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mous cell carcinoma (K14-HPV16) lesions, and to glioblastoma

and breast cancer xenografts in mice11,12,15.

Recently, we developed a silver nanoparticle (AgNP) platform

for cell internalization and tissue penetration studies16. The

AgNPs can be functionalized with tumor homing peptides and

other affinity ligands for in vitro and for in vivo targeting. Ag-

NPs surface-labeled with a fluorophore are very bright because

the NPs greatly enhance the fluorescence intensity due to plas-

monic effect. Moreover, extracellular AgNPs can be "etched," or

dissolved, using a mild biocompatible solution to differentiate be-

tween internalized and surface-bound exposed particles16.

Here we present advancement to the AgNP platform: isotopic

multiplexing. We show that a cocktail of isotopically-tagged Ag-

NPs, each conjugated with a different homing peptide, can be

used in multiplex to map the expression status of more than one

homing peptide receptor simultaneously. Applied to an in vivo

situation, this ratiometric phenotyping system will allow quanti-

tative and internally controlled evaluation of accessible homing

peptide receptor expression in target tissues.

2 Methods

Materials

AgNO3 wt (Sigma-Aldrich #209139); AgNO3 107Ag and 109Ag

>99% pure isotopes (Isoflex); sodium citrate tribasic dihy-

drate (Sigma-Aldrich #S4641); tannic acid (Sigma-Aldrich

#403040); D-biotin (Sigma-Aldrich #B4501); Pd(NO3)2 (Aldrich

#76070 ); NeutrAvidin (Thermo Scientific #31055); Lipoic acid-

PEG(1k)-NHS (Nanocs #PG2-AMLA-1k); CF555-NHS dye (Bi-

otium #92130); HNO3 (Fluka #84385); HCl (Fluka #84415);

NH4OH (Fluka #09857); Peptides were synthesized in-house at

SBPMDI or ordered from TAG Copenhagen.

AgNP Synthesis

Particle synthesis was done by modified Lee and Meisel citrate

method17,18. In the dark, 50.4 mg of AgNO3 was dissolved in 1

mL of Milli-Q water (MQ, resistivity 18 MΩ-cm) and added to a

piranha-cleaned (H2SO4 and H2O2 cleaned; Caution: highly ox-

idizing acid solution) flask containing 500 mL of water already

heated to 65 ◦C. 1.2 mg of tannic acid was dissolved in 10 mL

of MQ and 200 mg of citrate tribasic dihydrate was added to the

solution. This mixture was added to the AgNO3 solution in the

reaction vessel. The mixture was vigorously stirred with a tem-

perature of approximately 70 ◦C. The reaction was allowed to

proceed for 3 min, at which point the solution turned yellow. The

flask was then transferred to a pre-heated hot-plate, brought to a

boil, and boiled for 20 min. Then the heat was turned off and the

flask was left to cool to room temperature. The boiled-off volume

of water was replaced with fresh MQ to bring back up to 500 mL.

For the 1% Pd particles the same procedure was followed except

49.9 mg of AgNO3 and 0.8 mg of Pd(NO3)2 were dissolved in

water and mixed, then added to the reaction vessel.

AgNP Functionalization

The particles were functionalized, as previously described16, with

NeutrAvidins (NA) for biotinylated-peptide conjugation, and with

Lipoic acid-polyethylene glycol(1k)-NH2 (PEG) molecules. The

PEG’s terminal amines were used for dye coupling using CF555-

N-hydroxysuccinimide-dye (NHS-dye). Three different particles

were made by attaching biotinylated peptides: biotin-X-RPARPAR

or biotin-X-SGKRK-NH2 (X = aminohexanoic acid), or by block-

ing the biotin binding pocket with free D-biotin. Centrifuging

at 21000 xg, decanting, and resuspension in fresh buffer (0.1 M

HEPES pH 7.2, 0.1 M NaNO3, 0.005% Tween 20) was used to

wash away excess peptide.

Protein binding

His-tagged NRP-1 b1b2 domain (wt and mutant) were expressed

and purified as described7. 6x-His-Tagged p32 was expressed

in Rosetta-gami-2 cells (Novagen). The protein was purified by

IMAC using HIS-select resin (Sigma) with an imidizole gradient

from 20–300 mM and eluted fractions were analyzed on analyti-

cal SDS-PAGE. Sedimentation velocity assay was used to confirm

the trimeric state of the recombinant p32 protein. AgNP binding

experiments to magnetic beads coated with recombinant proteins

were carried out with wtAgNPs. Ni-NTA magnetic agarose beads

(Qiagen) in Tris buffer (50 mM Tris pH 7.4, 150 mM NaCl, 0.05%

NP40, 5 mM imidazole) were loaded, as suggested by the manu-

facturer, with either the b1b2 binding domain of NRP1, with p32,

or with a b1b2 mutant, followed by multiple washes. NPs were in-

cubated for one hour with the protein loaded beads in Tris buffer

with 1% BSA at room temperature with gentle agitation, followed

by washes, and elution with high imidazole concentration buffer

(PBS, 400 mM imidazole, 150 mM NaCl, 1% BSA, 0.05% NP40).

The eluted samples were analyzed by UV-vis (NanoDrop 2000c,

Thermo Scientific). The spectrum and maximum absorbance at

400 nm were recorded for each sample.

Cell Experiments

M21 and PPC-1 cells were grown in DMEM high glucose medium

(PAA) with added serum, penicillin, and streptomycin (each from

Gibco). For experiments, the medium was aspirated, the cells

were washed twice with warm medium, and fresh medium was

added along with NPs at 0.2 nM. The cells were incubated with

NPs at 37 ◦C for one hour.

Microscopy

Microscopy experiments were carried out with wtAgNPs with

CF555 dye. After incubation with AgNPs the NP containing

medium was aspirated, the cells were washed, then fixed with

-20 ◦C methanol, and washed with PBS. The cells were blocked

(PBS, 1% BSA, 0.05% Tween-20) for 30 minutes at RT followed

by primary NRP-1 and p32 antibodies for one hour at RT. The

cells were washed and secondary antibodies (AF488-anti-mouse

and AF647-anti-rabbit) were applied for 30 minutes at RT in the

dark. Nuclei were stained with DAPI at 1 µg/mL. The coverslips

were mounted onto glass slides with Fluoromount-G (Electron

Microscopy Sciences) imaged using a Zeiss LSM710 confocal mi-

croscope.
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