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ABSTRACT: We demonstrate a novel route to synthesize
Fe;0,—CdSe/ZnS multifunctional nanoclusters (MNCs) with
excellent optical and magnetic properties and biocompatibility.
The successful fabrication of highly fluorescent and magnetic
MNCs is achieved via a coupling process based on a partial
ligand exchange reaction at the aqueous—organic solution
interface. In addition, we show that dendritic cells (DCs), the
sentinel of the immune system, can uptake the MNCs without
significant change in cell viability. The MNCs uptaken by the
DCs can be used for imaging, tracking, and separating the DCs.
Furthermore, the MNCs can be loaded with a pathogen-
associated molecular pattern, lipid A, via a hydrophobic—
hydrophobic interaction. Ex vivo labeling of DCs with the
MNC-lipid A complex enhances the DC migration to draining
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lymph nodes and tumor antigen-specific T cell responses in vivo. Our work may contribute to the development of synthetic
routes to various multifunctional nanoclusters and DC-based cancer immunotherapies.
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B INTRODUCTION

Development of submicrometer particles featuring multiple
characteristics such as magnetization, fluorescence, and bio-
logical activity is highly desirable for biomedical diagnosis and
therapy."> Most biotechnological processes needed in both
diagnosis and therapy often involve various steps such as
imaging, tracking, and separating biological molecules and/or
cells. The development of a multifunctional nanomaterial that
can be used for these various steps may contribute to making
the processes more efficient and simpler for diverse therapies
including cancer treatment.>*

Immunotherapy is an emerging category of cancer treatment,
and the dendritic cell (DC)-based approach is considered as
one of the most promising cancer immunotherapies because
DCs play a central role in immune system.>® Recently, DCs
have been utilized as potent therapeutic vaccines against human
cancers.” *® In DC vaccine trials, most efforts are focused on
generating a large number of cytotoxic effector T cells in vivo
and overcoming the immunosuppressive tumor environment.
To improve the efficacy of DC vaccination, diverse strategies
have been developed such as generation of specific DC subsets,
selection of tumor-associated antigens, efficient antigen loading,
and eficacious delivery of DC to regional lymph nodes.”'*""
Especially, it is essential to effectively track DCs to the lymph
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nodes of the patient, because the DC must migrate into
lymphoid tissues and interact with antigen-specific T cells to
induce immune responses. Thus far, several noninvasive
imaging techniques for the DC tracking have been reported,
which include scintigraphy, bioluminescence, single positron
emission tomography, and magnetic resonance imaging
(MRI)."*™"** Among them, MRI using superparamagnetic iron
oxide nanostructures offers exceptional contrast for soft tissues
such as secondary lymphoid tissues and can provide in vivo
images with high resolution and signal-to-noise ratios.”'®

The DC immunotherapy may be benefited greatly from the
advanced multifunctional nanomaterials. Fluorescent and
magnetic properties of the nanomaterials can be used for
effective and noninvasive tracking of DCs based on optical
detection and MRI In addition, high magnetization of
nanomaterials may also be useful for separating and
concentrating DCs. Moreover, nanomaterial-assisted delivery
of molecular adjuvants such as lipopolysaccharide, CpG
oligonucleotides, and antigens may contribute to enhancing
anticancer immunity.9’17 Therefore, an approach based on
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multifunctional nanomaterials may become a valuable tool to
promote immune responses against cancers, simplify ex vivo
manipulation steps of the immune cells, and enhance the
efficacy of cancer immunotherapy.

However, development of multifunctional nanomaterials
requires a careful design strategy and accurate methodology,
because there is a trade-off between the multiple functionalities
and the complexity arising from multiple synthetic steps.'® The
preparation methods of the multifunctional nanomaterials can
be categorized into three types according to Wang et al,
including a coupling method, inorganic synthesis, and an
encapsulation method.® It is simple to prepare fluorescent and
magnetic composite nanomaterials via a coupling method
through covalent bond linkage or electrostatic attraction
between different nanoparticles.> Nevertheless, the coupled
multifunctional nanomaterials usually suffer from either the loss
of fluorescence and low coupling efficiency or the tendency to
disintegrate under different analytical conditions. The degrada-
tion of fluorescence quantum yield (QY) is ascribed mainly to
the loss of the ligands on the surface of quantum dots.'” Due to
this loss, reports on successful coupling between fluorescent
quantum dots and magnetic nanomaterials is very rare. Yin et
al. recently demonstrated an indirect coupling of Fe;O,
nanoclusters and quantum dots by using a silica layer between
the two components."

Another route to prepare the multifunctional nanoparticles is
the direct chemical synthesis of fluorescent quantum dots on
magnetic cores.””>' However, only specific combinations are
usually available because the growth of the fluorescent
nanomaterials is highly dependent on the magnetic core
materials. Moreover, the composite nanomaterials prepared by
this synthetic method also have low QY and hence are difficult
to use directly in biological applications. Finally, different kinds
of nanoparticles can be encapsulated in a matrix material such
as polymers and silica for multifunctionality. This encapsulation
method is highly valued and has a great potential for medical
applications. Nonetheless, magnetic or optical properties of
multifunctional nanoparticles could be further enhanced if the
matrix materials, which are neither fluorescent nor magnetic,
are eliminated.

In this work, we demonstrate a novel synthetic route toward
multifunctional nanoclusters (MNCs) without using matrix
materials. The Fe;O, nanoclusters (d ~ 200 nm) were
chemically coupled with CdSe/ZnS quantum dots (d ~ 6
nm) via a partial ligand exchange reaction. We chose Fe;O,
nanoclusters (d ~ 200 nm) as a magnetic component of
multifunctional nanomaterials, because they have high magnet-
ization value owing to large size and superparamagnetic
property arising from the cluster structure.””*’ For a
fluorescent component, we chose CdSe/ZnS semiconducting
quantum dots, which are appropriate for proof-of-concept
experiments, because they have been extensively studied and
have excellent photostability, brightness, and optical tunability
that traditional organic dyes may not have.”* >° The partial
ligand exchange reaction enabled the fabrication of the MNCs
with high fluorescence QY, magnetization, integrity, and water
dispersibility that are desirable properties for biomedical
applications. Moreover, we demonstrate their applications for
the activation of DCs and the induction of immune responses
in mice. The MNCs were loaded with bioactive materials such
as lipid A via a simple hydrophobic—hydrophobic interaction.
Ex vivo labeling of DCs with the MNC-lipid A complexes
enables us to measure the loading efficacy of the complexes by
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flow cytometry and detect the cells by magnetic resonance
scanner without significantly affecting viability. Finally, we show
that co-delivered lipid A can mediate efficient activation and in
vivo migration of DCs into draining lymph nodes, which
ultimately enhances tumor antigen-specific T cell responses in
vivo.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Fe;0, Core Nano-
clusters. We prepared a core of superparamagnetic Fe;O,
nanoclusters with superparamagnetism and high magnetization.
These are desirable properties when nanoclusters are used in
biological procedures for efficient cell separation, magnetic
imaging, and water dispersibility.”>** High magnetization was
achieved by using relatively large magnetic nanoclusters; the
diameter of the nanoclusters was in the range of 200 to 400 nm
(Figure 1ab). Larger particles have higher magnetization and
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Figure 1. (a), (b) SEM images and (c) TEM image of Fe;O,
nanoclusters. (d) TEM of individual Fe;O, nanoparticles comprising
a nanocluster. (e) X-ray diffraction (XRD) pattern of Fe;O,
nanoclusters and comparison with the reference JCPDS no.88-0315.

hence can lead to more efficient cell separation,”*” but one
cannot simply increase the size of Fe;O, particles because a
transition occurs from superparamagnetism to ferromagnetism
at the size of approximately 20—30 nm.*®* Due to the
ferromagnetism, the large Fe;O, particles will be aggregated
and not be easily redispersed even when magnetic field is
removed. Therefore, we chose to prepare a nanocluster
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composed of small superparamagnetic Fe;O, nanoparticles
(Figure 1c,d). The individual Fe;O, nanoparticles are
sufficiently small (d = S ~ 10 nm) so that the large nanocluster
is superparamagnetic and also has high magnetization.
Transmission electron microscopy (TEM) and X-ray diffraction
measurement (XRD) analysis confirms that each nanoparticle is
highly crystalline (Figure 1d,e). The diameter of the Fe;O,
nanoparticles (d ~ 6.4 nm) estimated from the XRD data and
Scherrer formula is consistent with the TEM results.”” The
large water dispersible superparamagnetic nanoclusters are
useful for efficient separation and concentration of cells and
MRI

Synthesis and Characterization of CdSe/ZnS Quan-
tum Dots. We prepared CdSe/ZnS quantum dots which were
highly fluorescent. The nanocrystals show QY of >80% which
can be attributed to the graded chemical composition across the
core—shell interface.”* The quantum dots are approximately 6
nm in diameter (Figure 2a) and crystalline, as indicated by
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Figure 2. (a), (b) TEM images of CdSe/ZnS nanocrystals. (c)
Selected area electron diffraction pattern of the CdSe/ZnS nanocryst-
als. (d) UV—vis absorption (black dash line) and photoluminescence
(red line, A, = 480 nm) spectra of CdSe/ZnS quantum dots. Inset: the
photographs taken under room light and UV light (excited by a hand-
held UV lamp, 4., = 365 nm).

TEM images and selected area electron diffraction (SAED)
pattern (Figure 2b,c). Energy-dispersive X-ray spectroscopy
(EDX) shows that the composition ratio of Cd/Se/Zn/S is
approximately 1:1:9:9. The absorption and photoluminescence
spectrum (A, ~ 530 nm) are shown in Figure 2d. Inset shows
photographs of a vial containing the quantum dots dispersed in
toluene. There is a tint of green fluorescence even under room
light. Strong green fluorescence can be seen in the darkness
upon illumination of UV (1 ~ 365 nm).

Conjugation of Fe;0, Core Clusters and CdSe/ZnS
Quantum Dots. The conjugation of the core clusters and the
quantum dots were successfully carried out using an N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
(EDC)/ N-hydroxysulfosuccinimide sodium salt (sulfo-NHS)
coupling and a ligand exchange reaction. A schematic illustrates
the conjugation procedure (Figure 3). First, the surface of core
nanoclusters is functionalized with thiol groups via the EDC/
NHS coupling reaction.> Next, the thiols on the core clusters
partially replace existing ligands of CdSe/ZnS. We used thiol
groups because they are known to have strong affinity to CdSe/
ZnS surface.®’ The conjugation reaction occurred at the
interface between aqueous and organic solution containing
the hydrophilic Fe;O, nanoclusters and the hydrophobic
CdSe/ZnS nanoparticles, respectively. Once they were
conjugated, the resulting MNCs were localized at the
aqueous/organic interface. Moreover, we confirmed that thiol
goups on the Fe;O, indeed played a essential role in the
conjugation process. Without the thiol groups, the conjugation
did not occur, and the CdSe/ZnS nanoparticles and the Fe;O,
nanoclusters remained in their original solutions (Supporting
Information, Figure S1).

This partial-ligand-exchange approach was the key to the
successful coupling of fluorescent and magnetic MNCs, which
has rarely been demonstrated before this work. A generally
practiced coupling process involves an extensive ligand
exchange reaction to provide quantum dots with hydrophilicity
for water dispersibility; the hydrophobic ligands on the
quantum dots used in the synthesis are replaced with
hydrophilic ligands.7 However, this replacement is often not
complete, and the loss of original ligands leads to insufficient
passivation of quantum dots. As a result, fluorescence efficiency
becog}gg unacceptably low, and the quantum dots aggre-
gate. ™

The quantum dots prepared in our work are sufficiently
fluorescent even after the conjugation and subsequent chemical

PAA coated
FeSO 4 CNCs

multifunctional
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cysteamine
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Figure 3. Schematic diagram of the conjugation process between Fe;O, colloidal nanoclusters (CNCs) and quantum dots.
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and biological processes. This is because only a small portion of
the quantum dot ligands are replaced, and a majority of them
may have remained on the surface of the quantum dots. This
was possible because we used the ligands anchored on the large
Fe;0, core clusters to replace the ligands on the CdSe/ZnS
quantum dots. The access of the ligands on the large Fe;O,
particles to the ligands on the small CdSe/ZnS particles is
sterically hindered, and hence, only the minimum number of
the quantum-dot ligands can be replaced.” In addition, the
ligand exchange step was the last step of the MNC preparation,
and no further steps were necessary, which may degrade the
passivation. Apparently, the MNCs were hydrophilic and
dispersible in water. We observed over 6 months that the
MNCs could stably be stored in DI water without noticeable
property degradation. However, the MNCs also have local
surface area with hydrophobic properties, especially where the
hydrophobic CdSe/ZnS nanoparticles are conjugated. The
hydrophobic functional groups of MNCs were used to load
bioactive materials via a hydrophobic interaction in the
following step.

Electron Microscopic Characterization of the MNCs.
We confirmed that the CdSe/ZnS nanoparticles were uniformly
coated on the Fe;O, clusters by analyzing various character-
istics. Scanning electron microscopy (SEM) images of the
Fe;0,—CdSe/ZnS core—shell nanoclusters show that the shape
of the nanoclusters was generally unchanged after the
conjugation process without noticeable aggregation of quantum
dots (Figure 4ab). This implies that the CdSe/ZnS nano-
particles were uniformly coated. TEM images and correspond-
ing SAED on the edges of clusters confirm the presence of
CdSe/ZnS quantum dots on the magnetic clusters. Fe;O, and
CdSe/ZnS nanoparticles were identified using inverse fast
Fourier transform (FFT) and masking technique.**** They are
marked with green-solid and red-dotted circles, respectively
(Figure 4c,d). EDX mapping shows that Zn and S are
homogeneously distributed over the whole Fe;O, core
nanocluster (Figure 4e). The results also indicate that CdSe/
ZnS quantum dots are uniformly conjugated on the surface of
core nanoclusters. The integrity of the conjugated nanoclusters
was excellent. The MNCs were exposed to various character-
ization and application environments without any significant
change in material properties.

Surface Properties of the Nanoclusters. Functionaliza-
tion or conjugation at each step of the coupling process was
confirmed by Fourier transform infrared spectroscopy (FT-IR)
spectroscopy (Figure Sa). The spectrum of poly(acrylic acid)
(PAA)-coated Fe;O, nanoclusters indicates the presence of
large amounts of carboxylate groups. The peak at 1715 cm™
corresponds to the stretching mode of carbonyl bond in
protonated carboxylate groups. Two peaks located at 1536 and
1411 ¢m™ correspond to asymmetric and symmetric C—O
stretching mode of carboxylate groups coordinated to the iron
cations, respectively.35 Thiol functionalization by EDC/sulfo-
NHS coupling between the PAA-coated Fe;O, nanoclusters
with cysteamine was verified by the presence of peak at 1618
em™! as reported elsewhere.**”” Conjugation with CdSe/Zn$S
led to the appearance of peak at 1626 cm™ corresponding to
the carboxylate of oleic acid anchored onto the surface of the
quantum dots.***” Finally, lipid-A coatings on the MNCs were
confirmed by the P—O—C stretch peak of phosphate located
985 cm™.* In addition, we show the zeta potentials of the
products collected at each step of the conjugation process
(Figure Sb). The zeta potential of the PAA-coated Fe;O, was
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Figure 4. (a), (b) SEM images and (c) TEM image of Fe;0,—CdSe/
ZnS MNCs. Red-dotted and green-solid circles correspond to Fe;O,
nanoparticles and CdSe/ZnS quantum dots, respectively. (d) Fast
Fourier transform (FFT) image of (c). (¢) EDX mapping data for Fe,
Zn, and S.

—31.4 mV indicating that these particles have decent dispersion
stability. The high dispersibility can be attributed to the high
proportion of PAA in a Fe;O, nanocluster. Thermogravimetric
analysis (TGA) indicates that percentage of the PAA is ~16.3
wt% (Supporting Information, Figure S2). Upon thiol
functionalization, some carboxylic acid groups are modified
with cysteamine to present thiol groups on the surface of the
Fe;0, clusters leading to the reduction of absolute value of
negative zeta potential. Successive coupling with hydrophobic
quantum dots further reduced the value to —21.9 mV. Finally,
coating of the lipid A on the MNCs increased the absolute
value of the zeta potential ({ = —27.2 mV). This is because the
negatively charged hydrophilic side of the lipid A is exposed on
the surface of the MNCs while the other side of the lipid A is
anchored on the hydrophobic ligands of the quantum dots.
Fluorescent and Magnetic Properties of the MNCs.
We verified that the prepared MNCs indeed have both
fluorescent and superparamagnetic properties. Confocal mi-
croscopy clearly indicates that most of individual Fe;O,—CdSe/
ZnS clusters are fluorescent. The left panel in Figure 6a shows a
differential interference contrast image of individual nano-
clusters. Corresponding fluorescence images are shown in the
center panel. Overlay of the two images clearly shows that the
fluorescence comes from individual nanoclusters. On the other
hand, the nanoclusters have superparamagnetic properties
before and after the conjugation as shown in the magnetization
(M—H) curve (Figure 6b). No hysteresis indicates that the
magnetic nanoclusters are not ferromagnetic but super-
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Figure S. (a) FT-IR spectra and (b) zeta potentials of (i) PAA-coated
Fe;0, nanoclusters, (ii) thiol-modified Fe;O, nanoclusters, (iii)
Fe;0,—CdSe/ZnS MNCs, and (iv) lipid-A-coated MNCs.

paramagnetic. Saturation magnetization of Fe;O, core nano-
clusters and Fe;O,—CdSe/ZnS core—shell nanoclusters are
~55.5 and ~31.9 emu/g, respectively. The saturation magnet-
ization was reduced to approximately two-thirds after the
conjugation. However, it is sufficiently high to be used for both
imaging and cell separation. Magnetization per grain and cluster
were 2.47 X 107 and 2.50 X 107" emu, respectively. The
values were estimated by fitting the M—H data measured by
vibrating sample magnetometer (VSM) into Langevin function,
assuming that the sizes of grains and clusters are 6.43 and 300
nm, respectively (Supporting Information, Figure $3).**
Furthermore, we demonstrate that the MNCs have both
superparamagnetic and fluorescent properties at the same time
(Figure 6¢,d). Fe;0,—CdSe/ZnS nanoclusters dispersed in DI
water were highly fluorescent under UV illumination, as shown
in Figure 6c. When neodymium (NdFeB) permanent magnet
(cylindrical shape, d ~ 1 cm and L ~ 1.5 cm) was placed in the
back side of the vial, within a minute, the nanoclusters
accumulated where the magnet was positioned (Figure 6d).
This quick response can be attributed to high magnetization of
large nanoclusters. We placed the magnet about 1 cm above the
bottom to show that the accumulation is not due to the gravity
and sedimentation. Disappearance of fluorescence in solution
upon MNC accumulation clearly shows that the fluorescence
indeed comes from the superparamagnetic MNCs. This process
is reversible; removal of the magnetic field and brief stirring led
to uniform redispersion of the nanoclusters in the solution. A
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Figure 6. (a) Confocal laser scanning microscopy image of MNCs.
Red circles indicate luminescent Fe;0,—CdSe/ZnS nanoclusters. (b)
Magnetization curves of Fe;O, nanoclusters (black dash line) and
Fe;0,—CdSe/ZnS nanoclusters (red line). Photographs of Fe;O,—
CdSe/ZnS nanoclusters (c) dispersed in deionized water and (d)
collected by a permanent magnet (excited by a hand-held UV lamp, A,
= 365 nm).

real-time movie of the collection and redispersion process is
provided (Supporting Video S1).

Intracellular Delivery of MNCs into DCs. We observed
that the MNCs were engulfed by DCs. DCs were prepared
from mice as described previously’ and loaded with MNCs.
Immature DCs were incubated with different concentrations of
MNC:s for 18 h, and then cellular uptake was measured by
confocal microscopy and flow cytometry (Figure 7a). The
intracellular delivery of MNCs into DCs was gradually
increased in a concentration-dependent manner and saturated
at the concentration of ~500 ug/mL. More than 50% of DCs
took up substantial amounts of MNCs at the saturating
condition. The intracellular MNCs were dispersed throughout
the cytoplasm and were found in aggregated forms (inset in
Figure 7a), and they may have been taken up via
phagocytosis.*' The MNC-loaded DCs were efficiently
separated and enriched by magnetic separation (Supporting
Information Figure S4), potentially due to high magnetization
of MNC:s. Separation and enrichment of the labeled cells might
be useful to enhance the fluorescent and superparamagnetic
signals to tracing the cells in vivo.
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Figure 7. (a) Degree of MNC uptake by dendritic cells (DCs) at
various MNC concentrations, quantified by FACS. (b) MRI and T2
relaxation time of DCs loaded with MNCs at various concentrations.

Viability of MNC-Loaded DCs and MRI. DCs incubated
with variable concentrations of MNCs (100—500 pug/mL)
showed no significant changes in viability for 7 days
(Supporting Information Figure SS). The maturation markers
of the DCs were examined before and after loading with
MNCs, and interestingly, the surface expression of the
maturation markers (CD40, CD80, and CD86) on the DCs
was not significantly affected by the MNC loading (Supporting
Information Figure S6). In addition, we demonstrate that the
intracellular MNCs may be used for MRI. DCs loaded with
different concentrations of MNCs were applied for in vitro
MRI experiments, and we show MRI of the DCs revealed that
the T2 relaxation time is gradually reduced (image was
darkened), with maximum saturation at the MNC concen-
tration of ~200 pg/mL after 18 h of incubation (Figure 7b).
This demonstrates that MNCs can be applied for noninvasive
MRI-guided monitoring of DCs.

Activation of DCs with Lipid-A-Coated MNCs. We
demonstrate that the pathogen-associated molecular pattern
can be simply incorporated onto the MNCs via hydrophobic
interaction. These MNC—lipid A complexes could boost DC-
mediated immune responses.*> We chose a lipophilic mono-
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phosphoryl lipid A because this bacteria-derived lipid A
molecule has been extensively used as a potent stimulator for
DC activation and widely applied to manufacture “pathogen-
mimetic” nanostructures.*”** Lipid A molecules were readily
incorporated to the MNCs and the complex formation was
confirmed by confocal microscopy after immunofluorescent
staining (Figure 8a). Approximately 0.8 ng of lipid A was
attached to 1 pug of MNCs, and this corresponds to ~2 X 10*
lipid A molecules per MNC. The MNC-lipid A complexes
were stable even after being taken up by DCs (Figure 8b). To
examine whether the complexes can induce DC activation, we
incubated DCs with the MNC—lipid A complexes in the culture
media and measured the surface expression of activation
markers at 18 h after the incubation (Figure 8c). The
complexes enhanced surface expression of the activation
markers as efficiently as free lipid A, in contrast to uncoated
MNCs which barely induced DC maturation. In addition,
fluorescently labeled DCs stimulated with the MNC—lipid A
complexes showed enhanced migration in vivo from the
footpads of mice to the draining lymph nodes at 2 days after
injection (Figure 8d). The MNC-lipid A induced DC
migration more than two times compared to control (CNT)
groups. A schematic of lipid A coating process on the MNC
surface is shown in Figure 8e.

Induction of Antigen-Specific T Cell Responses.
Finally, we demonstrate that DCs stimulated with MNC—
lipid A complexes can significantly induce the antigen-specific T
cell responses in both draining lymph node and spleen of mice.
Mice were immunized with DCs, which were stimulated with
the indicated agent and loaded with carcinoembryonic antigen
(CEA)-derived T cells epitopes. CEA-specific cellular immunity
was analyzed in the draining lymph nodes and spleen by
measuring production of IFN-y, a hallmark cytokine for cell-
mediated immunity, at 7 days after DC immunization twice at
weekly intervals. Significant induction of T cell responses were
observed in both the draining lymph node and spleen (Figure 9
and Supporting Information Figure S7 and S8). The frequency
of IFN-y-secreting T cells was approximately 6-fold higher in
the lymphoid organs of mice immunized with lipid A- or
MNC-lipid A-loaded DCs than immature (control) or MNC-
loaded DCs. This result suggests that DC activation and
migration induced by MNC—lipid A can ultimately contribute
to enhanced T cell immunity in vivo.

B CONCLUSION

We developed a new technology for manufacturing MNCs with
excellent optical and magnetic properties and biocompatibility.
The MNCs were prepared by conjugating superparamagnetic
Fe;0, nanoclusters with highly fluorescent CdSe/ZnS nano-
particles via a partial ligand exchange at the aqueous—organic
solution interface. The MNCs loaded in DCs enabled us to
monitor the DCs using conventional fluorescence microscopy
and magnetic resonance detector without significant changes in
cellular viability. In addition, the MNC-loaded DCs were
efficiently separated and enriched by magnetic separation
possibly owing to high magnetization of the MNCs. Moreover,
we demonstrate that the MNCs can efficiently form a complex
with lipid A molecules via a simple incubation in a cell culture
media. Finally, we observed that the MNC-lipid A complexes
enhanced the maturation of DCs, their in vivo migration into
draining lymph nodes, and the induction of antigen-specific T
cell responses. Our work may contribute to developing novel
approaches to deliver vaccines, to enhance specific immunity
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against malignant cancers and finally to enhance clinical efficacy
for DC-based cancer immunotherapies.

B MATERIALS AND METHODS
Materials for Fe;0, and CdSe/ZnS Synthesis. All

chemicals were used as received without further purification.
Cadmium oxide (>99.99%), zinc acetate (99.99%), selenium
(Se) powder (99.99%), elemental sulfur (S, 99.998%), iron(III)
chloride hexahydrate (FeCly-6H,0, 97%), poly(acrylic acid)
(PAA, average M,, ~1,800), sodium acetate (>99.0%), N-(3-
dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
(EDC, BioXtra), N-hydroxysulfosuccinimide sodium salt
(sulfo-NHS, >98.5%), cysteamine (~95%), oleic acid
(>99%), 1-octadecene (90%), trioctylphosphine (90%), 1-

5303

octanethiol (98.5+%), ethylene glycol (99.8%), toluene
(99.8%), and phosphate-buffered saline (PBS, 1.0 M, pH 7.4)
were purchased from Sigma-Aldrich. Absolute ethanol (99.9%)
was purchased from J. T. Baker.

Synthesis of Fe;0, Nanoclusters. We prepared the
nanoclusters using hydrothermal method by slightly modifying
a previously reported procedure.’”*>*® First, FeCl;-6H,0
(0.675 g, 2.5 mmol) was completely dissolved in ethylene
glycol (25 mL) by sonication for S min, which led to a clear
orange solution. Second, PAA (0.72 g) and sodium acetate
(2.16 g) were added to the solution. The mixture was stirred
vigorously for 20 min and then sealed in a Teflon-lined
stainless-steel autoclave (inner volume = 35 mL). Finally, the
autoclave was heated at 220—240 °C for 4 h. After the reaction,

dx.doi.org/10.1021/am500661j | ACS Appl. Mater. Interfaces 2014, 6, 5297—5307



ACS Applied Materials & Interfaces

Research Article

(@) In lymph node
1.0

1.0 1
8 os 8 o8
- -
. 06 4, 06 1
z z
L 04 L 04 1
2 o2 ] o021
O O
0 0 A
CNT  Lipid A MNC MNC-Lipid A CNT LipidA MNC MNC-Lipid A
(b) In spleen
2.0 4 4.0 -
E E
1.5 1 3.0 -
- -
> >
= 1.0 = 20 A
w 3
S 051 & 1.0 -
fa fal
O O
0 0
CNT Lipid A MNC MNC-Lipid A CNT Lipid A MNC MNC-Lipid A

Figure 9. Induction of CEA-specific T cell immunity by MNC-loaded DCs; the frequency of CD4", INF-y" T-cells and CD8", INF-y" T-cells
obtained from (a) lymph node and (b) spleen. Injected dendritic cells were immature (control) or stimulated with lipid A, MNC, and MNC—lipid A.

the autoclave was naturally cooled to room temperature. After
adding ethanol (15 mL) to the solution, the Fe;O, nanoclusters
were precipitated either by centrifugation or by using a magnet.
Supernatant containing any unreacted precursors was removed.
The Fe;O, nanoclusters were redispersed in deionized (DI)
water (30 mL). This washing step was repeated until the
supernatant became clear. The Fe;O, nanoclusters were
redispersed in 30 mL of PBS solution for further use.

Synthesis of CdSe/ZnS Core/Shell Nanoparticles. We
chemically synthesized the CdSe/ZnS nanoparticles according
to Lee’s method.** Cadmium oxide (13 mg, 0.1 mmol) and
zinc acetate (732 mg, 4 mmol) were added to oleic acid (S mL)
in a 100 mL three-neck flask. The solution was heated at 150
°C for approximately 30 min under N, atmosphere until the
solution became clear. 1-Octadecene (15 mL) was injected into
the reaction flask and heated to 300 °C. Then, Se powder (16
mg, 0.2 mmol) and elemental S (96 mg, 3.0 mmol) dissolved in
trioctylphosphine (2 mL), were swiftly injected into the
reaction mixture. The temperature was held at 300 °C for 8
min. After the reaction, 1-octanethiol (0.5 mL) was injected
into the solution to passivate the surface of the quantum dots.
After the solution cooled to room temperature, the CdSe/ZnS
core/shell nanoparticles were washed with ethanol three times
and redispersed in toluene (15 mL). The QY of the
nanoparticles was estimated by comparing it with that of
standard dye solutions (9,10-diphenyl anthracene in cyclo-
hexane, QY = 95%).

Conjugation of a Fe;0, Nanocluster and CdSe/ZnS
Quantum Dots. The conjugation was performed by modifying
the surface Fe;O, with thiol groups and partially replacing the
ligands of the CdSe/ZnS with the thiols. First, the surface of the
Fe;O, nanoclusters was functionalized with thiol groups. This
was carried out by conjugating the carboxylic acid group of
PAA on the Fe;O, nanoclusters and amine group of cysteamine
via EDC/sulfo-NHS coupling reaction. More specifically, EDC
(0.4 mmol) and sulfo-NHS (0.2 mmol) were added into 5 mL
of the PBS containing Fe;O, nanoclusters. After the solution
was gently shaken for 30 min at room temperature, cysteamine
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(1 mmol) was added into the solution. The reaction proceeded
for 2 h under the gentle shake. The thiol-modified Fe;O,
nanoclusters were washed three times with PBS via magnetic
precipitation and decantation. The precipitates were redis-
persed in PBS solution (10 mL). Next, the Fe;O, nanoclusters
were conjugated with quantum dots by exchanging ligands of
the quantum dots partially with thiols on the Fe;O,
nanoclusters as follows. The quantum dot solution (5 mL)
was added to PBS containing the thiol-modified Fe;O, (10
mL). We advise that this reaction occurs at aqueous/organic
interface; the hydrophobic quantum dots and hydrophilic
magnetic nanoclusters were dispersed in toluene and PBS,
respectively. To facilitate this reaction, the solution was
magnetically stirred at 80 °C for over 24 h, which led to the
formation of fluorescent and magnetic nanoclusters. The
fluorescent and magnetic MNCs were separated magnetically
and washed three times with a mixture of toluene and DI water.
The product was rinsed with pure DI water to remove residual
toluene and finally redispersed in DI water. Under the
assumption that the Fe;O, nanoclusters (d ~ 300 nm) were
coated with a monolayer of hexagonally close-packed CdSe/
ZnS (d ~ 6 nm), the ratio of CdSe/ZnS to Fe;O, was
estimated to be ~5.8 wt %. This weight percentage corresponds
to the number of 9400 CdSe/ZnS particles per nanocluster. In
reality, this number would be lower because our observation
suggests that the CdSe/ZnS nanoparticles do not fully cover
the whole surface of Fe;O,.

Characterization of Materials. The size, structure, and
morphology of the nanocrystals and nanoclusters were
characterized by field emission transmission electron micros-
copy (FE-TEM, Tecnai G2 F30) and field emission scanning
electron microscopy (FE-SEM, Hitachi S-4300). TEM samples
were prepared by drop-casting nanomaterials in DI water on
carbon-coated 200 mesh copper grids (Electron Microscopy
Sciences). The composition of the nanomaterials was analyzed
by EDX built on a FE-TEM. The structure was studied with
XRD measurement (Rigaku D/max-2500 V/PC), where Cu Ka
line (4 = 0.154 nm) was used. Absorption and emission spectra
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of the quantum dots were measured using a UV-—vis
spectrophotometer (Varian Cary 50) and fluorescence
spectrophotometer (Varian Cary Eclipse). The magnetic
properties of the nanoclusters were measured with a super-
conducting quantum interference device (SQUID) magneto-
meter (Quantum Design MPMSS) and vibrating sample
magnetometer (VSM, Lakeshore 665). The fluorescence
images of MNCs were obtained with a confocal laser scanning
microscope (CLSM, Carl Zeiss LSMS). Surface functional
groups and surface charges of the nanoparticles and nano-
clusters were analyzed with FT-IR spectroscopy (Nicolet iS10)
and zeta-potential measurement (Malvern, Zetasizer Nano
7590), respectively. The relative amount of the PAAs coated on
Fe;0, nanoclusters was determined by TGA (SETARAM, Inc.,
$60/51920). The measurement was carried out under air at the
heating rate of 10 °C/min.

Mice and Cells. C57BL/10NAGCSnAi-(KO) Rag2 (H-2b)
mice (Taconic Farms) and C57BL/6 (H-2b) mice (Orient Bio)
were housed and maintained in the specific pathogen-free
facility at College of Medicine in Seoul National University
(SNU). Animal experiments were performed after the approval
by the SNU Institutional Animal Care and Use Committee
(IACUC, permission ID: SNU-090805-5). DCs were generated
from the bone marrow (BM) of 6- to 12-week-old Rag2
knockout mice.” The BM cells were flushed out of the femurs
and tibias with serum-free Iscove’s modified Dulbecco’s
medium (IMDM; Gibco Invitrogen). The single cell
suspension was then filtered through a nylon cell strainer
(70-um Nylon mesh, BD Biosciences), washed twice with
complete IMDM medium supplemented with recombinant
mouse granulocyte—macrophage colony-stimulating factor
(GM-CSF, 1.5 ng/mL; PeproTech) and mouse interleukin-4
(IL-4, 1.5 ng/ml; PeproTech), penicillin (100 units/ml),
streptomycin (100 pg/mL), gentamicin (S0 pg/mL), L-
glutamine (2 mM), and f-mercaptoethanol (50 nM; Gibco
Invitrogen). The cells were seeded in a 24-well plate, where
each well contains a final volume of 2 mL of the complete
IMDM. The cell concentration per well is ca.1 X 10° cells/ml.
Half of the medium was replaced every other day with an equal
volume of complete IMDM for 6 days.

Intracellular Delivery of MNCs and Confocal Micros-
copy. For the intracellular delivery of MNCs to BM-derived
immature DCs, MNCs were concentrated by a magnetic
particle concentrator (Invitrogen Dynal MPC-L) and washed
with complete IMDM media. Immature DCs (1 X 10° cells),
cultured in IMDM medium containing GM-CSF and IL-4 for 6
days, were incubated with MNCs at 37 °C. DCs were then
washed with IMDM three times to remove free MNCs. To
examine the uptake of MNCs by DCs, cells were transferred
onto poly-L-lysine-coated microscope slides (Thermo Scien-
tific), fixed in 4% paraformaldehyde solution for 20 min, and
analyzed using a laser scanning confocal microscope (Olympus
FV1000). All images were analyzed and processed using the
Olympus Fluoview software programs. To make complexes of
MNC:s with lipid A, 100 ug/mL MNCs were washed twice in
PBS and incubated with 100 ng/mL of lipid A (Sigma Aldrich)
for 1 h at room temperature. The MNC—lipid A complexes
were recovered by magnetic separation and washed with PBS
three times. The amount of MNC-bound lipid A was assayed
using Limulus Amebocyte Lysate assay kit (Lonza) according
to the manufacturer’s instruction. Lipid A (0.8 ng) was bound
to 1 mg of MNCs (~ 2 X 10* lipid A molecules per MNC).
MNC-bound lipid A was confirmed by confocal microscopy
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after staining with antilipid A antibody (Abcam, Cambridge,
MA). DCs were also stimulated with 100 ng/mL of free lipid A
as a positive control.*’~*

Cell Viability Assay. Cell viability was measured by MTT
assay (Sigma). DCs (1 X 10° cells) were pulsed with the
indicated amount of MNCs for various time periods. Then,
MTT (0.5 mg/mL) was added directly to each well and
incubated further for 4 h at 37 °C. To analyze the MTT
reduction colorimetrically, absorbance was measured at 560 nm
using a plate reader (PerkinElmer Wallace 1420 Victor) after
adding dimethyl sulfoxide.

Flow Cytometric Analysis. DCs were washed with ice-
cold fluorescence-activated cell sorter (FACS) buffer (PBS
containing 1% bovine serum albumin (BSA) and 1 mM
ethylenediaminetetraacetic acid and blocked on ice for 30 min
with ultrablock solution containing 10% rat sera, 10% hamster
sera, 10% mouse sera (Sigma), and 10 pg/mL of 2.4 G2
monoclonal antibody (BD Pharmingen). The cells were
subsequently stained with the following antibodies: APC/
Cy7-conjugated anti-CD11lc (clone N418, BioLegend), PE/
Cy7-conjugated anti-CD86 (clone GL-1, BioLegend), PE-
conjugated anti-CD40 (clone 3/23, BD Pharmingen), APC-
conjugated anti-CD80 (clone 16-10Al, eBioscience). Dead
cells were excluded by staining with 7-amino-actinomycin D (7-
AAD, BD Pharmingen). The cells were analyzed using a FACS
Canto II flow cytometer (BD Biosciences). Data were analyzed
by Flow]Jo software version 8.8.6 (FlowJo).

MRI. MRI images were acquired with a 9.4 T 160AS (Agilent
Technologies). To determine whether DCs pulsed with MNCs
could be detected by MRI, a rapid MRI examination was
performed that involved a Tl-weighted (Tlw) spin echo
sequence and a T2-weighted (T2w) rapid acquisition with
relaxation enhancement (RARE) sequence. To investigate the
magnetic resonance (MR) signal intensity according to the cell-
labeling conditions, a T2 measurement of the labeled cells was
performed. The imaging protocol for T2 measurements was
based on the multi echo spin—echo pulse sequence, with
imaging parameters of TR = 4000 ms; number of echo train =
52; echo spacing = 8.03 ms; 128 X 64 matrix; field of view
(FOV) = 1 X 1 cm?; slice thickness = 2 mm.

In Vivo Migration Assay of DCs. C57BL/6 mice were
preinjected with lipopolysaccharide (300 ng/leg) in the hind-
leg footpad at 1 day before injection of DCs. DCs (10° cells/
ml) were stimulated with indicated agents for 18 h prior to
labeling with S-(and 6)-(((4-chloromethyl)benzoyl)amino)-
tetramethylrhodamine (CMTMR) (Molecular Probes). Cells
were incubated with CMTMR (10 zM) for 10 min at 37 °C,
washed with PBS containing 0.5% of BSA twice, and
resuspended in PBS at a concentration of 10° cells/ml. The
cell solution (30 pL) was injected into the footpad of CS7BL/6
mice. Forty-eight hours later, popliteal lymph nodes were
collected and treated with 1 mg/mL of collagenase D (Sigma)
for 40 min at 37 °C to collect the cells in lymph nodes. The
percentage of migrated DCs in total lymph node cells was
determined by FACS analysis.

Intracellular Cytokine Staining. Eight-week-old C57BL/6
mice were immunized at the tail base with DCs (2 X 10° cells/
mouse) pulsed with cacinoembryonic antigen (CEA)-derived T
cell epitopes®®' twice at weekly intervals. CEA-derived
peptides (CEAS526-533: EAQNTTYL, CEA174-189:
TYLWWVNNQSLPVSP, CEA420-434: SPSYT-
NYYRPGVNLSL, CEAS70-584: CGIQNSVSANRSOPYV,
CEA645-660: TPNNNGTYACFVSNL) were synthesized at
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the purity of >90% (Peptron Inc.), mixed at concentration of
10 pg/mL in PBS, and used for DC pulsing. One week after the
second immunization, lymphocytes were collected from the
spleens or the superficial inguinal and periaortic lymph nodes,
and the lymphocytes were cultured for 16 h in Roswell Park
Memorial Institute (RPMI) 1640 medium supplemented with
10% heat-inactivated fetal bovine serum (FBS), SO nM f-
mercaptoethanol (Invitrogen), 100 units/ml penicillin-strepto-
mycin, 2 mM L-glutamine (Welgene), and 20 pug/mL of CEA
peptides in 24-well, flat-bottomed culture plates (5 X 10° cells/
well). After incubation, GolgiPlug (BD Biosciences) was added
for 4 h. Lymphocytes were washed three times with ice-cold
FACS buffer. Cells were blocked with ultrablock solution for 30
min on ice and stained with fluorescein isothiocyanate (FITC)-
conjugated CD4 or CD8 antibodies (BD Pharmingen) for 30
min at 4 °C. After surface CD4 or CD8 staining, cells were
washed three times with ice-cold FACS buffer and subjected to
intracellular cytokine staining using the Cytofix/Cytoperm kit
(BD Biosciences). Intracellular interferon-y (IFN-y) was
stained using an APC-conjugated anti-IFN-y antibody (clone:
XMG1.2; BD Pharmingen) for 30 min at 4 °C. The stained
cells were analyzed with a FACS. Data were analyzed by Flow]Jo
software version 8.8.6.
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