localized in
the lysosomal compartments of phagocytic cells.

In Vivo SLN Imaging in a Large Animal. After getting
promising results in small animals, we further investi-
gated the use of NIR-PNG nanoprobes in large animal
systems comparable to humans in size. Intradermal
injection of NIR-PNG nanoprobes (100 μg in 100 μL of
water) into the thigh of a 35 kg pig (n = 5) permitted the
real-time imaging of the lymphatic flow toward the SLN
(see the video provided in the Supporting Information).
The surgeon was quickly able to identify the position of
the SLN with the help of the NIR fluorescence images.
Interestingly, the NIR fluorescence images showed that
the lymphatic channels diverged from the injection site,
then coalesced into the SLN (Figure 8A, B). The surgeon
could identify the SLN within 1 min, and the NIR
fluorescence intensity of the SLN increaseddramatically
upon dissection of the tissue (8 min after injection,
Figure 8C). Histofluorescence analysis of the resected

Figure 6. Immunohistofluorescence analysis of the SLN. Immunohistofluorescence analysis of the dissected SLN of a mouse
injected with the IRDye800 dye (A, C, E) or NIR-PNG nanoprobes (B, D, F). The slides were stained with anti-CD68 (F4/80,
macrophage, A�D) or anti-CD205 (DEC-205, dendritic cell, E, F). (C, D) Enlarged images of red squares. DIC, differential
interference contrast; green, CD68 and CD205; red, IRDye800 and NIR-PNG (pseudocolor). Scale bars represent 90 μm.
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tissue showed that the NIR-PNG nanoprobes were
completely trapped in the SLN and confined to the
outermost rim of the node (Figure 8D, E). Both
the NIR histofluorescence image and enlarged image
(Figure 8F, G) showed that the NIR-PNG nanoprobes
were accumulated in the SLN, taken up by lymph node
cells, and subsequently localized in the cell interior.22

These data are consistent with the well-known sieving
properties of the subcapsular sinus in lymph node.

CONCLUSION

We have successfully synthesized NIR-PNG nano-
probes using self-assembled pullulan-cholesterol

nanogels conjugated with IRDye800 and demonstrated
their use as an efficient SLN mapping agent. The combi-
nation of NIR fluorescence dye and a nanosize polymer
nanogel (PNG) dramatically improved the photostability
and retention time of the NIR fluorophore under phy-
siological conditions in the SLN. The NIR-PNG nanop-
robes also displayed a bright fluorescent signal both in
the SLN and in the lymphatic vessels. To the best of our
knowledge, this study provides the first demonstration
of SLN mapping using NIR-PNG nanoprobes in both
small and large animalmodels. TheNIR-PNGnanoprobes
are expected to be used as excellent imaging contrast
agents for SLN mapping in human clinical models.

MATERIALS AND METHODS

Materials. Pullulan was purchased from Wako Pure Chemi-
cals (Tokyo, Japan). Cholesteryl chloroformate (97%), 1,10-
carbonyldiimidazole, 2,20-(ethylenedioxy) bis(ethylamine) (EDBE),
1,2-ethanediamine (EDA), and methylene blue dye at a 1%
concentration were purchased from Sigma-Aldrich (St. Louis,

MO, USA). IRDye800 and IRDye800 NHS ester were purchased
from Li-COR (Lincoln, NE, USA). The dyes were resuspended to a
concentration of 30 mM in DMSO (Li-COR) under reduced light
conditions and stored at �80 �C.

Synthesis of Pullulan-Cholesterol Nanogels. The structure and
reaction scheme of pullulan-cholesterol nanogels are presented
in Figures S1�S3. Cholesteryl chloroformate (2.25 g, 5 mmol)

Figure 7. In vitro fluorescence images of NIR-PNG nanoprobes accumulated in the cell. Fluorescence microscopy images of
DC2.4 cells treated with 2.5 μg/mL IRDye800 dye (A) and 0.1 mg/mL NIR-PNG nanoprobes (B). The NIR fluorescence images
(red, pseudocolor) were obtainedbyusing excitation (740/35 nm) and emission (780LPnm)filters. (C) DC2.4 cells, treatedwith
NIR-PNG nanoprobes, were stained with FITC-conjugated LAMP-1 monoclonal antibody (green). Localization of lysosomes
(green) and NIR-PNG nanoprobes (red, pseudocolor) was determined by fluorescence microscopy. Scale bars represent 10
μm; DIC, differential interference contrast.
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was added to a solution of 2,20-(ethylenedioxy) bis(ethylamine)
(37 g, 250 mmol) in dry toluene (250 mL) over an ice bath. The
reaction mixture was stirred at room temperature overnight,
washed with water, dried over anhydrous magnesium sulfate,
and evaporated in a rotary evaporator. The residue was dis-
solved in dichloromethane (20 mL), and methanol (20 mL)
was added to it. The resulting suspension was filtered to
remove the biscarbamate, and the filtrate was evaporated in a
rotary evaporator to give a white solid. The ethylenediamine-
pullulan-2,20-(ethylenedioxy)-bis(ethylamine)cholesterol conju-
gate (pullulan-cholesterol) was successfully synthesized by
esterification of the hydroxyl group of pullulan and the amine
group of the cholesterol-2,20-(ethylenedioxy) bis(ethylamine)
conjugates (cholesterol-amine) along with ethylene diamine.
To synthesize pullulan-cholesterol, 1 g of pullulan and 0.086 g of
cholesterol-amine were reacted in DMSO in the presence of
1,10-carbonyldiimidazole (1.134 g). The 1H NMR spectrum was
used to quantify the reaction between pullulan and cholesterol-
amine. The 1H NMR spectra of cholesterol-amine and pullulan-
cholesterol are shown in Figures S2 and S3. The proton peak of
the cholesterolmethyl group (0.9�1.2 ppm)was observed in the
1H NMR spectrum of pullulan-cholesterol, and the hydroxyl peak
of dextrose appeared at 4.8�5.2 ppm (Figures S2 and S3). After
grafting the cholesterol-amine onto pullulan, the graft ratio of
cholesterol to the synthesized pullulan-cholesterol conjugate
was 1.7%. Then, the pullulan-cholesterol conjugate was ami-
nated with ethylenediamine in DMSO. For amination, pullulan-
cholesterol (150mg) and ethylenediamine (150mg) weremixed
in DMSO (50 mL) containing 1,10-carbonyldiimidazole (38 mg)
for 24 h. The amine-pullulan-cholesterol was quantified by
elemental analysis to determine the ratio of C, N, and H. The per-
centage of carbon present in the sample did not change signi-
ficantly (pullulan-cholesterol: 41%; amine-pullulan-cholesterol:
40%), but the percentage of nitrogen changed dramatically
(pullulan-cholesterol: 0.09%; amine-pullulan-cholesterol: 1.5%).

Carbon was the dominant element in the dextrose of pullulan,
and nitrogen was present in the cholesterol linker and in
the aminated ethylene diamine. The percentage of C was
derived from the molecular mass of dextrose, 162 amu, and
the percentage of N was derived from the molecular mass of
ethylenediamine-N,N, 28 amu, yielding a 6.68% synthetic yield.
The synthesized pullulan-cholesterol and amine-pullulan-cholesterol
were easily self-assembled to formmicelles in aqueousmedium
(Figure S4).

Preparation and Characterization of the NIR-PNG Nanoprobes. For
the fabrication of the NIR-PNG nanoprobes, 2 mg/mL amine-
pullulan-cholesterol solutions were mixed with IRDye800 NHS
ester (50 μg/mg) dissolved in DMSO. The conjugation reaction
proceeded for 2 h at room temperature. NIR-PNG nanoprobes
were separated using Bio-Spin columns filled with Bio-Gel P-6
gels (Bio-Rad Laboratories, Richmond, CA, USA) (Figures S5
and S6). The amount of conjugated dye was estimated to be
10 μg of dye per 1 mg of NIR-PNG nanoprobes via UV�vis
spectrophotometer (NEOSYS-2000, Sinco, Seoul, Korea). The
fluorescence spectra were measured by a fluorescence spectro-
photometer (LS 55, PerkinElmer Instruments, Wellesley, MA,
USA) using an excitationwavelength of 775 nmand an emission
range of 780�900 nm. The spectra were normalized relative
to the maximum fluorescence (λem = 810 nm) of IRDye800.
To obtain the quantum yield of the IRdye800 and NIR-PNG
dispersed in aqueous solutions, UV�vis absorption and fluo-
rescence spectra were measured. UV�vis absorption spectra
were recorded on a Jenway (Genova, Dunmow, UK) spectro-
photometer. Diluted solutions of the IRdye800 and NIR-PNG
were placed in a 1 cm quartz cuvette, and their absorption
and corresponding fluorescence spectra were measured. The
photoluminescence spectra were recorded on a spectrometer
(Acton 2300i, Acton, MA, USA). The room-temperature quantum
yields were determined by comparing these samples with
a standard reference organic dye, namely, rhodamine 6G, in

Figure 8. In vivo SLNmapping in a large animal. (A�C)NIR-PNGnanoprobeswere injected (arrowhead) into the pig thigh, and
lymphatic flow was mapped in real time to the SLN (arrows). Shown are the NIR fluorescence images immediately after
injection (A), 90 s postinjection (B), and 8 min postinjection with skin stripping (C). The fluorescence images were obtained
using an intraoperative NIR fluorescence imaging system consisting of a 785 nm diode laser (excitation), an 835/45 nm
emissionfilter (emission), and aCCD camera; 100msexposure time. N, nipple; LV, lymphatic vessels. (D�G)Histologic analysis
of frozen sections of the SLN. Shown are the images of the hematoxylin and eosin (H&E) stained section (D, E) and the
fluorescence image of a section stained with DAPI (F, G). (D) Original magnification (40�); scale bar represents 90 μm.
(E) enlarged image (200�) of the red square region in (D); scale bar represents 30 μm. (F) Fluorescence image (200�) of (E);
scale bar represents 30 μm. (G) Enlarged image (600�) of the red square region in (F); scale bar represents 10 μm.
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water with a quantum yield of 95%. The quantum yields of
IRdye800 and NIR-PNG were 13.5% and 11.8%, respectively,
similar to values reported in previous research.15 The microstruc-
tures of the NIR-PNG nanoprobes were characterized using high-
resolution transmission electron microscopy (HRTEM, JEM-3011,
JEOL, Tokyo, Japan). The size distribution of the NIR-PNG nanop-
robes was analyzed using dynamic light scattering techni-
que with an electrophoretic light scattering photometer (ELS-Z,
Otsuka Electronics, Osaka, Japan). The surface charge of the
nanoprobes was determined by zeta potential measurements
using an ELS-Z. NIR fluorescence imaging of the NIR-PNG nanop-
robes was performed using an imaging system consisting of an
excitation light source (785 nm, 500 mW diode laser) and a cold
charge-coupled device (CCD) camera (Orca ERG; Hamamatsu
Photonics, Hamamatsu City, Japan) with an emission filter (835/
45 nm band-pass filter), designed and built in our laboratory.

Stability of the NIR-PNG Nanoprobes. The fluorescence stability
of IRDye800 (1 μg/mL) and the NIR-PNG nanoprobes (100 μg/mL)
was determined over 2 h using a fluorescence spectrophot-
ometer. The aqueous solutions were prepared and placed in the
dark at 25 �C. The fluorescence emission spectra weremeasured
at an excitation wavelength of 775 nm. The maximum fluores-
cence (λem=810nm) intensity of each sample at a given timewas
normalized by the corresponding fluorescence emission at time
zero. The average normalized fluorescence intensities for each
triplicate experiment were plotted as a function of time. The
fluorescence stability was determined from the NIR fluorescence
images of IRDye800 (1 μg/mL) and the NIR-PNG nanoprobes
(100 μg/mL) using an NIR imaging system, as described above.
The aqueous samples were kept in the dark for 1 h at 25 �C and
then transferred to a 0.2 mL tube. NIR fluorescence images of the
sampleswereacquired using a 785nmexcitation light source and
an 835/45 nm band-pass emission filter (0.02 s exposure time) at
various time points over 1 h.

In Vitro Cytotoxicity Assay. Cell cytotoxicity was measured by
analyzing the cleavage of thiazoyl blue tetrazolium bromide
(MTT; Sigma-Aldrich) by the succinate dehydrogenases of living
cells to yield formazan. DC2.4 cells (2� 104 cells/well) residing in
the lymph nodes or the CT-26 (2 � 104 cells/well) murine
epithelial colorectal adenoma cell line was seeded on a flat-
bottomed 96-well plate (Corning Costar, Cambridge, MA, USA) in
RPMImedium (Invitrogen, Grand Island, NY, USA) supplemented
with 10% heat-inactivated fetal bovine serum (Invitrogen),
5 � 10�5 M 2-mercaptoethanol (Sigma-Aldrich), 50 IU/mL peni-
cillin, and 50mg/mL streptomycin (Invitrogen). After incubating
the cells with various concentrations of the NIR-PNG nanop-
robes and IRDye800 for 24�48 h, MTT (10 μL/well of a 5 mg/mL
MTT stock solution in PBS) was directly added to each well, and
the plates were incubated at 37 �C for 4 h. A colorimetric MTT
assay was conducted by adding dimethyl sulfoxide (DMSO;
Sigma-Aldrich) to solubilize the formazan, and the absorbance
was measured at 562 nm.

In Vitro Fluorescence Microscopic Imaging. The intracellular label-
ing capacity of the NIR-PNG nanoprobes was determined by
incubating DC2.4 cells with 0.1 mg/mL NIR-PNG nanoprobes or
2.5 μg/mL IRDye800 in μ-slide eight-well microscopy chamber
slides (ibidi Integrated Biodiagnostics, Munich, Germany) at a
density of 2� 104 cells per well for 24 h at 37 �C. After washing,
the cells were fixed with 4% paraformaldehyde for 20 min
at room temperature. After washing with PBS, the cells were
mixed with 4,6-diamidino-2-phenylindole dihydrochloride (DAPI;
Sigma-Aldrich) in PBS for 10 min. Fluorescence images were
obtained using a DeltaVision PD RestorationMicroscope System.
The intracellular localizations of the NIR-PNG nanoprobes were
analyzed by staining the DC2.4 cells with the lysosomal marker
lysosome-associated membrane glycoprotein-1 (LAMP-1). The
cells were washed three times and then fixed by adding 200 μL/
well Cytofix/Cytoperm solution (BD PharMingen, San Diego, CA,
USA) and incubating for 20 min. Cells were washed with
phosphate buffered saline (PBS), blocked with 1% bovine serum
albumin (BSA; Sigma) in PBS for 30min at room temperature, and
then incubated with FITC-conjugated anti-LAMP-1 monoclonal
antibody (1D4B) (BD PharMingen) for 30 min at room tempera-
ture. After washing, the cells were examined using a DeltaVision
PD Restoration Microscope System, as described above.

Animals. Female Balb/C mice aged 5 to 6 weeks (KOATECH,
Pyeongtaek, Korea) were maintained under specific pathogen-
free conditions, and female Yorkshire pigs weighing 35 kg (age:
11 weeks) were maintained under pathogen-free conditions.
All experiments employingmice were performed in accordance
with the Korean NIH guidelines for the care and use of labora-
tory research animals.

In Vivo SLN Mapping in a Small Animal. For in vivo experiments,
the BALB/cmice were anesthetizedwith 300 μL of a 2.5% avertin
solution (2,2,2-tribromoethanol-tert-amyl alcohol, Sigma), and
the imaging areas were treated with a depilatory cream. There-
after, the NIR-PNG nanoprobes (50 μg in 50 μL of water) or
IRDye800 (0.5 μg in 50 μL of water) was intradermally injected
into the forepaw pad. Twominutes after injection, themicewere
placed in a light-sealed area connected to the CCD camera, and
NIR images (0.02 s exposure) of the axillary lymph nodes were
acquired using a 785 nm, 500 mW diode laser as an excitation
light source and an 835/45 nm band-pass emission filter. The
laser illumination intensity was approximately 27.6 mW/cm2. All
images were processed using the Simple PCI software (Compix
Inc., Cranberry Township, PA, USA). Methylene blue dye at a
concentration of 1% was then reinjected at the same site to
confirm the presence of the lymph node detected by the NIR
image. After skin removal, photographs of the lymph node were
obtained using a Canon digital camera. The kinetics of the NIR-
PNG nanoprobes accumulation and retention in the lymph
nodes were analyzed by dissecting the axillary LN after injection
of 1.25 μg (in 50 μL of water) of IRDye800 and the 50 μg (in 50 μL
of water) of NIR-PNG nanoprobes. Fluorescence images were
obtained using an imaging system, as described above. The
measurements were performed at 1, 2, 24, and 48 h after
injection. Two mice were used in one experiment for SLN
mapping, and the experiment was repeated three times (n = 6).

In Situ Histofluorescence. The in situ distribution of the NIR-PNG
nanoprobes was analyzed by dissecting the axillary LN 30 min
after injection of 50 μg of NIR-PNG nanoprobes or 1.25 μg of
IRDye800 and embedding in Tissue-Tek OCT compound
(SAKURA, Tokyo, Japan) followed by freezing in liquid nitrogen.
Cryosections (8 μm) were cut using a Tissue-Tek Cryo3Micro-
tome/Cryostat (SAKURA) and transferred to glass slides. The
sections were fixed with cold acetone for 5 min, dried, and
frozen at �20 �C until use. The slides were washed in PBS and
blocked with PBS containing 1% BSA for 1 h at room tempera-
ture. After an additional series of washes, the slides were stained
with rat anti-mouse CD68 (F4/80, Serotec, Oxford, UK) and rat
anti-mouse CD205 (DEC-205, Serotec) overnight at 4 �C to label
the macrophages and dendritic cells, respectively. The slides
were then stained with FITC-conjugated anti-rat IgG secondary
antibodies (BD PharMingen, San Diego, CA, USA) for 1 h at room
temperature. The slides were washed twice with PBS and then
treated with DAPI in PBS for 10 min. After the final washing, the
slides were mounted in 50% glycerol (in PBS) and examined by
a fluorescence microscope (Olympus IX71, Olympus Optical,
Tokyo, Japan) and a DeltaVision PD Restoration Microscope
System (Applied Precision Technologies, Issaquah, WA, USA).

In Vivo SLN Mapping in a Large Animal. For in vivo SLN imaging in
large animal, pigs (n = 5) were anesthetized with intramuscular
tiletamine-zolazepam (Zoletil, 12.5 mg/kg) and xylazine
(Rompun, 2.33 mg/kg), intubated endotracheally, ventilated
with 100% oxygen, and maintained with 1.5% to 2% isoflurane.
Continuous oxygen saturation and heart rate were monitored
throughout the experiment. NIR-PNG nanoprobes (100 μg in
100 μL of water) was injected intradermally into the thigh. After
the injection, real-time images of the lymphatic flow toward the
inguinal lymph node were acquired using the intraoperative
NIR fluorescence imaging system optimized for large animal
surgery consisting of a 785 nm diode laser as an excitation light
source, wide zoom lens (Nikon; Nikon Vision Co., Ltd., Tokyo,
Japan) equipped with an 835/45 emission filter, a CCD camera
(Orca R2; Hamamatsu Photonics), and control cabinet, designed
and built in our laboratory (Figure S6). One pig was used in one
experiment, and the experiment was repeated five times (n = 5).
After imaging, the lymph nodes were dissected and fixed by 4%
formaldehyde. For histological study, fixed lymph node was
embedded in Tissue-Tek OCT compound, snap-frozen, and
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cryo-sectioned at 8 μm. Sections were stained with H&E or
DAPI and were examined by fluorescence microscopy and a
DeltaVision PD Restoration Microscope System.

Statistical Analysis. All results are expressed as mean differ-
ences and were tested for significance by Student's t test, with
p < 0.05 considered a significant difference.
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