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Background
[PubMed]

The neural cell adhesion molecule (NCAM) is a cell surface glycoprotein that belongs to 
the immunoglobulin (Ig) super-family of cell adhesion molecules (CAMs) (1). One of its 
critical functions in embryogenesis, neural plasticity, tumor progression, and oncogenesis 
is to mediate cell–cell adhesion through homophilic NCAM binding (2). The extracellular 
part of NCAM consists of five Ig homology modules and two fibronectin type III (F3) 
modules (3). Evidence demonstrates that the homophilic interaction is mediated by a 
double reciprocal interaction between the IgI and IgII modules of two NCAM molecules 
(3). This homophilic NCAM–NCAM binding originates from a stretch of ~10 amino 
acids in the modules with a dissociation constant (Kd) of 55 μM (1, 4). Many short 
peptides have been synthesized to explore the mechanism of this homophilic binding. For 
instance, C3 peptide, which contains a sequence of 11 amino acids (Ala-Ser-Lys-Lys-Pro-
Lys-Arg-Asn-Ile-Lys-Ala (ASKKPKRNIKA)), is an NCAM IgI ligand selected from a 
combinatorial library of synthetic peptides (4). C3d is a C3 peptide dendrimer formed by 
coupling four C3 peptides to a lysine dendrimer. As a multimeric ligand, C3d has an 
increased potency for binding to the NCAM IgI module (Kd ~10 μM) compared to the 
monomer C3 peptide (4, 5). C3d can effectively disrupt NCAM-mediated cell adhesion, 
trigger intracellular signal cascades in vitro, and significantly modulate synaptic function 
in vivo (5).

[(Biotin-Ala-Ser-Lys-Lys-Pro-Lys-Arg-Asn-Ile-Lys-Ala)4-dendrimer]-streptavidin-
[biotin-gadolinium 1,4,7-tris(carboxymethyl)-10-(2’-hydroxypropyl)-1,4,7,10-
tetraazacyclododecane-loaded apoferritin] (C3d-SA-GdAF) is a magnetic resonance 
imaging (MRI) contrast agent used to image NCAM in vivo (6). C3d-SA-GdAF consists of 
three components, a biotinylated Gd-loaded apoferritin, a streptavidin, and a biotinylated 
C3d dendrimer (C3d-Bio). Streptavidin is tetrameric protein (molecular mass, 53 kDa) 
secreted from streptomyces bacteria and can provide four tightly noncovalent binding 
sites to biotin (molecular mass, 244 Da) with an extraordinarily high binding affinity (Kd 
≈ 10-15–10-16 M) (7). The bond formed between streptavidin and biotin is a rapid, 
irreversible process that is unaffected by most extremes of pH, organic solvents, and 
denaturing reagents (8). Because only the bicyclic ring of biotin is recognized by the 
streptavidin, the carboxyl group in the biotin side chain is modified chemically to obtain 
reactive biotinyl derivatives (9). Proteins are generally biotinylated via amino groups by 
using an N-hydroxysuccinimide ester (NHS-ester) of a biotin analog. The steric hindrance 
between the biotin and the protein is normally reduced by adding an extra spacer arm, as 
found in the biotinyl agent NHS-LC-biotin (10). In C3d-SA-GdAF, both the peptide C3d 
(as a ligand of NCAM) and the Gd-loaded apoferritin (as a MRI contrast enhancer) are 
biotinylated. Streptavidin serves as a linker between the two biotinylated molecules to 
generate a NCAM-specific MRI contrast agent (6).

The Gd-loaded apoferritin is obtained by the entrapment of small Gd chelates inside an 
apoferritin molecule (11). Gd-1,4,7-Tris(carboxymethyl)-10-2(2’-
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hydroxypropyl)-1,4,7,10-tetraazacyclododecane (HPDO3A) is a neutral, highly 
hydrophilic contrast agent for clinical MRI. The coordination cage of Gd-HPDO3A is 
very tight (log kf = 23.8) over a fairly large pH range and contains one structural water (q 
= 1) (11, 12). Apoferritin is a spherical protein with a shell of 12.5 nm and an empty 
central cavity of 7–8 nm (13). There are 14 channels 3–4 Å in diameter that are formed at 
the intersections of 24 subunits. These channels connect the outside of the apoferritin 
with its interior and allow the external molecules to access the inner cavity (13). 
Molecules such as water or that have a diameter <7 Å can diffuse through the channels 
but not the Gd-HPDO3A chelates (11). Because apoferritin can be dissociated into 
subunits at low pH (2.0) and the subunits can be reconstituted back to the apoferritin at a 
high pH (8.5), Gd-HPDO3As are trapped in the apoferritin cavity via this dissociation/
reconstitution process (11, 13). Once trapped in the apoferritin cavity, Gd-HPDO3A 
exhibits a 20-fold increase in T1 relaxivity compared to the untrapped Gd-HPDO3A (11). 
This is the highest relaxivity reported thus far, and it has been attributed to the reduction 
in the effective rotational correlation time of the chelates and the strong dipolar 
interactions with the exchangeable protons on the protein surface in the proximity of 
paramagnetic chelates (11). The inner cavity of apoferritin possesses a large surface that 
can provide amplified dipolar interactions. In addition, as an endogenous protein, 
apoferritin causes no immune response and provides high stability for easy biotinylation 
of surface amino groups (6).

Synthesis
[PubMed]

C3d-SA-GdAF was obtained by mixing biotinylated Gd-loaded apoferritin, streptavidin, 
and biotinylated peptide dendrimer C3d (6). Aime et al. described the details of preparing 
Gd-loaded apoferritin (11). Apoferritin at a concentration of 0.01 mM was dissociated 
into 24 subunits by lowering the pH to 2 and maintaining for 15 min. Then 0.1 M Gd-
HPDO3A was added to the protein solution and the pH was adjusted to 7.4. The resulting 
solution was stirred at room temperature for ~2 h to allow for sufficient entrapment of Gd 
chelates. Then the solution was dialyzed to remove the untrapped Gd-HPDO3A. Crich et 
al. reported the details of the biotinylation step (6). The biotinylation of Gd-loaded 
apoferritin was accomplished with the use of [N-(+)-biotinyl-6-aminocaproic acid N-
succinimidyl ester (NHS-LC-biotin) according to standard protein modification 
protocols. Each apoferritin contained 5 ± 1 biotin residues as determined with the 2-(4’-
hydroxyazobenzene) benzoic acid (HABA) colorimetric assay, as well as 8–10 molecules 
of Gd-HPDO3A as determined by inductively coupled plasma–mass spectrometer (ICP-
MS). Crich et al. also detailed the synthesis of C3d-Bio (6). The peptide dendrimer C3d 
was obtained by standard Fmoc strategy with an Fmoc-Lys(Fmoc)-OH core and an Fmoc-
PAL-PEG-PS resin. The biotinylation step was completed in solid phase using D-biotin 
and N,N,N',N'-tetramethyl-O-(7-azabenzotriazol-1-yl)uronium hexafluorophosphate 
(HTAU)/N,N-diisopropylethylamine (DIPEA). The final product, C3d-Bio, was obtained 
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with 60% yield. Four biotin residues per C3d dendrimeric peptide were found with HABA 
colorimetric assay.

In Vitro Studies: Testing in Cells and Tissues
[PubMed]

The in vitro binding experiments for C3d-Bio were tested in tumor-derived endothelial 
cells (TEC), which is a NCAM-positive cell line (2). The C3d-Bio demonstrated a dose-
dependent binding specificity on the basis of cytofluorimetric analysis of phycoerythrin 
(PE)-conjugated streptavidin. The in vitro binding experiments for C3d-SA-GdAF were 
conducted in TEC again (6). C3d-Bio peptide, streptavidin, and Gd-loaded apoferritin 
were sequentially added to TEC at a molar ratio of 20:1:1 at 20°C, with a 20-min time 
interval between the addition of each component. The amount of Gd bound to cells was 
measured by ICP-MS. The T1 relaxivity was found to be ~70 ± 10 mM-1•s-1 at 0.47 T and 
25°C. In comparison, the T1 relaxivity for Gd-HPDO3A was 3.7 ± 0.1 mM-1•s-1. The Gd-
loaded apoferritin exhibited a relaxivity hump at ~35 MHz in its T1 nuclear magnetic 
resonance dispersion (NMRD) profile, demonstrating slow tumbling of the Gd chelates. 
For the Gd-loaded apoferritin-bound TEC, the T1 relaxivity appeared to have the same 
bell shape as the unbound apoferritin in the NMRD profile. MR images of the Gd-loaded 
apoferritin-bound TEC were acquired with a 7-T imager, which appeared to be 
hyperintense compared to control cells.

Animal Studies

Rodents
[PubMed]

The in vivo study was conducted in severe combined immunodeficient (SCID) mice with 
implanted TEC (6). First, 20 μmol/kg C3d-Bio was injected; 45 min later, 1 μmol/kg 
streptavidin and 1 μmol/kg Gd-loaded apoferritin were injected together. Each 
streptavidin molecule had three binding sites available for binding the biotin resides of 
C3d-Bio. Six days after implantation, T1-weighted images were collected with a 7-T 
imager before and 10.0 min, 5 h, 24 h, and 48 h after the contrast administration. Signal 
intensity (SI) enhancement was found to be ≥30% in the tumor after 5 h, and this 
decreased to 20% after 24 h. The SI enhancements in the liver, kidneys, and muscle were 
85%, 30%, and 3%, respectively, after 5 h, indicating that the Gd complex remained inside 
the apoferritin cavity. The modified apoferritin was absorbed by the hepatocytes as the 
native protein and followed the protein elimination pathways through the liver uptake. In 
comparison, Gd-HPDO3A was excreted only through the kidneys. The in vivo binding of 
C3d-SA-GdAF at TEC-neoformed vessels was confirmed by immunofluorescence 
imaging after in vivo administration of fluorescein isothiocyanate (FITC)-labeled C3d-
SA-GdAF.
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Other Non-Primate Mammals
[PubMed]

No publication is currently available.

Non-Human Primates
[PubMed]

No publication is currently available.

Human Studies
[PubMed]

No publication is currently available.
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