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Affinity targeting is used to deliver nanoparticles to cells
and tissues. For efficient targeting, it is critical to consider
the expression and accessibility of the relevant recep-
tors in the target cells. Here, we describe isotopically
barcoded silver nanoparticles (AgNPs) as a tool for audit-
ing affinity ligand receptors in cells. Tumor penetrating
peptide RPARPAR (receptor: NRP-1) and tumor homing
peptide GKRK (receptor: p32) were used as affinity ligands
on the AgNPs. The binding and uptake of the peptide-
functionalized AgNPs by cultured PPC-1 prostate cancer
and M21 melanoma cells was dependent on the cell surface
expression of the cognate peptide receptors. Barcoded
peptide-functionalized AgNPs were synthesized from silver
and palladium isotopes. The cells were incubated with
a cocktail of the barcoded nanoparticles [RPARPAR (R),
GKRK (K), and control], and cellular binding and inter-
nalization of each type of nanoparticle was assessed by
inductively coupled plasma mass spectrometry. The results
of isotopic analysis were in agreement with data obtained
using optical methods. Using ratiometric measurements,
we were able to classify the PPC-1 cell line as mainly
NRP-1-positive, with 75 + 5% R-AgNP uptake, and the
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M21 cell line as only p32-positive, with 89 + 9% K-AgNP
uptake. The isotopically barcoded multiplexed AgNPs are
useful as an in vitro ratiometric phenotyping tool and have
potential uses in functional evaluation of the expression of
accessible homing peptide receptors in vivo.

1 Introduction

Nanoparticles (NPs) are widely used as cancer drug delivery ve-
hicles to increase drug efficacy and decrease off-target effects 1=%.
NPs can be rendered tumor-selective by active targeting with
affinity ligands, such as antibodies and homing peptides>®. Tu-
mor homing peptides identified using in vivo phage display are
particularly well suited for the targeting of NPs, because the
phage particles used to display exogenous peptides during the
screening are biological nanoparticles and because multivalent
presentation on NPs augments target binding through an avidity
("velcro") effect. Recently, we used in vivo phage display to iden-
tify a novel class of tumor targeting peptides that extravasate and
penetrate into tumor parenchyma using a C-terminal R/KXXR/K
sequence ("C-end Rule" or CendR motif)7®. The CendR mo-
tif binds to cell surface neuropilin-1 (NRP-1), a cell surface
pleiotropic hub receptor with essential roles in vascular biology
that is overexpressed in angiogenic endothelial cells, tumor cells,
9. Many cultured cancer cells, such
as PC-3 and PPC-1 prostate cancer cells”-19, overexpress NRP-1.
RPARPAR is a prototypic CendR peptide that binds to and inter-
nalizes into cells that express NRP-17. Another tumor homing
peptide identified by in vivo phage display, CGKRK, homes to tu-
mors by a mechanism that involves p32 protein — a mitochondrial
chaperone that is aberrantly expressed at the cell surface in acti-
vated cells such as tumor blood and lymphatic endothelial cells,
tumor cells, and tumor macrophages''~13. High p32 expres-
sion correlates with poor prognosis in prostate cancer patients 4.
CGKRK has been used to deliver compounds to transgenic squa-

and cells in tumor stroma
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mous cell carcinoma (K14-HPV16) lesions, and to glioblastoma
and breast cancer xenografts in mice 11:1%15,

Recently, we developed a silver nanoparticle (AgNP) platform
for cell internalization and tissue penetration studies'®. 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 particles 1°.

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

AgNO; wt (Sigma-Aldrich #209139); AgNO; 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); PA(NOs), (Aldrich
#76070 ); NeutrAvidin (Thermo Scientific #31055); Lipoic acid-
PEG(1k)-NHS (Nanocs #PG2-AMLA-1k); CF555-NHS dye (Bi-
otium #92130); HNO, (Fluka #84385); HCl (Fluka #84415);
NH,OH (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
method !7-18. In the dark, 50.4 mg of AgNO, was dissolved in 1
mL of Milli-Q water (MQ, resistivity 18 MQ-cm) and added to a
piranha-cleaned (H,SO, and H,0, 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 AgNO5 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 AgNO; and 0.8 mg of Pd(NO;), were dissolved in
water and mixed, then added to the reaction vessel.

AgNP Functionalization

The particles were functionalized, as previously described 1, with
NeutrAvidins (NA) for biotinylated-peptide conjugation, and with
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Lipoic acid-polyethylene glycol(1k)-NH, (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-NH, (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 NaNOj, 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 described”. 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 NacCl, 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 ug/mL. The coverslips
were mounted onto glass slides with Fluoromount-G (Electron
Microscopy Sciences) imaged using a Zeiss LSM710 confocal mi-
croscope.

This journal is © The Royal Society of Chemistry [year]
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Flow Cytometry

For flow cytometry experiments, AgNPs were labeled with the flu-
orescent dye CF555. The AgNPs were tested individually for bind-
ing against two cancer cell lines: PPC-1 and M21. After AgNP
incubation, the AgNP containing medium was aspirated, the cells
were washed with PBS, and dissociated from the culture dish with
non-enzymatic Cell Dissociation Buffer (Gibco), transferred to 1.5
mL tubes, centrifuged, and suspended in 300 uL of PBS for anal-
ysis. The cells were analyzed for AgNP uptake with a BD Accuri
flow cytometer by monitoring the 555 channel: FL2.

Etching

Etching solution was prepared fresh before each use from 0.2 M
stock solutions of Na,S,0; and K;Fe(CN), stored in the dark.
A working solution, 10 mM in each component diluted in PBS,
was applied to cells for five minutes followed by PBS washes.
Warning! Do not dissolve K3Fe(CN), in concentrated acid solutions,
as toxic HCN gas can be produced.

ICP-MS experiments

Three atomically distinct particles: 107Ag, 109Ag, wtAg-Pd were
used. After cell incubation with AgNPs, the medium was aspi-
rated, cells washed with either PBS or etch solution, dissociated
using non-enzymatic Cell Dissociation Buffer (Gibco), suspended
and transferred to 1.5 mL tubes. The cells were spun down, aspi-
rated, and then disrupted with 100 uL of 2% SDS solution. The
samples were sonicated and transferred to glass vials and then
treated with TraceSelect grade chemicals: 53 pL of HNO, and
160 pL of HCl to dissolve the AgNPs, slowly neutralized with 933
uL NH,OH, diluted with MQ water and 0.22 um filtered. The
samples were analyzed using an Agilent 8800 QQQ ICP-MS.

Quantitation of the barcoded AgNPs

The quantity of wtAg-Pd particles was calculated based on mea-
surement of the 105 isotope of Pd, and using that quantity to
determine b-AgNPs’ contribution to the 107Ag and 109Ag signals
(brackets indicate concentration of analyte in ng/g):

[107]pioin = 51.3  [Pd] (1)

[109]pioin = 47.7  [Pd] 2)

Total biotin = [Pd] 4 [107]piosin + [109]pierin = 100% [Pd]  (3)
Total RPARPAR = [107];0ra1 — [107] piotin (4

Total SGKRK = [109];0ra7 — [109]piorin (5)

There is about 50x less palladium than of either of the two sil-
ver isotopes, therefore its detection by ICP-MS is less sensitive.
This in itself may not be a problem because ICP-MS has a very
good detection limit (as low as 10 pg/g for Ag and Pd); however,
any error in the Pd measurement will be magnified 100-fold by
the above calculations. Silver has only two stable isotopes and
we used Pd-doped particles to allow multiplexing. The downside
of particle doping is that it leads to an overlap in isotope signals
which must later be deconvoluted. One way to avoid overlap-

This journal is © The Royal Society of Chemistry [year]
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Fig. 1 Multiplexed ratiometric AGNP test system. The triplex system
shown here is based on two targeting peptides: RPARPAR and SGKRK,
and two biological targets: NRP-1 and p32. M21 cells express cell
surface p32, whereas PPC-1 cells express both p32 and NRP-1 on the
cell surface. Control biotin-AgNPs do not bind to either cell line and
serve as a negative control. When an input of three different AQNPs is
applied to the cells, their cell binding and uptake pattern will correlate
with accessible cell surface receptor expression.

Target 2

ping isotope signals would be to make all three, or more, par-
ticles doped with one of the six stable isotopes of Pd19. These
doped particles would produce equally sensitive, yet distinguish-
able Pd signals with no overlap and no need for deconvolution
calculations. In addition, duplex barcoding with just 107Ag and
109Ag, with one type of AgNP acting as an internal reference, pro-
vides a robust homing peptide evaluation and target phenotyping
tool. This system can be deployed to assess the effect of hom-
ing peptide functionalization both in vitro for AgNP binding and
internalization studies, and in vivo for biodistribution and phar-
macokinetics analyses. Isotopically barcoded neutravidin AgNPs
can be readily functionalized with biotinylated-peptides for audi-
tioning of candidate peptides.

3 Results and Discussion

Our goal was to establish an isotopically-barcoded AgNP-based
system for receptor phenotyping of cells using homing peptides
(Figure 1). We used a modified citrate method to synthesize
isotopically-barcoded AgNPs with a particle size of 24 + 5 nm
(Supp. Figure 1) 1718, For multiplexing, AgNPs were synthesized
from >99% pure silver isotopes (107Ag or 109Ag), or from natu-
rally occurring wild-type silver (wtAg), made up of 51.8% 107Ag
and 48.2% 109Ag isotopes ', with 1% Pd (wtAg-Pd). Each of the
AgNP core types was neutravidin-coated and PEGylated, followed
by functionalization with biotinylated peptides RPARPAR-OH (R)
or SGKRK-NH2 (K), or biotin (B) as a negative control. SGKRK
was used rather than CGKRK because replacing the cysteine with
a serine avoids potential peptide-dimer formation. Cysteine is not
required for the functionality of the peptide on nanoparticles 1.
The binding profile of wild-type R-AgNPs was evaluated by
studying interaction with immobilized NRP-1 b1b2 and p32 re-
combinant proteins (Figure 2). As expected, R-AgNPs bound to
wild-type NRP-1 b1b2 domain protein, but not to b1b2 protein
with a mutated CendR binding pocket?, or to p32 protein. K-
AgNPs bound to immobilized p32, the main cellular receptor for

Journal Name, [year], [vol.], 1-6 |3
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Fig. 2 Binding of peptide particles to receptor proteins. (A) R-AgNPs
bind to immobilized NRP1-b1b2 domain but not to NRP1-b1b2 protein
with mutated CendR binding pocket” or to p32 protein; K-AgNPs bind to
p32 and not to wt or mutant NRP1-b1b2. Data represent mean values +
SD (n=3}); *** p < 0.001 by Student’s i-test. (B) Representative raw data
from UV-vis spectroscopy for R-AgNPs. AgNPs were eluted from
protein-loaded Ni-NTA magnetic beads with 0.4 M imidazole-containing
buffer and the UV-vis spectrum of the eluate was measured. The
absorbance spectrum seen for NRP-1 binding is due to R-AgNPs; the
peak absorbance was taken for calculations.

the CGKRK peptide 2, but not to b1b2. Control B-AgNPs did not
bind to either target protein (results not shown).

We next tested cellular binding and internalization of individ-
ual AgNPs using two cancer cell lines: PPC-1 prostate carcinoma
cells, which express high levels of NRP-1 and some p32, and M21
melanoma cells, which express p32 and are negative for NRP-1 ex-
pression (Supp. Figure 2). To facilitate detection by flow cytome-
try and fluorescence microscopy we labeled the neutravidin AgNP
coating with CF555 fluorescent dye prior to loading of biotin or
biotin peptides. Binding assays using flow cytometry showed that
R-AgNPs were bound and taken up by NRP-1-positive PPC-1 cells,
but not by the NRP-1-negative M21 cells (Figure 3A). The PPC-1
and M21 cells in a mixed culture could be phenotypically read-
ily distinguished based on their AgNP uptake pattern: R-AgNPs
co-localized with NRP-1 on the surface and in endocytic vesicles
of PPC-1 cells, whereas M21 cells remained negative (Figure 3B).
In contrast, both cell lines bound K-AgNPs in agreement with the
fact that both express p32. Control B-AgNPs showed only back-
ground binding in both cells lines. These results show that AgNP
tropism could be accurately directed by attaching targeting pep-
tides to the NP surface.

Next, we studied isotopically barcoded AgNPs, doped with pal-
ladium or made from different isotopes of silver. To establish
a baseline for the ICP-MS-based cellular uptake assay, we stud-
ied cellular binding and internalization of our three isotopically-
tagged types of AgNPs, functionalized with RPARPAR peptide.
Each of the R-AgNPs bound efficiently to PPC-1 cells, and ICP-
MS could correctly identify the expected Ag isotopes and Pd dop-
ing (Figure 4A). The specificity of the R-AgNPs was demonstrated
by their limited binding to M21 cells. These data show that the
core type has negligible effect on the functionality of the peptide-
AgNPs. Removal of cell surface-bound NPs by etching resulted in
decreased ICP-MS signal . For example, in PPC-1 cells incubated
with R-107AgNPs, the etched 107Ag signal was 25.7 + 1.5 ng/g

4| Journal Name, [year], [vol.],1-6

versus 61.0 + 5.6 ng/g for non-etched cells.

To assess the multiplexing potential of AgNPs, cells were in-
cubated with a cocktail of R-AgNPs, K-AgNPs, and B-AgNPs and
internalization of each type of nanoparticle was quantified. Extra-
cellular and non-specifically bound AgNPs were removed by etch-
ing and washing (see Methods). ICP-MS analysis showed that,
PPC-1 cells contained 75 + 5% R-AgNPs and 25 + 2% K-AgNPs
(Figure 4B). In M21 cells the ratio was reversed; they contained
11 + 1% R-AgNPs and 89 + 9% K-AgNPs (Figure 4B). The prefer-
ential uptake of R-AgNPs by PPC-1 cells rather than M21 cells was
highly significant: 18.3 + 1.2 ng/g vs. 1.3 + 0.2 ng/g, p <0.001.
Conversely M21 cells took up more K-AgNPs (10.6 + 1.1 ng/g)
than PPC-1 cells (6.2 + 0.4 ng/g), p <0.01. Of note, K-AgNP
uptake by PPC-1 cells was elevated when these AgNPs were ap-
plied to the cells together with R-AgNPs as compared to K-AgNPs
applied alone. Also, there was a modest increase in R-AgNP up-
take in M21 cells when these NPs were administered together
with K-AgNPs (Supp. Figure 3). This may be due to a bystander

effect 12:20,

B-wtAg-Pd particles are 1% Pd and contain 107Ag and 109Ag,
therefore contribution of the B-wtAg-Pd particles to the total
amount of Ag must be accounted for when deconvoluting the ICP-
MS signal (described in Methods). In the multiplexed ICP-MS in-
ternalization assay, the Pd quantity was below the detection limit
of 10 pg/g, indicating a low level of B-AgNP uptake. The limited
binding of the control particles was also seen for individually-
administered B-wtAg-Pd particles (Supp. Figure 4). The back-
ground level of binding that can be expected for the biotin con-
trol particles was reduced to the detection limit for Pd by etching
of the extracellular AgNPs. This result was expected based on
microscopy and flow cytometry data (Figure 3) and suggests low
background binding for non-targeted AgNPs.

4 Conclusions

We have built an AgNP-based ratiometric system for homing pep-
tide specificity and validation studies. Homing peptides and other
affinity ligands are increasingly used for targeted delivery of var-
ious therapeutic, imaging, and theranostic nanoparticle payloads
to tumors. The ultrasensitive ICP-MS-based ratiometric pheno-
typing system developed here can be potentially useful for in vivo
tumor profiling to identify affinity ligands that are best suited for
a precision-guided payload delivery to a given tumor.
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cell lines score positive for binding of K-AgNPs 7 + 1% positive for M21 and 8 + 1% for PPC-1 cells (n=3). B) Confocal microscopy pictures of M21
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absence of NRP-1 in M21 cells. AgNPs were labeled with CF555 fluorescent dye. Note cellular uptake of R-AgNPs in NRP-1-positive PPC-1 cells and
binding of both PPC-1 and M21 cells by K-AgNPs. Scale bar = 50 um.
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