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Abstract
The development of vaccines against specific types of cancers will offer new modalities for
therapeutic intervention. Here we describe the synthesis of a novel vaccine construction prepared
from spherical gold nanoparticles of 3–5 nm core diameters. The particles were coated with both
the tumor-associated glycopeptides antigens containing the cell-surface mucin MUC4 with
Thomsen Friedenreich (TF) antigen attached at different sites and a 28-residue peptide from the
complement derived protein C3d to act as a B-cell activating “molecular adjuvant”. The synthesis
entailed solid phase glycopeptide synthesis, design of appropriate linkers and attachment
chemistry of the various molecules to the particles. Attachment to the gold surface was mediated
by a novel thiol-containing 33 atom linker which was further modified to be included as a third
“spacer” component in the synthesis of several three-component vaccine platforms. Groups of
mice were vaccinated either with one of the nanoplatform constructs or with control particles
without antigen coating. Evaluation of sera from the immunized animals in enzyme immunoassays
(EIA) against each glycopeptide antigen showed a small but statistically significant immune
response with production of both IgM and IgG isotypes. Vaccines with one carbohydrate antigen
(B, C and E) gave more robust responses than the one with two contiguous disaccharides (D), and
vaccine E with a TF antigen attached to threonine at the 10th position of the peptide was selected
for IgG over IgM suggesting isotype switching. The data suggested that this platform may be a
viable delivery system for tumor-associated glycopeptide antigens.
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INTRODUCTION
Tumor-associated carbohydrate antigens(1) (TACA's) are aberrantly expressed glycan
chains on cell surface proteins and lipids specific to various tumor subtypes. They arise from
the modified expression of various glycoprocessing enzymes in tumors leading to structures
that are otherwise rarely observed in the “normal” cell phenotype. Both N- and O-linked
glycans, the two major forms of carbohydrate post-translational protein modifications, are
modified in specific ways: N-linked (attached to asparagines) glycans become more
branched and extended while O-linked (attached to serine/threonine) are truncated and
prematurely sialylated. These modifications lead to a variety of cellular consequences within
the tumor, including modified cell adhesion, enhanced aggression and metastasis.(2) In
addition, the shortened O-linked glycans linked to cell surface proteins called mucins,
expose underlying peptide sequences that are masked by heavily clustered glycosylation in
normal tissue. This presentation of new sugar chains and amino acid motifs elicits a tumor
type-specific immune response against these “non-self” structures.(3) Hence, a variety of
studies in the past twenty years have attempted to use TACA's as immunogens for active
immunity against different tumors.(4–13) In addition, passive therapy with antibodies
directed toward TACA structures such as the Tn(14) and TF(15) antigens also have
demonstrated therapeutic potential via inhibition of tumor cell-specific adhesion events.

More importantly, a judicious combination of both the TACA saccharide and the underlying
peptide sequence should more accurately present the true antigen to the immune system in a
vaccine preparation. Several TACA-containing glycopeptides have been employed in
vaccines and immunotherapeutic applications against various tumors.(8, 10–12, 16–33) The
majority of these glycopeptides are synthetic in origin, as it is difficult to isolate
homogeneous glycosylated protein fragments from cell or tissue preparations. The immune
response to these antigens is highly dependent on the chemistry that is used to prepare the
vaccine: Differences can be seen with different linkers, carrier proteins, multivalent
scaffolds and antigen conformations. Thus, each construct needs to be evaluated on a case-
by-case basis and compared with regard to proper presentation of antigen and efficacy in
eliciting a response.

We have been interested in employing metal nanoparticles as scaffolds for multivalent
presentation of sugars and glycopeptides for various applications.(34–36) In particular, gold
nanoparticles (AuNPs) are useful insomuch as they are easily prepared, present a high
degree of multivalency and their size range is easily controllable.(37) Several biological
applications of carbohydrate-coated gold “glyconanoparticles” (GNP) have been published
which attest to the validation of using this simple and highly non-toxic platform.(38) Several
years ago, we reasoned that these platforms may be used as carriers of tumor antigens and
hence as possible novel vaccine constructs. Since then one article was published on the
synthesis of a potential vaccine using carbohydrate-coated gold nanoparticles.(39) Here we
present the synthesis of several new gold nanoparticle-based glycopeptides constructions as
possible “carriers” for TACA's and TACA-conjugated glycopeptides. The peptide sequences
are from MUC4, a biomarker mucin for pancreatic adenocarcinomas(40) and hence a valid
starting target for vaccine development.

EXPERIMENTAL SECTION
General Methods

Chemicals were purchased from Aldrich–Sigma (Milwaukee, WI) and used without further
purification. HAuCl4·H2O was purchased from Strem Chemicals. The H-Gly-ClTrt resin
was purchased from Novabiochem (Darmstadt, Germany). Flash column chromatography
(FCC) was performed using RediSep silica columns on a CombiFlash Companion
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employing solvent polarity gradient (Dichloromethane→methanol). Preparative reversed
phase HPLC was performed using Phenomenex Columbus column (C18, 5 μ, 0.100 Å)
employing gradient elutions of varying percent water to organic modifier (solvent A: 0.1%
TFA/H2O; solvent B 0.1% TFA/acetonitrile). Analytical reversed-phase chromatography
was done using a Phenomenex Gemini column (C18, 5 μ, 110 Å, 150 mm × 4.6 mm) with
similar gradients. NMR spectra were recorded on a Varian Inova 400 instrument with
residual CHCl3 (7.26 ppm) as the internal standard at frequencies of 399.74 MHz for 1H and
100.51 MHz for 13C. High resolution mass spectra were performed by Mass Spectrometry
Facility at University of California, Riverside.

TEM Measurements
Transmission electron micrographs samples were prepared by placing an aqueous solution
(~2μl) of the AuNP's on the grid with a carbon-coated support film that was previously
treated with glow discharge. The excess liquid was blotted with a filter paper, allowed to
dry, and rinsed with distilled water twice. TEM images were taken using a Hitachi H7650
TEM (Tokyo, Japan) operating at 80 kV with a 2k×2k CCD camera (AMT; Danvers, MA).
The sizes of Au NPs were analyzed using the camera's measurement software (AMT).

DLS Measurements
Dynamic Light Scattering measurements were performed on a DynaPro Tytan instrument
equipped with a Temperature-Controlled MicroSampler (Wyatt Technology Corp., Santa
Barbara, CA) at a laser wavelength of 830 nm, scattering angle of 90° in a 12-μl quartz
cuvette at 23°C. Each measurement consisted of sixty 10-second acquisitions. All samples
were centrifuged before measurements. To obtain the hydrodynamic radii (Rh) and
percentage polydispersity, the intensity autocorrelation functions were fitted with a
proprietary non-negative least squares algorithm by Dynamics 7.0.3 software (Wyatt
Technology Corp., Santa Barbara, CA.).

Zeta Potential measurements
A Malvern Zetasizer Nano ZS instrument was used to measure zeta potential at 25° C for all
samples. Stock samples were diluted 10-fold in 10 mM NaCl and loaded into pre-rinsed
folded capillary cells for measurements. Sample pH was measured before each
measurement. An applied voltage of 150 V was used and a minimum of three measurements
were made per sample (see Supporting Information for additional descriptions).

Synthesis
N-(-2(2-Hydroxyethylamino)-2-oxoethyl)-1-(7-mercaptoheptanamido)-3,6,9,12,15,18-
hexaoxahenicosan-21-amide (6). The hydroxyl linker 6 via the intermediate acid 4 was
synthesized by a slightly modified version of our previous synthesis (41) as follows: To a
well-stirred solution of the commercially available (PolyPeptides, San Diego, CA) Fmoc-21-
amino-4,7,10,13,16,19-hexaoxaheneicosanoic acid (1, 200 mg, 0.347 mmol) in dry DMF
(1.74 mL) was added HOAt (47.2 mg, 0.347 mmol). After 5 min of stirring, HATU (132
mg, 0.347 mmol) was added and the reaction mixture was stirred for 15 min. H-Gly-2Cl-TrT
resin (434 mg of 0.404 mmol/g, 0.175 mmol) was added to the activated acid mixture,
followed by diisopropylethylamine (DIEA, 121 μl, 0.694 mmol). After 2 h, the reaction was
filtered, and the resin was washed 5 × with DMF. Any remaining amino groups were capped
with a 2-Chloro CBz group by reaction with N-(2-
Chlorobenzyloxycarbonyloxy)succinimide (Z-(2Cl)-OSu, 394 mg in 2.8 mL 1:1 DMF-
DCM). The excess capping reagent solution was filtered, and the resin was washed again
with DMF (5×). Based on the Fmoc-group cleavage of a small amount of the resin, the yield
of the intermediate 2 was found to be 74%. Resin 2 (470 mg, 0.274 mmol/g, 0.129 mmol)
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was deprotected with 4 mL of 20% piperidine in DMF for 1 h at r.t. The mixture was
filtered, and the resin was washed with DMF (5×). 7-(Acetylthio)heptanoic acid (31.6 mg,
0.155 mmol) was mixed with HOAt (21 mg, 0.155 mmol) in DMF (0.8 mL). HATU (59 mg,
0.155 mmol) was added, and the mixture was stirred for 5 min. The mixture was added to
the deprotected resin, DIEA (54 μl, 40 mg, 0.310 mmol) was added and the mixture was
allowed to react for 2 h. The resulting resin 3 was filtered, washed with DMF (5×), DCM
(2×), and diethyl ether (2×) and dried under vacuum. This resin 3 (104 mg, 0.159 mg) was
cleaved with TFA/thioanisole/water/phenol/EDT (82.5:5:5:5:2.5) for 2 h at r.t. The solvent
was evaporated to dryness, the residue was collected, dissolved in water and lyophilized
overnight. The crude product was purified by reversed-phase HPLC (A:B, 20% to 50% over
32.7 min) to give the pure 4 in 66.2% yield (51 mg). Compounds 5 and 6 were subsequently
prepared according to our previously published procedures. Characterization data of all
compounds was in good agreement with the published results.(41)

General Procedure for the Synthesis of the Thiolated Peptides
Peptides were prepared by Fmoc chemistry on a Liberty Microwave Peptide synthesizer
(CEM corp., North Carolina, USA). The glyco-amino acids (threonine or serine with an α-
O-linked peracetylated Thomsen-Friedenreich disaccharide and Fmoc-protected amino
group, TF-Ser, TF-Thr) were either prepared as described(42) or purchased from Sussex
Research (Ontario, Canada). The general protocol using the microwave-assisted peptide
synthesis is as follows: (1) 0.100 mmol of the resin (Rink amide resin with the first Fmoc-
protected amino acid, ~0.35 meq/g substitution) was loaded into the synthesizer; (2) A two-
step deprotection sequence was performed; step 1 involved treatment with 20% piperidine in
DMF (containing 0.1M HOBt) for 30 s at 75°C (25 W maximum) followed by step 2 which
was treatment with a second portion of 20% piperidine in DMF (containing 0.1M HOBt) for
3 min at 75°C (25 W). (3) Coupling reactions were carried out by reacting the resin with
four-fold excess of the next amino acid in the presence of HBTU/DIEA for 2 min at 75°C
(25 W). Deprotection (step 2) and coupling (step 3) were repeated until the desired peptide
sequence was complete. The Fmoc-protected peptide on the resin was then manually
deprotected using 20% piperidine in DMF for 1 hour at r.t. in order to couple with either the
glycoamino acid or the linker 4 to form the desired peptide. The coupling of each
glycoamino acid (1.1 equiv) to the peptide was done manually by activation with HATU
(1.1 equiv) and HOAt (1.1 equiv) for 5 min followed by reaction at 25°C for 2 h in the
presence of DIPEA (2.2 equiv). Coupling of the linker 4 with the peptides or glycopeptides
on the resin was done by standard DIPCDI/HOBt conditions (see Schemes 2 and 3). Briefly,
linker 4 was dissolved in DMF, and then HOBt and DIPCDI were added. The resulting
mixture was agitated for 30 min at r.t. and added to the resin. After 5–6 h of agitation,
another portion of HOBt (5 equiv) and DIPCDI (5 equiv) was added. The mixture was
agitated for an additional 18 h. The resin was isolated, washed with DMF (5x) and ethanol
(2x), and treated with 10% hydrazine hydrate in EtOH for 18 h. After removal of the
hydrazine hydrate solution, the resin was washed with ethanol, DMF and ethyl ether. The
resin was dried under vacuum and then treated with the cleavage mixture (2.5% 1,2-
ethanedithiol/ 2.5% water/95% TFA) for 2 h. Precipitation of the peptides was done by
pouring the TFA solution into a flask containing ice-cold ether. The precipitates were
collected by centrifugation. The residue was purified by HPLC (water/acetonitrile gradient,
each containing 0.1% TFA) to give the desired peptide as a white, fluffy solid.

HS-Linker-KFLTTAKDKQRWEDPGKQLYQVEATSYA (C3d)
This compound was synthesized in 20% yield (32 mg). RP-HPLC (water/acetonitrile
gradient, 15 to 45%, 20 min): Rt=13.3 min. HRMS–ESI (m/z): M+ calcd for
C171H270N42O54S, 3807.9388; found: 3807.9241
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HS-Linker-TSSAS(Galβ1→3GalNAcα)TGHATPLPVTD (5-TF)
This compound was synthesized in 22% yield (22 mg) RP-HPLC (water/acetonitrile
gradient, 15 to 45%, 20 min): Rt = 11.77 min. HRMS–ESI (m/z): M+ calcd for
C102H172N22O44S, 2441.1613; found: 2441.1589

HS-Linker-TSSAS(Galβ1→3GalNAcα)T(Galβ1→3GalNAcα)GHATPLPVTD (5,6-TF)
This compound was synthesized in 22% yield (25 mg) RP-HPLC (water/acetonitrile
gradient, 15 to 45%, 20 min): Rt = 11.40 min. HRMS–ESI (m/z): M+ calcd for
C116H195N23O54S, 2806.2935; found: 2806.2981

General Procedure for the Synthesis of Gold Nanoparticles
To a flask containing water (10 ml/total μmol thiol) was added an aqueous solution of the
thiols (1:1:3 molar ratio glycopeptide/C3d/hydroxyl-linker) and 58 mM HAuCl4 (2.75
equiv). The pale yellow solution was cooled to 0°C, and an aqueous solution of NaBH4 (1
mL/total μmol thiol) was added over 10 min. The resulting solution was stirred for 2h at 0°C
and then for 16 at r.t. The mixture was concentrated and washed with water (2x) using
Centriplus ultrafiltration tubes (MWCO 30kDa). The retentate was lyophilized to give the
desired Au NPs as dark purple solids.

Mice immunizations and blood sampling
Vaccination studies were performed in 3 week old female Balb/c mice. Groups of 20 mice
were each were vaccinated with one of the six GNP's A-F shown in Figure 2 along with a
seventh group that was treated with PBS alone as a control. Mice were immunized
subcutaneously with their respective GNP antigen and serum samples were obtained
preimmunization and at 2, 4, 6, and 12 week time periods. Serum samples from the mice
were obtained using submandibular bleeding prior to immunization and two weeks
following each injection. All animal protocols were approved by the institutional animal
care and use committee and animals were housed in an ALAC accredited animal facility.
The marginal model was used to make pairwise comparisons between test groups and
control groups and between different times within each test group to determine statistically
significant differences in IgG and IgM titers at significance level α = 0.05.

Enzyme Immunoassay
Enzyme-linked immunosorbent assays were performed with the mouse serum samples from
different time points against the glycopeptides conjugates used for coating the gold
nanoparticles. Immulon HB High-Binding EIA 96-well plates were coated with optimized
concentration of 1.25 μg/ml each respective glycopeptides conjugate (Scheme 2) and
washed four times with 1X TBS-Brij wash buffer. Mouse sera (100 μl of at 1:100 dilution)
was added and IgG and IgM were detected by anti-mouse IgG/alkaline phosphatase or anti-
mouse IgM/.horseradish peroxidase systems, respectively according to the manufacturers
protocol. The TF antigen-binding monoclonal antibody JAA-F11(15) (1mg/ml Stock
Solution) was used as a positive control and 1X-PBS Buffer as a negative control.

Statistical Analysis
The marginal model was used to make pairwise comparisons between test groups and
control groups and between different times within each test group to determine statistically
significant differences in IgG and IgM titers at significance level, α = 0.05.(43) Error bars
for EIA assays for the seven sets of 20 mice were calculated with this method and reported
as standard error from the mean, which is the standard deviation divided by the square root
of the sample size: SD/√n.
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RESULTS AND DISCUSSION
Particle Design

Our design is illustrated in Figure 1. A small diameter AuNPs can be coated with various
molecular entities in the same reaction by performing the self-assembly in the presence of
multiple auro-philic reactants. Thiols are commonly used to conjugate to a metallic gold
surface due to affinity of sulfur for gold. Thus, using a variation of the Brust-type procedure,
(44, 45) GNP vaccine constructs can be prepared in one pot by reduction of gold salts with
sodium borohydride in the presence of different thiols. The reductant serves to both reduce
the gold to Au(0) and keep the thiols present in their reduced state for binding to the gold.

Choice of Ligands
The choice of ligands was made based on several criteria. First, the aforementioned
importance of aberrant mucins expression and O-linked glycosylation in tumor progression
is well established. We reasoned also that neither the carbohydrate or peptide sequence
alone would be sufficient for a potent immune response (vide supra). Mucin extracellular
domains consist of large strings of tandem repeat peptide sequences of between ~16–22
amino acids, decorated with large numbers of O-linked carbohydrate chains that occur in
“clusters”. Hence, we used specific glycopeptides from the mucin tandem repeating unit as
antigens to attach to gold. There have been a host of immunological studies with MUC1, a
mucin found aberrantly expressed on many prostate and breast tumor lines.(28) However,
there has been mounting evidence that another mucin, MUC4, is also a valid biomarker,
especially for pancreatic carcinomas.(40) The Kunz group has synthesized several MUC4
based glycopeptides containing various TACAs and T-cell epitopes conjugated together
chemically as potential single-component vaccines.(27, 46–49) Thus we chose to follow a
similar path and prepare MUC4 glycopeptides with covalently attached TF disaccharides as
potential antigens. We chose TF as the carbohydrate antigen since this disaccharide is rarely
displayed in normal tissue and its presence has been related to enhanced aggression and
metastasis of many solid tumors.(15, 50) The use of nanoparticles as a delivery vehicle
offers the opportunity to present antigens, potential T-helper peptides and adjuvants within
one entity in a multivalent fashion. In addition, although AuNP cores have been implicated
in a small number of studies as harboring some immunostmulant activity in vivo,(51) this
core will not present both B-and T-cell epitopes as is the case with many of the various
carrier proteins that are used for conjugate vaccines, such as KLH and BSA.

Since carbohydrate antigens are T-cell independent, the standard protocol for vaccine design
includes conjugation to a large carrier protein such as KLH or alternatively to small peptides
such as the PADRE(52) sequence to elicit T-helper cell production for sustained
immunological memory and antibody class switching. Our design concentrated on a B-cell
immune response and this dictated our choice of “molecular adjuvant” to add to the system.
One of these “adjuvants” used in polysaccharidebased vaccines is the final degradation
product of the third component of complement or C3d.(53) C3d binds CR2/CD21 on B-cells
enhancing cell activation, and, through simultaneous interaction of antigen with B-cell
surface immunoglobulin, activates various pathways that crosstalk to reduce amount of
antigen needed for activation and enhance antigen uptake and presentation. The CR2/CD21
binding epitope of C3d was mapped to a 28-residue peptide that was shown by surface
plasmon resonance to bind to CR2/CD21 and elicit similar immune responses as full length
C3d.(54) In addition, immunization with C3d-conjugated antigen can also increase antibody
titers and Th1/Th2 cytokine production in CR2/CD21 knockout mice, suggesting an
alternate mechanism of immune stimulation in this system.(55) In this study, it was shown
that other peptide regions of C3d can turn on a T-cell mediated response in the absence of
CR2/CD21. The versatility of this peptide adjuvant suggested C3d was a judicious choice to
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include in our design. We concentrated initially on the 28-residue CR2/CD21-binding motif.
The third component of our particle was the linker used to attach the other units to the gold
surface. This provided an interstitial random “spacer” to reduce the density of the antigen/
adjuvant molecules for better molecular recognition. We designed this conjugate to be
“naked” at the terminus that normally displays a biologically active entity (e.g., peptide,
glycopeptides,C3d) but to present a common functional group, in our case a free hydroxyl,
to maintain water solubility.

Synthesis
The synthesis of the hydroxyl-terminated thiol linker (C in Figure 1) followed a modified
version of the procedure by our group(41). Notable differences from our previous synthesis
were 1) The first three steps were performed on the solid phase and 2) the coupling agents
used for peptide bond formation between the various linker segments were 2-(7-Aza-1H-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU)/ 1-
Hydroxy-7-azabenzotriazole (HOAt) in place of DIPCDI/HOBt. These two changes
combined to increase yields and efficiency in all reactions. The HATU/HOAt chemistry was
used primarily to reduce the reaction times for the amide couplings to only about 2 h versus
18 h needed for the DIPCDI-mediated coupling. The remaining reactions were similar to
those in reference 50 (see Scheme 1).

Peptide/glycopeptide synthesis proceeded under mostly standard conditions, i.e., using Fmoc
chemistry on Rink amide resins. Serine and threonine glycoamino acids bearing a single TF
antigen (Galβ1–3GalNAc-α-O-Ser/Thr) were either prepared as previously described(42) or
purchased commercially (see experimental section) and used for incorporation of the TF
antigen into the growing peptide chain. In the case of the unglycosylated MUC4 peptide and
one with TF antigen at the 10th position (10-TF), the amino acids were coupled using a
microwave-assisted peptide synthesizer (CEM Corp.) with HBTU\DIEA coupling
chemistry. In spite of these conditions, coupling of the glycoamino acid to the nascent
peptide did not occur for the synthesis of the 10-TF construct E. Instead, performing the
coupling reaction manually with only a very slight excess of the glycoamino acid and using
a more reactive coupling reagent (HATU) furnished the desired glycopeptide in modest
yields. This position is notoriously refractory to efficient coupling, as the preceding amino
acid is proline, where the combination of a secondary amino group and the steric bulk of the
protected TF disaccharide conspire to slow down the reaction. The 28 residue C3d peptide
fragment was prepared in a similar fashion (Scheme 2).

Deprotection of the amino termini of the peptides on the Rink amide resin provided the
points of attachment for the thiol-terminated linker 4. The reaction sequence for this is
shown in Scheme 2. Employing the DIPCDI/HOBt coupling condition, the coupling of
linker to the peptides on resin afforded the thiol-terminated acetylated glycopeptides which
were deprotected both on the sugar hydroxyl groups and the thioacetate on resin by
treatment with hydrazine hydrate. Cleavage from the resin and HPLC purification afforded
the final glycopeptides-linker-thiol units in yields ranging from 11% to 63%.

The AuNP vaccine constructs were synthesized from various glycopeptides, C3d, and the
hydroxyl-terminated linker 6 via the sodium borohydride reduction of chloroauric acid in the
presence of the thiols. The molar ratio of the thiols used in the synthesis was 1:1:3 (MUC4
peptide/glycopeptide):(C3d peptide):(linker 6). Previous work by our group and others has
shown that a higher ratio of interstitial linker molecules favors better size distribution and
ligand recognition.(41) Also, this may confer better presentation of the glycopeptides and
the C3d peptide to the receptors since steric crowding is minimal. Six constructs (A-F) with
varying antigens were prepared using the aforementioned procedure (Figure 2). These
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constructs were very stable in solution and could be stored at 4°C for months. Samples could
be lyophilized and reconstituted several times with no sign of precipitation or flocculation.

Characterization
UV-vis spectra of each nano-construct showed typical plasmon band absorption at ~520 nm
with extinction coefficients consistent with particles in this size regime (Supporting
Information). TEM measurements showed the average core size of each nanoparticle. The
sizes of the Au core ranged primarily from 2.40 – 4.5 nm with two of the constructs (A and
F) slightly larger (6.98 and 9.0 nm). This was somewhat curious since both of these
constructs contained no carbohydrate modifications. Construct F gave the highest coefficient
of variation (CV) (40%), followed by construct A (30%), and compared with the much more
reasonable values for constructs B-E (18.8 % –22.7%). Dynamic light scattering
experiments showed polydispersity measurements ranged from 21 – 55 %. Although the
range is broad and the maximum is somewhat high, the autocorrelation functions of each
measurement were consistent with polydispersity within a very narrow size range (see data
tables and histograms in Supporting Information). Interestingly, all of the constructs bearing
a TF-containing glycopeptide exhibited good CV values and a size range of 2.40 nm to 4.7
nm. At present it is not known why GNP's A and F seemed to be inferior to B-E regarding
uniformity and polydispersity. However, one possibility is that the covalently attached
sugars prevent inter-particle stacking by blocking non-specific binding of peptide chains on
opposing GNP's, a phenomenon that may occur readily in construct A. What remains a
mystery are the relatively poor results obtained for construct F, which contains solely the
linker as a ligand. A possible explanation is the lack of charge on these particles and the
presence of a hydroxyl group that may hydrogen bond via water bridges among different
particles. This behavior has been observed previously by us when using a similar strategy
for particle preparation: Various thio-linker/HAuCl4 molar ratios to prepare simple particles
using compound 5 produced particles of unacceptable quality and uniformity with noticeable
aggregation (Sundgren and Barchi, unpublished).

Coverage estimates for gold nanoparticles coated with a single ligand are relatively
straightforward.(56) Typical analytical techniques such as thermogravimetric and elemental
analyses are usually appropriate for determining the surface coverage of these types of
constructs. Others have used very specific and sophisticated methods such as spectroscopy
of fluorescently labeled ligands,(57) PCR methods for DNA ligands(58) and X-ray
crystallography.(59) However, when passivating ligands are derived from several different
molecular families, the estimates become much more complex. This is because most of the
analytical tools are designed for single-component species. Analysis of mixed-ligand AuNPs
requires differential analysis of each molecular family, which could entail laborious
separation steps. There are only a few examples in the literature demonstrating the analysis
of mixed-ligand AuNPs. Murray and coworkers made efficient use of ESI mass
spectrometry(60), but this method, is limited to the analysis of very small AuNP cores (25 to
38 Au atoms). Another method is by selectively labeling the target ligand on AuNP with a
fluorophore and then decomposing the AuNP into fluorophore-labeled “free” ligands, which
can be subsequently analyzed by fluorescence spectroscopy. This method may not
accurately estimate the ligands because of several factors such as the ease with which the
flourophore-ligand reaction occurs and/or steric factors.(61) This method is also only
applicable to a specific type of functional group on the ligands.

Due to the lack of a general and robust method for determining the coverage of mixed-
ligand AuNPs and also because of the complexity of the structure of our glycopeptide
ligands (i.e., presence of a wide range of functional groups), an estimation based on the size
of the AuNP core would be appropriate. This type of estimation has been used previously by
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Penades and coworkers in determining the approximate number of carbohydrate ligands on
AuNPs in the only other study where particles of this nature were prepared.(39) An estimate
of ligand coverage was based on calculations of surface gold atoms and starting
concentrations of reactants. We have performed a similar analysis and find differential
coverage based on the TEM-determined core size and theoretical analysis of the number of
surface atoms that can be occupied as comprehensively examined by Hostetler, et al.(62)
and Lewis, et al.(63) We assumed that the initial ratio of the ligands used to prepare the
AuNPs was the same as the ratio present on the nanoparticles. Table 1 lists the estimates for
each ligand on the series of AuNPs prepared. More robust methods are desperately needed
for quantitative determination of coverage by ligands of any molecular family, and we are
working on methods to perform this analysis (to be reported elsewhere).

Zeta potential measurements were performed on each of the constructs and they are shown
in Table 2 and graph from the raw data are shown in Figure S18. Construct A with no sugar
is the most negative at nearly −25 mV, and the values tend toward more positive potential as
sugars are added to the mucin peptide. Given the complexity of our system, it is difficult to
predict the exact mechanism for the change in zeta potential, but the data suggest that the
MUC4 peptide/glycopeptides and C3d adsorb to the particle surface with different aptitudes
during self assembly. The MUC4 sequence contains one aspartate while C3d has four
aspartates and 5 basic residues (four lysines and one arginine). With the hydroxyl linker
being neutral, a 1:1 addition of each peptide would have a net zero charge, suggesting that
adsorption of the more electropositive C3d may exceed that of MUC4 as the mucin
sequence is glycosylated; the diglycosylated construct D being the most “electropositive” of
the six particles. There are many other factors involved in zeta potential of each system such
as van der Waal's interactions and steric compression. However, the intriguing results may
offer qualitative clues into the ligand capacity of multi-component AuNP mixtures.

Vaccinations and Analysis of Antisera
All gold particles described here were used to vaccinate mice and their sera were evaluated
for binding to the individual antigens that were coated on the particles. Groups of 20 mice
each were vaccinated with all six GNP's A-F shown in Figure 2 along with a seventh group
that was treated with PBS alone as a control (Figure 2G). Construct F, which is simply
GNP's with the linker unit attached and no glycopeptides nor adjuvant, can be considered as
a “control” group'. However, since the chemical linker of many synthetic vaccine
constructions have been shown to be immunogenic, it also served as an important vaccine
conjugate to identify in vivo responses generated to the linker alone. Figure 3 shows the
enzyme immunoassay (EIA) results with relative responses of both IgM and IgG in the sera
of mice before (preimmune) and 12-weeks after vaccinations of representative constructs B-
E. All particle vaccines bearing the TF antigen (B-E) gave small but statistically significant
antibody responses (both IgG and IgM) from mice injected subcutaneously at 50 μM
particle concentration with boosts every two weeks for 12 weeks. Post-immunization
responses were significantly higher than pre-vaccination responses for all four particles,
against all conjugates that were tested. Most antisera bound to their respective immunogens,
but also with the free peptide and to the linker molecules (self glycopeptide, unglycosylated
MUC4 peptide and linker alone, Figure 3), however, greatest responses were to the self
antigen. Antigens with single TF substitutions at positions 5 or 6 in the MUC4 repeating unit
showed almost equal IgM and IgG production whereas the glycopeptide with a single TF
threonine-substitution at position 10 seemed to select for IgG (Figure 3D). Clustering the TF
antigen on positions 5 and 6 suppressed the response.

Statistical significance calculated with the marginal mode model(43) (P < 0.05) was
achieved for several responses. A listing of each of these measurements is shown in Table 3.
It is apparent that the peptide sequence is generating a significant response as all AuNPs
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with vaccine components (A-E) reacted with MUC4 with statistical significance. Group D,
with two contiguous TF disaccharides was the only vaccine construct that did not reach
significance for IgG generation when tested against its self structure and the unglycosylated
peptide. Neither of the control groups reached any statistical significance to any of the tested
molecules in the assays.

The work described here is still preliminary but highly encouraging. Many features of the
TF antigen make it an ideal vaccine epitope(64): 1) It is found almost exclusively on
carcinomas and not normal tissue(65), 2) In human with cancer, those with lower amounts
of anti-TF-antigen antibodies have poorer prognoses than those with low circulating levels
and, 3) TF-antigen has a defined and distinct role in metastatic spread of various tumor
types(50, 66) and thus active or passive anti-TF therapy could have positive consequences
on both tumor growth and metastatic spread as well as overall survival. There have been a
host of vaccines prepared based on the TF antigen and many have had positive effects.(64)
However, none of these therapeutic strategies has found its way to a clinical setting. In order
to progress to a more translationally-relevant therapy, finding the proper vaccine
vehicle(carrier) to display antigen in the most biologically relevant presentation while
choosing the best antigens and stimulatory molecules will be key to producing a high quality
immune response with proper specificity and potency. For this reason, a variety of options
need to be explored, and nanoparticle carriers are reasonable choices for reasons already
discussed. We have prepared various presentations of the TF antigen on gold particles and
have tested some of these in mice for immune responses (Barchi and Rittenhouse-Olson,
unpublished); however, the constructions described here with the C3d molecular adjuvant
were the only ones that gave measureable and statistically significant responses. The
provocative differential response of the various structures bodes well for future studies using
similar platforms with second generation epitopes and nanopaltforms. These studies are
currently in progress and will be reported in due course.

CONCLUSIONS
Several putative glycopeptide antigens were coated onto gold with a molecular adjuvant in
defined densities, resulting in particles that could act as both immunogen and immune
system stimulant. The preparation of these fully synthetic GNP constructs encompassed 1)
Design of appropriate immunogens, 2) Choice of molecular adjuvant and 3) Design of
robust linker. Synthesis of the particles proceeded without incident to afford multifunctional
GNP's. Characterization showed some constructs were more polydispersed than others, with
the linker-coated “control” particles interestingly being the least homogeneous. This is in
contrast to our previous particles where shorter linkers were actually the least polydispersed
among GNP's with various saccharides.(34) Constructs were prepared with the antigen,
molecular adjuvant and interstitial linker coated in a 1:1:3 ratio and there was evidence of
differential coating. A response in mice was generated to each glycopeptide antigen with
statistical significance; this is one of the first reports of an immune response generated to an
immunogen coated on gold without the use of additional adjuvants admixed with the vaccine
preparation. Further development to enhance the uniformity and immunogenicity of the
particles is in progress. These initial data suggest that glycopeptides-bearing nanoparticles
have potential to be part of the repertoire of anticancer vaccine modalities that may have
distinct and intriguing therapeutic utility. Details of the comprehensive biological evaluation
of these novel particles will be reported in separate publications.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
AuNP vaccine design (center). (A) MUC4 glycopeptides conjugated to the carbonyl
highlighted in yellow of the linker shown in (C). R2-R4 indicate residues that are
glycosylated. (B) C3d 28 residue peptide (P28) conjugated to the linker. The linker in (C) is
shown modified with the addition of terminal hydroxyl group to maintain bioavailability and
reduce density. The ratio of each thiol used in the construction of AuNPs was A:B:C = 1:1:3
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Figure 2.
Structures of the six AuNP-based vaccine constructs prepared in the text.
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Figure 3.
EIA graphs of sera from mice vaccinated with (A) construct A (MUC4); (B) construct B (5-
TF); (C) construct C (6-TF); (D) construct D (5,6-TF); (E) construct E (10-TF); (F)
Construct F (linker alone) and G) PBS. The graphs are divided into sets of bars where red
[ ] represents IgM responses and [ ] represents IgG response. Preimmune bleeds are in
alternate columns followed by responses after 12 weeks to either self peptide,
unglycosylated MUC4 peptide or linker alone for constructs B, C, D and E. For vaccination
with the unglycosylated MUC4 peptide (A), linker alone (F) and PBS (G) responses at
preimmune and 12-week stages are shown for all constructs.
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Scheme 1.
Synthesis of the linker with modifications from previous preparations.
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Scheme 2.
Final synthesis of glycopeptides precursors for GNP preparations.
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Table 2

Zeta potential of vaccine constructs.

Vaccine # pH Zeta Potential, mV
a

A 6.3 −24.9 (1.4)

B 6.8 −21.7 (1.0)

C 6.7 −18.4 (2.5)

D 6.9 −13.6 (3.1)

E 7.0 −15.6 (0.8)

F 7.3 −17.4 (0.8)

a
All measurements were 0.2 mg/ml, in 10 mM NaCl, 25°C. Results are based on an average of three measurements and the values in parentheses

represents the standard error.
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