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Abstract
Calcium phosphate (CaP) polymorphs are nontoxic, biocompatible and hold promise in
applications ranging from hard tissue regeneration to drug delivery and vaccine design. Yet,
simple and robust routes for the synthesis of protein-coated CaP nanoparticles in the sub-100 nm
size range remain elusive. Here, we used cell surface display to identify disulfide-constrained CaP
binding peptides that, when inserted within the active site loop of E. coli Thioredoxin 1 (TrxA),
readily and reproducibly drive the production of nanoparticles that are 50–70 nm in hydrodynamic
diameter and consist of an approximately 25 nm amorphous calcium phosphate (ACP) core
stabilized by the protein shell. Like bone and enamel proteins implicated in biological apatite
formation, peptides supporting nanoparticle production were acidic. They also required
presentation in a loop for high affinity ACP binding since elimination of the disulfide bridge
caused a nearly 3-fold increase in hydrodynamic diameters. When compared to a commercial
aluminum phosphate adjuvant, the small core-shell assemblies led to a 3-fold increase in mice
anti-TrxA titers three weeks post-injection, suggesting that they might be useful vehicles for
adjuvanted antigen delivery to dendritic cells.

INTRODUCTION
Because they are highly biocompatible and nontoxic, calcium phosphate (CaP) nanoparticles
have been explored in applications ranging from hard tissue regeneration to the delivery of
small molecules, oligonucleotides, and proteins.1, 2 CaP also holds promise as a vaccine
adjuvant3–5 where nanoscale formulations have been shown to be more effective than
micrometer-sized particles at targeting lymph node dendritic cells (DCs) for enhancing
immunity.6, 7 Unfortunately, unstabilized CaP colloids have a strong tendency to aggregate,
and their controlled synthesis is challenging because even small variations in pH,
temperature, calcium to phosphate ratio, or precipitation technique can significantly affect
particle stoichiometry, crystallinity, morphology, and size.8–10 A wide variety of CaP
synthesis schemes have been developed, ranging from microemulsion technologies,11–13 to
the use of citrate,14 surfactants,15 porphyrin,16 and oligonucleotides,17 as capping agents.
However, reproducible production of stable CaP colloids in the sub-100 nm range remains
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difficult, and their controlled conjugation with peptides or proteins by any mechanism other
than adsorption requires multiple chemical derivatization and purification steps.

In vertebrate bones, CaP is present in the form of hydroxyapatite (HA; Ca10(PO4)6(OH)2)
nanocrystals that are 30–50 nm long, 20–25 nm wide and 1.5 to 4 nm thick.18 These
nanoplates are embedded in a composite of collagen fibrils and non-collagenous proteins
that exhibit Ca2+ and hydroxyapatite binding properties by virtue of being phosphorylated
and rich in negatively charged (acidic) residues.19 Several non-collagenous phosphoproteins
have been shown to promote HA nucleation and to control the kinetics of crystal
growth,19, 20 suggesting that they may be good candidates for the biomimetic mineralization
of CaP nanoparticles. However, the same proteins can also inhibit mineralization, and the
mechanisms that are at play for either process remain unclear and controversial.19, 20

Solid binding peptides (SBPs) isolated by phage or cell surface display21 present an
alternative to naturally occurring proteins for the biomineralization of technologically
valuable materials,22 In this molecular biomimetic approach to material synthesis, SBPs are
used either in isolation or as part of a larger protein or organism to nucleate, organize and
assemble inorganic structures with nanoscale control of composition and architecture.23, 24

The approach is powerful. For example, we have shown that “designer proteins”
incorporating SBPs can be used to nucleate and cap Cu2O nanoparticles under
thermodynamically unfavorable conditions,25 organize these nanoparticles onto DNA
guides,25 control the size and shape of silver crystals,26 and mineralize multicolored ZnS
quantum dots whose protein shell is active for antibody binding.27, 28

Here, we describe disulfide-constrained CaP binding peptides that, when inserted within the
active site loop of E. coli Thioredoxin 1 (TrxA), reproducibly mineralize nanoparticles that
are 50–70 nm in hydrodynamic diameter and consist of an ≈ 25 nm amorphous calcium
phosphate (ACP) core stabilized by a protein shell. We further show that disruption of the
disulfide bond causes an increase of about 3-fold in the diameter of mineralized particles,
indicating that the conformation of an SBP can have a profound influence on the
mineralization process. Finally, we provide preliminary evidence that the small CaP core-
protein shell nanoparticles might be effective vehicles for adjuvanted antigen delivery to
DCs.

EXPERIMENTAL PROCEDURES
Electrodeposition of Calcium Phosphate on Titanium

CaP chips were synthesized using a modification of published protocols.29, 30 Briefly,
calcium phosphate was electrodeposited with a constant current of −2.5 mA/cm2 for 20 min
at 60°C on a 0.127 mm thick titanium foil (>99.9%; Sigma-Aldrich) from an electrolyte
consisting of 100 mM Ca(NO3)2 and 50 mM NH4H2PO4. All experiments were conducted
in a quiescent 150 mL cell using a platinum wire for a counter-electrode. Half of the samples
were annealed by heating for 8h at 450°C in an oven while the rest were N2-dried.

Selection of CaP Binding Peptides
The FliTrx cell surface display system (Invitrogen) was used to select disulfide-constrained
CaP-binding dodecapeptides through 5 rounds of biopanning as previously described.28, 31

Independent selections were conducted on ~1 cm2 annealed and non-annealed substrates.
Randomly selected colonies (78 for annealed samples and 66 for non-annealed samples)
were sequenced using the Big Dye Terminator sequencing kit (Applied Biosystems) using
either 5′-ATTCACCTGACTGACGAC-3′ as a forward primer, or 5′-
CCCTGATATTCGTCAGCG-3′ as a reverse primer. Six clones lacking internal cysteine
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residues and exhibiting a broad range of hydrophobicities and isoelectric points (Table 1)
were selected for further studies.

Construction, Expression and Purification of CaP Binding Proteins
Derivatives of E. coli thioredoxin 1 (TrxA) displaying disulfide constrained CaP binding
peptides in place of the Cys-Gly-Pro-Cys active site sequence of native TrxA were
constructed as previously described.28 Briefly, pFliTrx derivatives encoding the target
dodecapeptides were digested with ApaLI and RsrII and the purified 220 bp fragment was
ligated with the backbone of pT-Trx32 that had been digested with the same enzymes. The
resulting plasmids were named pTrxA-PAx or pTrxA-PNx where PA and PN refer to
sequences selected on annealed (PA) or non-annealed (PN) CaP chips, and×denotes the
numerical identifier of the CaP binding peptide. The Cys32 residue of TrxA::PA44 and
TrxA::PN21 was converted to a serine by site directed mutagenesis of the corresponding
plasmids using the QuikChange (Stratagene) kit and primers 5’-
CTGGGCAGAGTGGTCCGGTCCGAAAGATG-3’ and 5’-
CATCTTTCGGACCGGACCACTCTGCCCAG-3’. The integrity of all constructs was
verified by DNA sequencing.

BL21(DE3) cells harboring the above plasmids were grown to mid-exponential phase (A600
≈ 0.5) in 500 mL of LB medium supplemented with 34 µg/mL chloramphenicol. Protein
synthesis was initiated by addition of 0.4 mM isopropylthiogalactopyranoside (IPTG) and
cultures were immediately transferred to a water bath held at 25°C. After 4h incubation at
this temperature, cells were sedimented by centrifugation at 3,000 g for 15 min, resuspended
in 20 mM Tris-HCl, pH 7.5, 2.5 mM EDTA, 1 mM PMSF to a concentration of 100 A600
units per mL, and disrupted by three cycles of homogenization on a French pressure cell
operated at 10,000 psi. Insoluble material was removed by centrifugation at 14,000 g for 15
min. Aliquots of clarified extracts (≈15 mL) were transferred to 30 mL Corex tubes and held
in an 80°C water bath for 10 min to precipitate the majority of host proteins. Aggregated
fractions were removed by centrifugation at 14,000 g for 10 min. Supernatants were diluted
with 60 mL of buffer A (20 mM Tris-HCl, pH 7.5) and loaded onto a DE52 (Whatman)
anion exchange column (7.0 cm length by 1.0 cm in diameter) equilibrated in buffer A. The
column was developed in the same buffer at 1 mL/min for 60 min to wash out contaminants
and purified designer proteins were recovered in the 25–100 mM NaCl fractions of a 60 min
gradient elution (0 to 500 mM NaCl in buffer A). Proteins were dialyzed against ddH2O
overnight and stored at −80°C. Purity was determined on overloaded gels using a modified
SDS-PAGE protocol.33

Biomineralization of CaP Nanoparticles
For biomineralization experiments, a 1.8 mL solution containing 5 µM of protein in 1 mM
(NH4)2HPO4/NH4H2PO4, pH 7.5 was placed in a 15 mL, round bottom, disposable
borosilicate tube (VWR) that had been cleaned with ddH2O, acetic acid, acetone, and
ultrapure ddH2O, in sequence and fitted with a 1 cm diameter stirring bar. The mixture was
held at 4°C for 30 min at a stirring rate of 6 (Corning PC-310), after which 200 µL of a 16.7
mM solution of Ca(NO3)2 was fed in 8 µL increments about 5 seconds apart using a 25G
delivery needle or Pipetman (Eppendorf P20). The mixture was allowed to age for 2h at 4°C
and held at room temperature for 12–24h before characterization.

Analytical Techniques
Hydrodynamic diameters were measured by dynamic light scattering (DLS) on a Nano-ZS
Zetasizer (Malvern). For TEM imaging, 5 µL of solution was deposited on a carbon-coated
copper TEM grid and allowed to air dry. Low and high resolution TEM images, selected
area electron diffraction (SAED) patterns with aperture size 40 µm were collected on a FEI
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Tecnai G2 F20 S/TEM operated at an accelerating voltage of 200 kV. For SEM imaging,
samples (≈ 100 µL) were allowed to contact a clean, ≈ 1 cm2 silicon wafers for 30 min and
excess fluid was removed by wicking with a laboratory tissue. The substrate was rinsed with
ddH2O to remove salts, air dried and coated with a 7–10 nm Au/Pd film. Micrographs were
taken with a FEI Sirion SEM at 10 keV acceleration voltage. Energy dispersive x-ray
spectroscopy (EDS) was used to find the average ratio of calcium, phosphorus, and oxygen
in the substrate. X-ray diffraction (XRD) measurements were conducted on a Bruker D8
Focus using CuKα radiation. Data were collected for 2θ values ranging from 22 to 42° with
0.02° steps.

Animal Studies
The adjuvancy effect of biofabricated CaP nanoparticles was compared to that of
AdjuPhosTM (Brenntag Biosector), a commercial aluminum phosphate adjuvant consisting
of 0.49% (wt/wt) aluminum and 1.52% phosphate. CaP nanoparticles were synthesized
using TrxA::PA44 as described in section 2.4 except that all solutions were made in
endotoxin-free water (MD Bio) and that all glassware was passivated by rinsing in tap water,
acetic acid, ddH2O, acetone, and ultrapure ddH2O before autoclaving at 120°C for 30 min
and inactivating pyrogens by heating for 30 min in a 250°C oven. After 2h of aging at 4°C,
samples were filtered through a 0.22 µm cellulose acetate filter and split in two halves, one
of which was used for DLS characterization and protein assays and the other for
immunization in mice. The final protein concentration was found to be 3.2 µM by Bradford
assay due to losses incurred during filtration. However, the size of the particles remained in
the 70 nm range. As a control, a preparation of 3.2 µM TrxA::PA44 in 1 mM (NH4)2HPO4/
NH4H2PO4, pH 7.5 was filtered through a 0.22 µm membrane and supplemented with 1.65
mM of AdjuPhos (an aluminum concentration identical to that of the calcium in the
nanoparticles). Groups of five C57BL/6 mice (6–10 weeks old and weighing 20–30 g) were
injected subcutaneously with 4 × 50 µL of the above preparations into the four foot pads for
a total antigen load of 8 µg. No inflammation was observed at injection sites and animals
were bled at 9 and 21 days. Anti-TrxA IgG titers were measured in serum by ELISA
essentially as described34 using plates coated with wild type TrxA and validated for linearity
with mouse anti-TrxA rabbit monoclonal antibodies (Invitrogen, clone C63C6).

RESULTS
Selection of Calcium Phosphate Binding Peptides

Among the various inorganic compounds that hold promise for DC maturation, we selected
calcium phosphate (CaP) because it is cheap, biocompatible, biodegradable, and likely to be
safe. CaP adjuvants are typically synthesized by uncontrolled precipitation schemes,
yielding a broad distribution of agglomerates that range in size from 300 nm to 4 µm and
have calcium to phosphate (Ca:P) molar ratios from 1.35 to 1.83.35 In one of the most
detailed analyses to date, Jiang and coworkers36 reported that a commercial adjuvant
manufactured by the former Reheis Inc. consisted of calcium-deficient hydroxyapatite with
a Ca:P ratio of 1.39, and contained needle-like particles and irregularly-shaped plates.
However, others37 have found commercial adjuvants to have a Ca:P ratio of 1.5, a molecular
composition closer to that of tricalcium phosphate (Ca3(PO4)2).

Our first task was to generate CaP “chips” that were chemically and morphologically
representative of commercial CaP adjuvants, and compatible with the FliTrx cell surface
display system that we have previously used to identify SBPs.28, 31 To this end, we
electrodeposited ≈10 µm thick calcium phosphate films on titanium foil from a Ca(NO3)2/
NH4H2PO4 electrolyte (section 2.1). Because annealing at high temperatures drives off
coordinated water from inorganic materials, half of the samples were annealed by heating at
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450°C for 8h while the rest were dried under a nitrogen stream and characterized as
deposited.

SEM imaging revealed that the annealed samples (Fig. 1C–D) consisted primarily of
spherical nodules while non-annealed chips also contained crystalline platelets and needles
(Fig. 1A–B). The Ca:P ratio was found to be 1.44 for annealed samples and 1.32 for non-
annealed samples by Energy Dispersive X-ray spectroscopy (EDS) analysis in the SEM. In
addition, reflections characteristic of calcium phosphate-containing phases were identified in
the 26° and 31–34° 2θ regions of both samples by X-ray diffraction (XRD; Fig. 1E). Thus,
our electrodeposited CaP chips are compositionally and morphologically similar to typical
calcium phosphate adjuvants.35–37

In the E. coli FliTrx cell surface display system,38 random dodecapeptides are displayed as
disulfide-constrained loops within the active site of E. coli Thioredoxin 1 (TrxA) which is
itself inserted within the major flagellar protein FliC. We used FliTrx biopanning to isolate
CaP-binding peptides on both annealed and non-annealed substrates. Because there are
multiple solutions to the problem of inorganic binding,21 sequences obtained after
biopanning did not converge towards a consensus. We arbitrarily chose a subset of 6
sequences exhibiting a broad range of pIs and hydrophilicities for further work with the
expectation that some of them would function as efficient CaP mineralizers. Three of these
CaP-binding peptides (PN series) were isolated using the non-annealed chip, while the
others (PA series) were selected on the annealed substrate (Table 1).

Protein-Aided Mineralization of CaP Nanoparticles
An accurate comparison of the mineralizing ability of the above CaP binders would ideally
require that they exhibit the same solubility (which is generally not true of short
hydrophobic peptides such as those listed in Table 1) and that they are displayed within the
same structural context. To address this issue, we constructed a series of E. coli TrxA
derivatives in which the authentic cysteine-glycine-proline-cysteine (CGPC) active site
sequence was replaced by one of the CaP-binding dodecamers in Table 1 flanked by
invariant Cys-Gly-Pro (CGP) and Gly-Pro-Cys tripeptides (GPC). The resulting proteins,
which are monomeric and range in molecular mass from 12.87 to 13.14-kDa, were
expressed at about 35% of the total cellular protein and in a mostly soluble form using T7
driven transcription (Fig. 2, lanes 1–3). Because TrxA exhibits high thermostability,39 it was
possible to achieve 80% purification by heating crude cell extracts at 80°C for 10 min and
removing aggregated host proteins by centrifugation (Fig. 2, lanes 4–5). High purity material
(≈ 99%) could then be recovered in a single ion exchange chromatography step (Fig. 2, lane
6).

Because calcium phosphate does not exhibit useful optical absorption or emission
properties, we screened CaP-binding TrxA derivatives for their ability to mediate
nanoparticle formation using dynamic light scattering (DLS), a technique that provides
information on the hydrodynamic diameter of colloids in suspension. We dedicated
significant effort at optimizing the synthesis step, testing different calcium and phosphate
salts, pH, protein concentrations, mixing regimes, temperatures and aging times, eventually
settling on the protocol described in section 2.4. Experiments conducted in the absence of
protein or with wild type TrxA gave rise to the precipitation of large polydisperse species
(Fig. 3A–B). However, among the six proteins tested, three (TrxA::PN21, TrxA::PN38 and
TrxA::PA44) proved suitable for the reproducible production of sub-100 nm CaP particles.
Of note, TrxA::PA01 was ineffective in mediating nanoparticle formation in spite of the fact
that the PA01 sequence was isolated multiple times on both annealed and non-annealed
chips. Thus, there is no correlation between promiscuous binding and nanoparticle synthesis
ability.
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Hydrodynamic diameters determined by DLS were 70 ± 20 nm in the case of TrxA::PN21
and TrxA::PN38, and 60 ± 20 nm for TrxA::PA44. The colloids were clear and stable for at
least 3 weeks of storage at 4°C, indicating the presence of a capping protein shell. TEM
imaging of TrxA-PA44-mineralized samples (Fig. 3A–B) confirmed the presence of roughly
spherical species that had an average diameter of 25 ± 5 nm (n = 110). The discrepancy with
diameters obtained by DLS is likely due to the difficulty in obtaining good contrast when
imaging CaP by TEM, and to the fact that hydrated particles are bounded by a protein shell
that adds to their size. Based on the lack of observable particle faceting and the fact that
selected area electron diffraction (SAED) patterns were diffused and lacked distinct rings or
spots (Fig. 3C), it is likely that the templated material is amorphous calcium phosphate
(ACP; Ca9(PO4)6), a non-crystalline phase of calcium phosphate that is the initial solid
precipitating from supersaturated solutions.40

Controlling Particle Size: Influence of the Disulfide Bond
CaP binding sequences are displayed within a disulfide-bonded loop both during the initial
FliTrx screen and following transfer to the soluble TrxA scaffold. This conformational
context has been shown to influence the adhesion of certain solid binding peptides to their
cognate inorganics,41–44 but how it impacts materialization remains unclear. In order to
explore this issue, we use site-directed mutagenesis to convert the first cysteine residue of
TrxA::PA44 to serine, and conducted side by side mineralization experiments with no
protein, wild type TrxA, TrxA::PA44 and the TrxA::PA44C32S mutant. Samples were
transferred to silicon oxide substrates, coated with a 7-to-10 nm layer of gold-palladium and
imaged by SEM.

In agreement with DLS data and consistent with the low solubility product of calcium
phosphate, precipitation in the absence of additive gave rise to heterogeneous populations
enriched in micrometer size particles (Fig. 4A) while mineralization in the presence of wild
type TrxA led to the formation of aggregates consisting of interconnected nodules extending
over large dimensions (Fig. 4B). As expected from TEM imaging (Fig. 3), and in sharp
contrast with the above, samples prepared in the presence of TrxA::PA44 were populated by
discrete and mostly spherical particles whose mean size (70 ± 15 nm; n = 44) was within the
expected range when taking into account the thickness of the Au/Pd coating. Remarkably,
altering the conformation of the PA44 peptide by elimination of the disulfide bond led to a
net reduction in the number of particles and a concomitant 3-fold increase in average
diameter as determined by analysis of SEM images (170 ± 30 nm, n = 55) and confirmed by
DLS measurements (210 ± 50 nm). Similar results were obtained when the same cysteine to
serine substitution was introduced into TrxA::PN21. We conclude that the conformational
context plays an important role in determining the affinity and/or capping ability of several
of our binders, a feature that can be exploited for manufacturing core-shell particles of
different sizes.

Immunogenicity
Conjugates between nanoparticles and antigenic molecules hold potential for effective
vaccination owing to the fact that particles of diameter below 100 nm drain to the lymph
nodes where the probability of encountering immature DCs increases.6, 7 We therefore used
TrxA::PA44 to synthesize CaP nanoparticles as above, except that depyrogenated glassware
and endotoxin-free water were used in all steps and that the solution was filtered through a
sterile 0.2 µm membrane to eliminate large particulate contaminants. Groups of five C57BL/
6 mice were injected subcutaneously with the nanoparticle formulation (8 µg total protein
load) or with the same amount of soluble TrxA::PA44 supplemented with enough of the
commercial adjuvant AdjuPhos so that the Al3+ concentration would equal that of Ca2+ in
the nanoparticulate formulation. After 9 days, anti-TrxA titers were slightly higher in the
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serum of nanoparticle-treated animals relative to control mice (Fig. 5). However, whereas
antibody levels remained constant over time in the control group, they were more than 3-
times higher in mice vaccinated with the nanoparticle formulation 21-days post challenge.

DISCUSSION
We have isolated disulfide-constrained dodecapeptides suitable for the synthesis of stable
sub-100 nm nanoparticles consisting of an ACP core stabilized by a protein shell. The three
sequences supporting nanoparticle formation (PA44, PN21 and PN38; Table 1) contained at
least two, and up to four negatively charged aspartates (D) and/or glutamates (E).
Enrichment in these acidic amino acids was not unexpected since they have high affinity for
Ca2+ ions and are found at high proportions and local densities among proteins involved in
biological apatite formation.18,19 In contrast, the three CaP binders that failed to yield stable
nanoparticles (PN52, PA01 and PA93) all contained three or more basic residues and carried
a net positive charge under our synthesis conditions (pH 7.5). Remarkably, hydroxyapatite-
binders identified by others through bacteriophage display (Table 1) were also enriched in
histidines (H), arginines (R), and lysines (K). Two of these peptides were tested for CaP
mineralization, albeit under different conditions compared to the present study and to each
other. In a synthetic form, peptide HABP1 caused the formation ofoctacalcium phosphate
(OCP; Ca8H2(PO4)6•5H2O) crystals that projected from a central core and were 400 to 800
nm in width and several µm in length.45 Synthetic CLP12 promoted the mineralization of
µm-sized hydroxyapatite plates made up of randomly oriented ≈ 20 nm nanocrystals.46 It is
therefore clear that acidic amino acids are not absolutely required for a peptide to either bind
CaP or to template the mineralization of thermodynamically stable calcium phosphate
polymorphs (e.g., HA and OCP). However, our results suggest that aspartic and glutamic
acid are important for capping and stabilizing nanoscale clusters of ACP, which should be
the first CaP phase to precipitate out of solution.40 Considering that ACP can convert to
more energetically favorable phases such as OCP and biological apatites,47 it is tempting to
hypothesize that transient sequestration of ACP nanoparticles could be one of the
mechanisms by which acidic bone and enamel-associated proteins regulate
biomineralization. This process would be a useful complement to face-specific adsorption
mechanisms20 in preventing runaway crystal growth.

The phage and cell surface display libraries that are typically used to pan for solid binding
peptides (SBPs) can yield linear or disulfide-bonded sequences.21 In traditional applications
(e.g., epitope mapping and identification of protein interaction domains), disulfide-bonded
peptides are generally more efficient binders because they exhibit a low degree of
conformational freedom and make stable contacts with protein targets. In solid binding,
however, the impact of conformational flexibility is less clear. For instance, we previously
reported that presentation in a disulfide-constrained loop is critical for a cuprous oxide
binding peptide to adhere to this material.42 Similarly, a disulfide-bonded conformation
increased the affinity of both a platinum-and a gold-binding peptide for Pt and Au surfaces
(respectively) relative to the corresponding linear conformations.43, 44 By contrast,
presentation in a loop had no effect on the adsorption behavior of a different gold binder43

and decreased the affinity of a TiO2/SiO2 binding peptide for these oxides.41 PA44 and
PN21 likely belong to the former category of solid binders since a lower affinity of
TrxA::PA44C32S (and TrxA::PN21C32S) for CaP, paired with the rapid kinetics of ACP
formation,47 would manifest itself by the growth of larger particles before protein capping
occurs. From a practical standpoint, the ability to manipulate particle size via a single
mutation in the CaP binding sequence should prove useful for tethering different loads of
protein/antigen on the nanoparticle surface.
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The observation that nanoparticles smaller than 100 nm in diameter preferentially
accumulate in the lymph nodes where they encounter a high concentration of immature DCs
has been exploited to design synthetic nanovaccines that are more efficient at triggering
adaptive immunity.6, 48–50 The TrxA::PA44-mineralized particles described herein are in the
proper size range for effective diffusion into the lymphatic system and comprise a CaP core
that may serve as a “danger signal” to activate DC maturation. As a preliminary test of our
design, we vaccinated mice with TrxA::PA44 that was either in a nanoparticle-bound
formulation or supplemented with the commercial adjuvant AdjuPhos. We found that
although anti-TrxA levels were comparable in the two cohorts 9 days post-injection, there
was three times more anti-TrxA in the serum of animals vaccinated with nanoparticles
compared to the control group (p < 0.05) after 3 weeks. We are aware that absolute antibody
titers were low, which is likely due to the fact that E. coli TrxA is 30% identical to mouse
TrxA and a poor immunogen. Nevertheless, our results suggest that direct mineralization of
antigen shell CaP core nanoparticles might be a simple and cost-effective route for
nanovaccine manufacturing. We are currently exploring this concept further using
TrxA::PA44-Ovalbumin fusion proteins.

CONCLUSIONS
We have identified CaP-binding dodecapeptides that are acidic and suitable for the synthesis
of calcium phosphate core protein shell nanoparticles. The hydrodynamic diameter of these
hybrid structures can be varied from about 60 nm to approximately 200 nm by eliminating
the disulfide bond holding the CaP binding sequence in a constrained loop. Considering that
the nanoparticle formulation enhances TrxA immunogenicity and because TrxA fusions are
easy to construct and purify, such inorganic core protein shell architectures might prove
useful for adjuvanted antigen delivery to DCs.

Abbreviations

ACP amorphous carbon phosphate

CaP calcium phosphate

TrxA E. coli thioredoxin 1

ACP amorphous calcium phosphate

DC dendritic cell

HA hydroxyapatite

SBP solid binding peptides

OCP octacalcium phosphate
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Figure 1.
Characterization of CaP chips. Non-annelaed (A–B) and annealed samples (C–D) were
imaged by SEM at two different magnifications. Panel E shows XRD spectra for both
samples. Hydroxyapatite powder was used as a control. Reflections corresponding to CaP
phases and the underlying Ti substrate are labeled.
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Figure 2.
Purification of TrxA::PA44 by heat shock and ion exchange chromatography (IEC). Lanes:
M, markers; WC, whole cells; Sol and Ins: soluble and insoluble fractions before and after
10 min incubation at 80°C; IEC, ion exchange chromatography purification of heat-shocked
soluble fractions. The position of the molecular mass markers (lane M) are indicated in kDa
on the left of the gel which was silver-stained to reveal purified protein and contaminants.
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Figure 3.
TEM analysis of nanoparticles produced in the presence of TrxA::PA44. High (A) and low
resolution (B) TEM images show that the characteristic size and polydispersity of CaP
nanoparticles obtained under our experimental conditions. Selected area electron diffraction
(SAED) patterns (C) were diffuse with no distinguishable spots or rings, suggesting that the
mineral is amorphous calcium phosphate (ACP).
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Figure 4.
SEM imaging of CaP structures mineralized in the absence of protein (A), or in the presence
of wild type TrxA (B), TrxA::PA44 (C), and TrxA::PA44C32S. The inset of panels C and D
show higher resolution images.
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Figure 5.
Anti-TrxA IgG titers in the serum of C57BL/6 mice was measured by ELISA assay 9 and 21
days post-challenge with TrxA::PA44 and alum or TrxA::PA44-stabilized nanoparticles.
Titers for individual animal and cohort means (horizontal bars) are shown. Data are
corrected for pre-immune backgrounds. Confidence levels are 84.6% for 9 days data and
98.5% for 21 days data.
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