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ABSTRACT: Although iron oxide magnetic nanoparticles (NPs) have been
widely utilized in molecular imaging and drug delivery studies, they have not
been evaluated as carriers for glycoconjugate-based anticancer vaccines. Tumor-
associated carbohydrate antigens (TACAs) are attractive targets for the
development of anticancer vaccines. Due to the weak immunogenicity of
these antigens, it is highly challenging to elicit strong anti-TACA immune
responses. With their high biocompatibilities and large surface areas, magnetic
NPs were synthesized for TACA delivery. The magnetic NPs were coated with
phospholipid-functionalized TACA glycopeptides through hydrophobic−hydro-
phobic interactions without the need for any covalent linkages. Multiple copies
of glycopeptides were presented on NPs, potentially leading to enhanced
interactions with antibody-secreting B cells through multivalent binding. Mice
immunized with the NPs generated strong antibody responses, and the
glycopeptide structures important for high antibody titers were identified. The
antibodies produced were capable of recognizing both mouse and human tumor cells expressing the glycopeptide, resulting in
tumor cell death through complement-mediated cytotoxicities. These results demonstrate that magnetic NPs can be a new and
simple platform for multivalently displaying TACA and boosting anti-TACA immune responses without the need for a typical
protein carrier.
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1. INTRODUCTION

The development of vaccine constructs to elicit effective
immune responses against cancer cells is of high current
interest.1 Among many tumor -associated antigens, glycans,
including glycolipids and glycopeptides, are attractive targets for
anticancer vaccines due to their wide expression on multiple
types of tumor cells and their importance in tumor develop-
ment.2−8 As tumor-associated carbohydrate antigens (TACAs)
are self-antigens, they are weakly immunogenic. Commonly,
protein carriers such as keyhole limpet hemocyanin9,10 and
tetanus toxoid11,12 have been utilized to deliver TACAs to the
immune system and to boost immune responses. One
limitation with these carriers is that the high anticarrier
responses13 can compete with the desired anti-TACA
immunity.14,15 Furthermore, as the host can have high titers
of anticarrier antibodies due to prior immunization, the pre-
existing anticarrier antibodies can pose severe interference
against antiglycan immunity.16,17 Therefore, new delivery
platforms are needed to complement the existing carriers.
Recently, nanotechnology has seen tremendous growth in

glycoscience applications.18,19 Superparamagnetic Fe3O4 NPs
are an important class of inorganic NPs.20,21 Although glycan-
coated magnetic NPs have been utilized for imaging, drug
delivery, and immune activation,18,19,22 they have not been
evaluated as potential TACA-based anticancer vaccines.

Magnetic NPs are highly biocompatible and have been
approved by the FDA for use as contrast agents in humans.23

Due to their large surface area, multiple copies of an antigen
can be displayed on the NPs’ surface, which can lead to
enhanced affinity with antibody-secreting B cells through
multivalent interactions, boosting humoral responses.24 Mag-
netic NPs can be efficiently internalized by dendritic cells with
no observed toxicities.25,26 Furthermore, with their magnetic
properties, magnetic NPs can be functionalized for use as
magnetic resonance imaging (MRI) contrast agent.23,27−30 This
can enable in vivo tracking and monitoring of labeled DCs by
MRI following vaccine administration, which could shine light
on the mechanism of immune activation.31,32

Herein, we report results aimed at establishing magnetic NPs
as an effective system to deliver TACAs to the immune system,
with the mucin-1 (MUC1) glycopeptide as a representative
antigen. MUC1 is a transmembrane glycoprotein bearing
multiple glycosylations at serine or threonine residues (referred
to as O-glycosylation) on a variable number of 20 amino acid
tandem repeats.33 MUC1 is overexpressed on many types of
cancer cells, including ovarian, prostate, and breast cancer cells,
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and its expression levels can be correlated with tumor
progression and metastasis.34,35 In addition to its high
expression levels, cancer-associated MUC1 typically bears
short O-linked glycans such as Tn (N-acetylgalactosamine
linked with serine or threonine), presenting it as an attractive
target for anticancer vaccine development. We synthesized
amphiphilic MUC1 lipo(glyco)peptides, which could readily
self-assemble onto magnetic NPs for antigen presentation to

the immune system. The MUC1 NPs were able to induce the
production of MUC1-specific antibodies, which recognized
MUC1-positive tumor cells and killed tumor cells through
complement-mediated cytotoxicity.

2. RESULTS
2.1. Synthesis of Magnetic NPs Coated with MUC1

Lipopeptides and Lipo-Glycopeptides. We utilized the

Scheme 1. Synthesis of MUC1 Lipo-(glyco)peptidesa

a(Tn-)MUC1 peptides 1−4 were synthesized by solid-phase peptide synthesis followed by coupling with the activated phospholipid, DPPE-SUC-
NHS, to yield MUC1 lipo-(glyco)peptides 5−8.
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thermal decomposition method36 to prepare high-quality
monodisperse iron oxide nanocrystals on a large scale and
with excellent control of the particle diameter. Homogeneity in
size is important in NP-based vaccine design, as the diameter of
NPs can significantly impact their interactions with the immune
system as well as their trafficking.37,38 Covalent derivatization of
NPs can be tedious. NPs synthesized through the thermal
decomposition method are coated with a hydrophobic layer of
oleic acid or oleic amine. This provides a platform for
amphiphilic TACA to self-assemble on the NPs through
hydrophobic−hydrophobic interactions without the need to
covalently functionalize the NPs. This approach is operationally
simple, and an additional advantage is that multiple
components can be readily introduced onto the NPs through
self-assembly to boost the immune responses.
In order to attach MUC1 onto the NPs, MUC1 peptide and

glycopeptide were synthesized and conjugated with a
phospholipid chain. The MUC1 peptide bearing 20 amino
acid residues, AHGVTSAPDTRPAPGSTAPP, corresponding
to one full-length tandem repeat region, was produced using
solid-phase peptide synthesis through Fmoc chemistry, using 2-
chlorotrityl resin as a solid support and O-(benzotriazol-1-yl)-
N,N,N′,N′-tetramethyluronium hexafluorophosphate (HBTU)
and 1-hydroxybenzotriazole (HOBt) as coupling agents
(Scheme 1). Upon completion of the synthesis, MUC1 peptide
1 was cleaved off the solid phase under an acidic condition
(95:2.5:2.5, TFA/TIPS/H2O) and purified by HPLC on a C18
reverse-phase column. In order to conjugate the peptide with
the lipid chain, phosphatidylethanolamine was treated with
succinic anhydride to introduce a carboxylic group to the lipid
part. The carboxylic group was then activated with N,N,N′,N′-
tetramethyl-O-(N-succinimidyl)uronium tetrafluoroborate
(TSTU) to form an NHS ester (DPPE-SUC-NHS). DPPE-
SUC-NHS was incubated with MUC1 peptide 1, producing
lipopeptide 5, which was purified through HPLC on a reverse-
phase C4 column.
In addition to unglycosylated MUC1 peptide 5, three MUC1

lipo-glycopeptides 6−8 were synthesized using Tn-substituted
threonine (Fmoc-pTn-Thr-OH) (see Supporting Information
S1 for synthetic procedures) to replace the corresponding
threonine building block in solid-phase peptide synthesis
(Scheme 1). Lipo-glycopeptide 6 contains a Tn antigen in
the PDT*R region only, and lipo-glycopeptide 7 bears Tn as
part of the GST*A sequence, whereas lipo-glycopeptide 8 has
Tn in both locations. 1-[Bis(dimethylamino)methylene]-1H-
1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate
(HATU) and 1-hydroxy-7-azabenzotriazole (HOAT) were
used as coupling agents for adding Fmoc-pTn-Thr-OH to
the peptide chain. After being released from the resin,
glycopeptides 6−8 were obtained by deprotection with 5%
(v/v) hydrazine hydrate followed by HPLC purification. These

lipo(glyco)peptides are useful to probe the impact of the
number and location of Tn on immune responses.
With the lipopeptides in hand, antigen-coated magnetic NPs

were prepared. The oleic acid-coated iron oxide NPs (OA-
IONPs) were obtained by thermal decomposition of iron(III)
acetylacetonate (Fe(acac)3) in the presence of oleic acid and
oleylamine at an elevated temperature (Figure 1).39 The OA-
IONPs produced have a mean size of 9 nm and a narrow
polydispersity index (PDI) of 0.079 when measured as a
solution in chloroform. The highly hydrophobic surface of the
OA-IONPs rendered them insoluble in water. To facilitate
changes in the surface polarity and to reduce NP aggregation in
water, a dual solvent exchange method40 was utilized for
antigen coating (Figure 1). A mixture of the lipopeptide
(DPPE-MUC1) and lipopolymer (DSPE-PEG2000) was added
to a solution of OA-IONPs in chloroform. This was followed by
slow addition of DMSO. Chloroform was then slowly
evaporated under vacuum to induce the assembly of the
amphiphilic DPPE-MUC1 and DSPE-PEG on NPs. Sub-
sequently, DMSO was replaced with water through dialysis.
Using this procedure, the solvent polarity gradually increased to
strengthen the hydrophobic interactions and assemble the
lipopeptide and lipo-glycopeptide onto the NP. The NPs
produced were well-dispersed in water. The control particle,
NP-PEG without any (glyco)peptide (NP-9), was also
prepared using a DSPE-PEG2000 coating only.
The magnetic NPs were characterized. Dynamic light

scattering (DLS) indicated that the hydrodynamic diameters
in water were around 35 nm (Table 1 and Figure S4). The

incorporation of the glycopeptides slightly increased the size of
the coated NPs compared with that of the control NP-9 with
PEG only. The zeta potentials of all NPs are slightly negative,
presumably due to the phosphate groups present.
To ascertain the successful immobilization of the lip-

opeptides, the NPs were subjected to mass spectrometry
(MS) analysis. Since lipopeptides were attached through
noncovalent interactions, the coating of the NP could be
readily ionized by matrix-assisted laser desorption ionization
(MALDI). The MALDI-TOF mass spectrum of NP-5 showed
the desired m/z ratio of lipopeptide 5 (MW = 2661), which
was not found in the spectrum of NP-9 coated with DSPE-PEG

Figure 1. Synthesis of hydrophobic OA-IONPs by the thermal decomposition method and monolayer self-assembly coating of the NPs by
phospholipid-functionalized MUC1 or MUC1(Tn) glycopeptide.

Table 1. Hydrodynamic Sizes and Zeta Potentials of the NP
Vaccines in PBS

NP size [nm] PDI zeta [mV]

NP-PEG (NP-9) 31.8 0.257 −2.53
NP-5 32.2 0.294 −2.86
NP-6 37.6 0.288 −1.83
NP-7 38.1 0.265 −2.94
NP-8 38.4 0.269 −2.37
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only (Figures 2a and S5 for NP-6, NP-7, and NP-8). For
lipopeptide quantification, the NPs were loaded onto a SDS-
PAGE gel for electrophoresis, which was then visualized
through silver staining (Figure 2b). The intensities of the bands
were compared with a calibration curve generated based on
bands from known amounts of free lipopeptides. From this
analysis, it was determined that there was an average of 23
molecules of MUC1 per NP (Supporting Information S4−4).
2.2. In Vitro Activation of Dendritic Cells and

Detection of NP Draining into Local Lymph Nodes in
Vivo. Dendritic cells are important antigen-presenting cells that
modulate immune responses.41 To test DC interactions, NP-9
was incubated with bone-marrow derived dendritic cells
(BMDCs). The NPs do not directly induce maturation of
DCs, as the expression levels of costimulatory molecules and
activation markers on dendritic cells were unchanged upon NP
incubation, suggesting good biocompatibility of the NPs
(Figure 3a).
The immune-potentiating activities of the NP construct can

be bestowed by adding an agonist of Toll-like receptor 4
(TLR4), monophospholipid A (MPLA).42 MPLA can elicit T
cell responses and antibody isotype class switching from IgM to
IgG.43 With its amphiphilic nature, MPLA could also be
immobilized onto the NPs through hydrophobic interactions.44

The addition of MPLA to NP-9 led to an enhancement of the
expression of costimulatory molecules, such as CD40, CD80,
CD86, and MHC class II on DCs, as indicated by FACS
analysis (Figure 3a). The expression of these costimulatory
molecules on APCs are crucial for activation of the immune
system. To confirm NP interactions with cells, NP-9 was
labeled with a fluorophore, fluorescein isothiocyanate (FITC).
Upon incubation with BMDCs, fluorescence microscopy
showed extensive green fluorescence inside the cells, indicating
NP uptake (Figures 3b vs 3c). Similar NP uptake by BMDCs
was observed with or without MPLA (Figure S8).

An important feature of our NP is that their hydrodynamic
diameters are around 35 nm, which is within the size range
required for their ready trafficking to lymph nodes for
interactions with resident immunological cells.38 To test
transport to lymph nodes, NPs were injected subcutaneously
into mice under their scruff. After 24 h, mice were sacrificed,
and their lymph nodes were removed and stained with Prussian
blue, a dye sensitive to the presence of ferric ions. Histological
analysis showed that the axillary (local) lymph nodes close to
the injection sites exhibited extensive blue color in the B cell
follicle region (Figure 3d), whereas there was much less blue
staining in the inguinal (distant) lymph node (Figure 3e). This
result suggested that the NPs could drain into local lymph
nodes to interact with immunological cells.

2.3. Immunization with MUC1-Coated NPs Elicited
Strong Anti-MUC1 IgG Responses. To evaluate the ability
of the NP vaccines to induce an immune response in vivo, mice
were injected with NP-MUC1 (NP-5, NP-6, NP-7, NP-8)
(corresponding to 20 μg of MUC1 peptide or glycopeptide)
mixed with MPLA. Booster injections were performed on days
14 and 28. To decipher the importance of various vaccine
components, control groups of mice received NP-PEG (NP-
9)/MPLA, MUC1 peptide 1/MPLA, or MUC1 lipopeptide 5/
MPLA at the same doses of NP and MUC1, respectively. Sera
were collected from all mice a week after the final
immunization.
The levels of antibody elicited were analyzed by enzyme-

linked immunosorbent assay (ELISA) using plates coated with
the corresponding MUC1 or MUC1(Tn) glycopeptide. Mice
(n = 5) immunized with MUC1 NP vaccines elicited both IgG
and IgM antibodies (Figure 4a,c), with higher IgG titers. In
contrast, MUC1 peptide 1 failed to generate any appreciable
amounts of anti-MUC1 antibodies. Interestingly, immunization
with MUC1 lipopeptide 5 produced some anti-MUC1 IgG
antibodies (mean titer ∼5032), although the titers were

Figure 2. (a) MALDI-TOF mass spectrum of NP-5 coated with lipopeptide 5 ([M + H]+ = 2662) and DSPE-PEG (top spectrum) and NP-9 coated
with DSPE-PEG only (bottom spectrum). (b) SDS-PAGE of DPPE-MUC1, NP-PEG (NP-9), and NP-MUC1 (NP-5). The gel was visualized
through silver staining.
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significantly lower than those induced by NP-5 (mean IgG titer
∼36 603, Figure 4a). The ability of lipopeptide MUC1 to
generate antibodies may be due to the effect of lipid rendering
MUC1 amphiphilic. The endogenous mouse serum albumin
could absorb the amphiphilic lipopeptide and deliver the
antigen into the lymph node for B cell activation.45 The higher
potency of the MUC1 NP construct to induce antibodies could
be partly attributed to the efficient trafficking of NPs into the
lymph nodes due to the suitable size regime of the NPs.38 In
addition, the NPs can present the glycopeptides in a multivalent

manner, rendering them more efficient at cross-linking B-cell
receptors and eliciting potent cellular activation.24

The availability of NPs bearing various MUC1 glycoforms
enabled us to investigate the effects of glycosylation on
antibody titers. PDT*R-MUC1 NP-6 gave the highest IgG
titers (mean titers ∼81 402) compared to those with GST*A-
MUC1 NP-7 (mean titers ∼45 526) and unglycosylated MUC1
NP-5 (mean titers ∼36 603) (Figure 4a). Interestingly,
diglycosylated MUC1 NP-8 gave significantly lower IgG titers
(mean titers ∼7530) than those with NP-6 and NP-7.

Figure 3. (a) Flow cytometry results showing the expression of cellular markers of the activation state of BMDCs (CD40, CD80, CD86, and
MHCII) after incubation with NP-PEG (NP-9) (red line) or NP-PEG (NP-9) + MPLA (blue line). Confocal images of BMDCs incubated with (b)
PBS and (c) NP-9 (FITC) + MPLA. Histology of sections of an (d) axillary (local) lymph node and (e) inguinal (distant) lymph node stained by
Prussian blue.
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The anticarrier responses were tested next. ELISA analysis
showed that significantly lower titers (∼200) of antibodies were
generated against the NP carrier by NP-5 than those against
MUC1 (Figure 4b). This suggests that the immune responses
were primarily focused on MUC1.
The subtypes and cross-recognition of IgG antibodies elicited

against MUC1 were analyzed. Higher levels of IgG2b over IgG1
were observed in all MUC1-vaccinated groups (Figure 4d),
which suggested a type 1 T helper cell (TH1)-skewed immune
response and the generation of cell-mediated immunity.46,47

The elicited antibodies from mice immunized with all NP
vaccines could recognize other Tn-MUC1 glycopeptides
(Figure S9).
2.4. Antibodies from Immunized Mice Showed Bind-

ing- and Complement-Dependent Cytotoxicity against
MUC1-Expressing Tumor Cells. Because ELISA tests
binding to synthetic MUC1 (glyco)peptides, it is important
that antibodies generated can recognize MUC1 on cancer cells.
This was first tested with MUC1-transfected Ag104 cells, which
express MUC1 containing exclusively Tn due to the
dysfunction of Cosmc, a molecular chaperone.48,49

MUC1-Ag104 cells were incubated with sera from immu-
nized mice followed by FITC-labeled anti-mouse IgG
secondary antibody. FACS analysis of the tumor cells indicated
that the serum from mice immunized with MUC1 peptide 1
did not bind to the cells very much (Figure 5a). In contrast, the
MUC1 NPs induced antibodies capable of recognizing MUC1-
Ag104 strongly. The recognition was MUC1-dependent, as
antibody binding to MUC1-Ag104 was much stronger than that
to Ag104 cells without MUC1 transfection (Supporting

Information, Figure S10a). Moreover, the induced antibodies
showed high selectivity toward MUC1-Ag104 with little
binding to normal epithelial cells (Supporting Information,
Figure S10b). Consistent with the ELISA results, sera from
mice immunized MUC1 NP-6 exhibited the strongest binding
with MUC1-Ag104 cells. When these cells were incubated with
the rabbit complement as well as the sera from MUC1 NP
immunized mice, the majority of cancer cells were killed,
suggesting that the anti-MUC1 antibodies induced comple-
ment-dependent cytotoxicity to the cancer cells (Figure 5b).
Next, the interactions of postimmune sera with MCF-7

human breast cancer cells were studied. MCF-7 naturally
expresses MUC1 on the cell surface. Antibodies elicited by
MUC1 NP vaccines were also capable of binding MCF-7 cells
(Figure 5c). The binding of antibodies from mice immunized
with NP-6 and NP-7 showed similar affinities and was higher
than those immunized with unglycosylated MUC1 NP-5 and
di-Tn MUC1 NP-8 vaccines. The MUC1 NP vaccines were
also capable of inducing complement-dependent cytotoxicity
against MCF-7 (Figure 5d).

3. DISCUSSION
While magentic NPs have seen wide biomedical applications,
they have not been utilized as TACA carriers in vaccine
development. With the MUC1-magentic NP vaccines, sig-
nificantly higher IgG antibody responses were observed
compared to those of mice immunized with MUC1 peptide
or lipopeptide. A study from Hubbell and co-workers38

emphasized the crucial effect of size for vaccines. NPs with a
25 nm diameter can target lymph node-residing dendritic cells,

Figure 4. (a) Anti-MUC1 and anti-Tn-MUC1 antibody titers from individual mice (n = 5) collected on day 35 after immunization with NP-MUC1
(NP-5) and NP-MUC1(Tn) (NP-6, NP-7, and NP-8) vaccines compared with those of mice immunized with soluble MUC1 peptide 1 and lipo-
MUC1-peptide 5. The anti-MUC1 antibody titers were determined by an ELISA coated with corresponding (glyco)peptides 1−4. (b) IgG antibody
titers from individual mice collected on day 35 after immunization with NP-MUC1 (NP-5) against MUC1 peptide 1 and NP-9. (c) IgM/IgG
antibody response determined by ELISA at a 3200-fold dilution of serum from mice immunized with different vaccines. (d) IgG isotypes of antibody
response determined by ELISA from mice immunized with various vaccines.
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which are more efficient in immune activation than dendritic
cells in skin, but 100 nm NPs are less likely to drain into the
lymph nodes. The size of our NPs (30−40 nm) is likely a
contributing factor to the observed high antibody responses.
The fact that anti-MUC1 IgG antibodies were induced suggests
that magnetic NP vaccines can activate helper T cells and elicit
antibody isotype switching without the need for a traditional
immunogenic protein carrier or additional helper T cell
epitopes. Furthermore, the magnetic NP itself is almost
nonimmunogenic, inducing a low amount of anticarrier
antibodies. These attributes combined suggest that magnetic
NPs can be a useful platform for glycoconjugate-based
anticancer vaccines, joining other types of NP such as gold
NPs, polymer NPs, and virus-like particles22,50−54

Compared to MUC1 expressed on normal cells, MUC1 on
cancer cells bears shortened O-glycans, as represented by the
Tn antigen. Glycosylation of MUC1 leads to conformational
changes of the peptide.55−57 As a result, MUC1 glycopeptides
become more immunogenic.35,58 This is supported by our
results that lipo-glycopeptide-coated NPs induced higher
antibody titers and stronger binding with MUC1-positive
tumor cells than that of unglycosylated MUC1-coated NP-5.
As each of the tandem repeats of a MUC1 protein contains

five potential glycosylation sites, and MUC1 proteins on tumor
cells are hetereogenously glycosylated. Determining how the
glycan structure influences humoral responses is an active area
of research.59−65 Within our NP constructs, addition of Tn
onto the peptide sequence PDTR showed higher antibody
responses than that with Tn on the GSTA sequence. This

suggests that glycosylation in the PDTR region more potently
boosted the humoral response in our NP constructs.47,65 On
the other hand, further increasing the number of glycans on the
protein may not lead to improved antibody titers, as indicated
from the reduced anti-MUC1 titers elicited by NP-8 bearing
two Tns. So far, it is still unclear as to whether full glycosylation
on MUC1 enhances the immunogenicity of the vaccine.66 Our
results can provide guidance for selecting glycopeptide
structures for future MUC1-based vaccine studies.
MUC1-Ag104 cancer cells exclusively express Tn rather than

longer O-glycans.48,49 As a result, its MUC1 proteins are
expected to be solely glycosylated with Tn. The antibodies
from immunized mice bound more strongly and exhibited
higher cytotoxicity with MUC1-Ag104 as compared to
heterogenously glycosylated MCF-7 cells.63,67 This suggests
that a potential approach to improve the recognition of MCF-7
cells is to incorporate MUC1 glycopeptides bearing multiple
types of glycan structures.

4. CONCLUSIONS
Iron oxide magnetic NPs were investigated as a new antigen
carrier platform for a MUC1-based cancer vaccine. A simple
procedure was developed to immobilize lipo(glyco)peptides
onto the NPs through self-assembly without the need for
covalent NP functionalization. MUC1-specific IgG antibody
responses were produced. Besides MUC1, this strategy can be
readily applied to vaccines targeting other glycopeptides. In
addition, glycolipids such as gangliosides are another class of
important TACAs. The magnetic NP approach can be

Figure 5. Flow cytometric analysis of the binding of antibodies induced by various constructs to (a) MUC1-Ag104 cells and (c) MCF-7. MTS assay
analysis of complement-dependent cytotoxicity of antibodies induced by various vaccines on (b) MUC1-Ag104 cells and (d) MCF-7 (**, P < 0.05;
***, P < 0.005).
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potentially useful for vaccines targeting amphiphilic glycolipids
as well.
With the large surface area of the NPs, multiple lipopeptides

were incorporated. The resulting lipopeptide NPs could drain
into local lymph nodes of mice upon vaccination and activate
the immune sytem to elicit the production of MUC1-specific
antibodies. Compared to the antigen in soluble forms, the
nanovaccine induced higher antibody titers, presumbly due to
the suitable sizes of the NPs and the multivalent display of
antigens on the particles’ surface. Combined with the low
antibody titers against the carrier, this highlights the advantages
of the magentic NP platform.
Immunological evaluations of MUC1 NPs demonstrated that

the number and position of Tn in the glycopeptide chain can
impact antibody titers. A single Tn in the PDTR region gave
the highest anti-MUC1 IgG titers. The antibodies generated
not only selectively recognized MUC1-expressing tumor cells
but also mediated complement-dependent cytotoxicity for
tumor cell killing. Therefore, the magnetic NPs represent a
new and effective platform for the development of TACA-based
synthetic anticancer vaccines.

5. EXPERIMENTAL SECTION
5.1. Synthesis of MUC1 1 and Tn-MUC1 2−4. The MUC1

lipopeptide was derived from the conjugation of phospholipid (DSPE-
SUC-NHS) and the tandem repeat MUC1 peptide. The MUC1
peptide was synthesized using Fmoc-chemistry-based solid-phase
support peptide synthesis, starting from a 2-chlorotrityl resin
preloaded with Fmoc-proline. The N-terminal protecting group,
Fmoc-, was deprotected by 20% piperidine in DMF. The amino acid
coupling was carried out with Fmoc amino acids (5 equiv) using
HBTU/HOBt (4.9 equiv) and DIPEA (10 equiv) or with Fmoc-Tn
building block Fmoc-pTn-Thr-OH (2 equiv) using HATU/HOAT
(1.9 equiv) and DIPEA (4 equiv). The peptide was cleaved from resin
by TFA/TIS/H2O = 95:2.5:2.5 for 30 min. Excess TFA was
evaporated off, and the peptide was precipitated by diethyl ether
and centrifuged to pellet the precipitate. The peptide was further
reprecipitated three times. To remove the acetyl protecting group of
Tn, the crude peptide was treated with 5% (v/v) hydrazine acetate for
2 h. The crude reaction was neutralized to pH 7. The deprotected
peptide was then purified by HPLC, using a reverse-phase column,
SUPERCOSIL LC18, 25 cm × 10 mm 5 μm, with a solvent gradient of
CH3CN and H2O (0.1% TFA) of 0−22% in 25 min and 100% in 10
min. The product was identified by MALDI-TOF.
5.2. Synthesis of Lipo-(Tn)-peptide (DPPE-MUC1 5 and

DPPE-Tn-MUC1 6−8). The phospholipid was linked to succinic
acid linker by reaction of DPPE with succinic anhydride and 2 equiv of
Et3N. The carboxylic acid group of the succinic linker was then
activated by TSTU (N,N,N′,N′-tetramethyl-O-(N-succinimidyl)ura-
nium tetrafluoroborate) to provide compound DSPE-SUC-NHS. The
activated phospholipid was coupled to the N-terminus of purified
(glyco)peptides 1−4. The lipopeptide was purified by HPLC, using a
C4-column (Kromasil; 5 μm, 4.6 × 150 mm 5 μm; part no.
PSL847277), with a gradient of 30% isopropanol in H2O (0.1% TFA)
to 100% in 40 min.
5.3. Preparation of Iron Oxide NPs (OA-IONPs). A mixture of

iron(III) acetylacetonate [Fe(acac)3], 1,2-hexadecanediol, oleic acid,
and oleyl amine in benzyl ether was stirred under a flow of nitrogen.
The mixture was heated at 200 °C for 2 h, followed by refluxing (300
°C) for 1 h. The black mixture was allowed to cool to room
temperature, and excess starting materials were washed out by adding
ethanol into the mixture followed by external magnetic separation. The
iron oxide NPs dispersed in toluene were centrifuged at 6000 rpm to
further remove the large particulates, and the supernatant containing
OA-IONPs was collected (5 mg/mL).
5.4. Preparation of NP5−9. The lipopolymer (DSPE-PEG, 2 mg)

dispersed in 100 μL of chloroform was mixed with OA-IONPs (1 mg),

which were predissolved in THF. The lipopeptide or lipoglycopeptide
(1 mg) dissolved in DMSO (50 μL) was added into the mixture.
DMSO (4 mL) was slowly added into the mixture while shaking. The
incubated mixture was left to sonicate for 30 min; then, all low boiling
point solvents, chloroform and THF, were completely evaporated
under vacuum for 2 h. Water (20 mL) was slowly added into the vial
while shaking. DMSO and excess starting materials were removed by
centrifugal filtration (100 kDa cutoff) and washed with water five
times. The solution of NPs was finally filtered through a 0.22 μm filter
to remove any large particles. NPs coated only with lipopolymer (NP-
PEG, NP-9), used as a control, were synthesized by the same
procedure. For NP-PEG-FITC used in dendritic cell uptake
experiment, the NPs were coated using the same procedure as that
for NP-PEG but DSPE-PEG(2000)-NH2 was used instead. The coated
NPs were subsequently reacted with FITC in water. The excess FITC
was washed extensively by centrifugal filtration (100 kDa cutoff). The
FITC-conjugated NPs were then resuspended in PBS.

5.5. Mouse Immunization. Pathogen-free female mice age 7−9
weeks were obtained from breeding and cared for in the University
Laboratory Animal Resources facility of Michigan State University. All
animal care procedures and experimental protocols have been
approved by the Institutional Animal Care and Use Committee
(IACUC) of Michigan State University. Mice (5 mice each group)
were immunized subcutaneously under their scruff with NPs or soluble
vaccine in 100 μL of PBS on days 0, 14, and 28. Serum samples were
collected on days 0 (before immunization) and 35.

5.6. ELISA. A 96-well Nunc microtiter plate was coated with 100
μL/well of 10 μg/mL purified MUC1 or glyco MUC1 peptides in 0.05
M carbonate buffer (pH 9.6) and incubated at 4 °C overnight. The
plate was then washed four times with PBS/0.5% Tween-20 (PBST),
followed by blocking with 1% (v/v) BSA in PBS at room temperature
for 1 h. Subsequently, the plates were washed four times with PBST.
Then, the plates were incubated with 100 μL of diluted mouse antisera
in 0.1% BSA/PBS at 37 °C for 2 h, followed by washing four times
with PBST. Bound antibodies were detected with 1:2000 diluted
horseradish peroxidase (HRP) conjugated goat anti-mouse IgG, IgG1,
IgG2b, IgG2c, or IgG3 at 37 °C for 1 h, followed by washing four
times with PBST. Then, plates were incubated with TMB substrate for
15 min. The reaction was stopped with 2 M H2SO4 (50 μL), and the
absorbance was measured at 450 nm using a microplate autoreader
(BioRad). The titer was determined by regression analysis with log10
dilution plotted with optical density. The titer was calculated as the
highest dilution that gave OD = 0.3.

5.7. Complement-Dependent Cytotoxicity. Complement-
dependent cytotoxicity of MUC1-Ag104 and MCF-7 tumor cells
was determined by MTS assay. MUC1-Ag104 or MCF-7 cells (7000
cells/well) were incubated on ice with a 1/20 dilution of antisera in 100
μL of PBS from different groups of immunized mice. After removing
the unbound antisera through washing, rabbit sera at a 1/5 dilution in
100 μL of culture medium were added and then incubated at 37 °C for
8 h. MTS (CellTiter 96 AQueous One Solution Cell Proliferation
Assay; Promega, 20 μL) was added into each well and further
incubated at 37 °C for 4 h. The optical absorption of the MTS assay
was measured at 490 nm. Cells cultured in medium alone were used as
a positive control (maximum OD), and culture medium was used as a
negative control (minimum OD). All data were performed with four
repeats. Cytotoxicity was calculated as follows: cytotoxicity (%) = (OD
positive control − OD experimental)/(OD positive control − OD
negative control) × 100.
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