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The in ViVo fate of nanomaterials strongly determines their biomedical efficacy. Accordingly, much effort has
been invested into the development of library screening methods to select targeting ligands for a diversity of sites
in ViVo. Still, broad application of chemical and biological screens to the in ViVo targeting of nanomaterials requires
ligand attachment chemistries that are generalizable, efficient, covalent, orthogonal to diverse biochemical libraries,
applicable under aqueous conditions, and stable in in ViVo environments. To date, the copper(I)-catalyzed Huisgen
1,3-dipolar cycloaddition or “click” reaction has shown considerable promise as a method for developing targeted
nanomaterials in Vitro. Here, we investigate the utility of “click” chemistry for the in ViVo targeting of inorganic
nanoparticles to tumors. We find that “click” chemistry allows cyclic LyP-1 targeting peptides to be specifically
linked to azido-nanoparticles and to direct their binding to p32-expressing tumor cells in Vitro. Moreover, “click”
nanoparticles are able to stably circulate for hours in ViVo following intravenous administration (>5 h circulation
time), extravasate into tumors, and penetrate the tumor interstitium to specifically bind p32-expressing cells in
tumors. In the future, in ViVo use of “click” nanomaterials should expedite the progression from ligand discovery
to in ViVo evaluation and diversify approaches toward multifunctional nanoparticle development.

INTRODUCTION

The ability to target nanomaterials to precise biological
locations would have wide-ranging impact in biology and
medicine. In living systems, highly controlled transportation
networks continually shuttle payloads to and from specific
molecular addresses. The efficiency of these systems provides
strong motivation for the advancement of targeted nanoparticle
technologies, particularly for the diagnosis and treatment of
human diseases. Toward this goal, high throughput strategies
for ligand discovery have generated a multitude of chemical
and biological motifs with the potential to direct nanomaterials
to specific biomolecular targets. However, translation of these
ligands toward in ViVo nanoparticle targeting has been limited
by the number of nanoparticle attachment methods that are
efficient, generalizable, aqueous compatible, chemically or-
thogonal to broad ranges of functional groups, and suitable for
in ViVo applications.

Previous work has demonstrated that in ViVo bacteriophage
display may be used to select for peptide sequences that mimic
the ability of endogenous shuttles to target vascular and
parenchymal tissue addresses (1–5). Already, linear peptide
candidates of phage screens, as well as small molecule targeting

candidates, have been translated toward nanomaterial target-
ing (6–9), primarily via use of exogenous or nonessential thiols,
carboxylic acids, or amines. Still, some of the most powerful
targeting motifs developed to date are those that contain essential
thiol, amine, and carboxyl groups, thereby prohibiting their
specific attachment via traditional methods. In particular, confor-
mationally constrained, disulfide-cyclized targeting peptides are
desirable for theirenhancedaffinity tobiological receptors (10,11),
and resistance to proteolytic degradation in ViVo relative to their
linear counterparts (12, 13). However, specific intramolecular
cyclization makes it difficult to add exogenous cysteine residues,
while essential amines and carboxyl groups prohibit selective
conjugation via exogenous lysine, aspartic acid, or glutamic acid
residues. Additionally, noncovalent methods of ligand attach-
ment relying on hydrophobic or electrostatic effects, although
widely used in Vitro (14–16), are unlikely to remain stable in
blood or to resist rapid clearance in ViVo. Recently, copper(I)-
catalyzed “click” chemistry has emerged as an extraordinarily
selective chemistry and an attractive solution in applications
where commonly used thiol-reactive (maleimide, 2-pyridyldithio,
iodoacetyl) or amine-reactive (NHS, epoxy, aldehyde, EDC)
chemistries are not suitable (17). In Vitro “click” chemistry has
been utilized to generate functionalized polymers, (18–20),
surfaces (21–23), and nanoparticles (24–32), and meets the
previously mentioned criteria for broad utility in nanoparticle
functionalization (chemical orthogonality, aqueous efficiency,
applicability for diverse substrates). However, the use of “click”
nanoparticles for in ViVo applications has not been investigated.
Particularly, as opposed to small molecule reagents with
circulation times on the order of minutes (8), ligand attachments
on long circulating nanomaterials must remain stable against
in ViVo degradation for hours while nanoparticles circulate
systemically and identify molecular targets.
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Here, we find that alkyne-azide “click” chemistry provides a
facile, single-step method for specifically linking the cyclic
tumor-targeting peptide LyP-1 (CGNKRTRGC (1, 33);), which
contains essential thiol and amine groups, to polymer-coated
magnetofluorescent nanoparticles. LyP-1 binds to p32, a mito-
chondrial proteins that is both overexpressed and aberrantly
localized at the cell surface of tumor cells, macrophages and
lymphatic endothelial cells in certain experimental tumors and
in human cancers (34, 35). We find that “click” LyP-1
nanoparticles are able stably traverse the systemic circulation,
extravasate into tumors, and penetrate the tumor interstitium to
specifically bind to receptors on p32-expressing cells in the
tumors. Together, these results provide strong motivation for
future use of “click” functionalization as a strategy for develop-
ing nanoparticles for in ViVo biomedical applications
(Scheme 1).

EXPERIMENTAL SECTION

Unless otherwise stated all reagents were purchased from
Sigma-Aldrich and all reactions were performed at room
temperature.

Iron Oxide Nanoparticle Synthesis. Cross-linked, amini-
nated, fluorescent, superparamagnetic iron oxide nanoparticles
were synthesized according to the published protocol (36, 37).
Briefly, dextran-coated iron oxide nanoparticles were synthe-
sized, purified, and subsequently cross-linked using epichloro-
hydrin. After exhaustive dialysis, particles were aminated by
adding 1:10 v/v ammonium hydroxide (30%) and incubated on
a shaker overnight. Aminated nanoparticles were subsequently
purified from excess ammonia using a Sephadex G-50 column
and concentrated using a high-gradient magnetic-field filtration
column (Miltenyi Biotec). The near-infrared-fluorochrome Vi-
voTag 680 was added to remotely detect particle accumulation
in Vitro and in ViVo by reacting in 0.1 M HEPES buffer with
0.15 M NaCl at pH 7.2. DMSO-solubilized fluorochromes were
added into particle solutions at 4 °C under mixing and allowed
to warm to room temperature to react for 2 h. The yield was
approximately 10 fluorochromes per nanoparticle for all
experiments.

Succinimidyl 4-Azidobutyrate Synthesis (Scheme 2A).
Ethyl 4-azidobutyrate (1). To a solution of ethyl 4-bromobutyrate
(5.85 g, 30 mmol) in dimethyl sulfoxide (DMSO, 20 mL),
sodium azide (2.925 g, 45 mmol) was added with stirring. The
reaction mixture was stirred for 22 h at 55 °C, and cooled to
room temperature. Water was added to the reaction mixture and
extracted with ethyl ether (3 × 30 mL). The combined organic
layer was washed with water and brine, and reduced in vacuo
to afford 3.80 g of the azido compound 1.

4-Azidobutyric acid (2). Ethyl 4-azidobutyrate 1 (3.14 g, 20
mmol) was dissolved in aqueous sodium hydroxide solution (1
N, 24 mL) with a minimum amount of methanol to make the
solution homogeneous. The reaction mixture was stirred for 3 h
at room temperature. After removal of methanol in Vacuo, the
aqueous solution was acidified to pH 0 with HCl and extracted
with ethyl ether (3 × 50 mL). The ether layer was then dried
over sodium sulfate and filtered. Removal of solvent gave the
acid 2 (2.25 g).

Succinimidyl 4-Azidobutyrate (3). To a solution of N-hydroxyl
succinimide (1.65 g, 14.3 mmol) in methylene chloride (100
mL) was added acid 2 (1.68 g, 13 mmol) followed by 1-ethyl-
3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDAC,
2.74 g, 14.3 mmol). After stirring for 4 h at room temperature,
the reaction mixture was washed with water and brine, dried
over sodium sulfate, and filtered. Solvent was removed under
reduced pressure to yield 1.15 g of the succinimidyl 4-azidobu-
tyrate 3.

Peptide Synthesis. Peptides were synthesized in the MIT
Biopolymers Laboratory and their composition was confirmed
via HPLC and mass spectrometry. The LyP-1 and LyP-1CTL
peptides were synthesized with either heptynoic acid or prop-
argylglycine at the N-terminus for conjugation. Each peptide is
also labeled with a TAMRA fluorophore (Anaspec) via a lysine
residue separated by an aminohexanoic acid (Ahx) spacer. (final
sequence for LyP-1: Heptynoic acid or propargylglycine-
K(Tamra)[Ahx]-CGNKRTRGC; for LyP-1CTL: Heptynoic acid
or propargylglycine-K(Tamra)[Ahx]-CRVRTRSGC). Peptides
were cyclized by bubbling air into 10 µM aqueous peptide
solutions overnight. Finally, peptide solutions were lyophilized
for subsequent use.

“Click” Attachment of Peptides to Nanoparticles. Succin-
imidyl 4-azidobutyrate was linked to 5 kDa thiol-PEG-amine
polymers in 0.1 M HEPES 0.15 M NaCl pH 7.2 for 1 h at a
2:1 molar ratio between linker and polymer. Simultaneously,
amino-modified, fluorochrome-labeled nanoparticles were ac-
tivated with N-[γ-maleimidobutyryloxy] succinimide ester
(GMBS) (dissolved in DMSO) cross-linker under similar
conditions at a 200:1 molar ratio between cross-linker and
nanoparticles. To remove excess GMBS, nanoparticle samples
were filtered on a G50 column into 50 mM Na phosphate buffer
at pH 7.2 supplemented with 10 mM EDTA. Purified nanopar-
ticles were then combined with the polymer reaction mixture
and allowed to react at room temperature overnight. Azido-
PEG-nanoparticles were then purified from excess polymer and
succinimidyl 4-azidobutyrate on a size exclusion column (ACA-
44 media: Pall) into 0.1 M HEPES pH 7.2 buffer. Finally, the

Scheme 1. Design of a “Click” Nanoparticle That Targets Tumor Cells in Vitro and in ViWoa

a Cross-linked, fluorescent, superparamagnetic iron oxide nanoparticles are modified to display azido-PEG groups. Conjugation of cyclic targeting
peptides (purple circles) bearing pendant alkynes to azido-PEG nanoparticles via the copper(I)-catalyzed Huisgen 1,3-dipolar cycloaddition (“click”
reaction) allows specific targeting of the nanoparticles to cells expressing the receptor (red).
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azide-PEG-bearing particles were concentrated using Amicon
Ultra-4 (Millipore) filters and stored at 4 °C.

To optimize catalyst concentrations for the “click” reaction
by HPLC, a 10-fold excess of azido-PEG-NH2 or O-(2-
aminoethyl)-O′-(2-azidoethyl)pentaethylene glycol (Polypure)
was added to a 100 µM peptide solution. CuSO4 and Na
ascorbate were dissolved in H2O and added to the reaction
mixture to final concentrations of 1 mM/5 mM and 10 mM/50
mM CuSO4/Na Ascorbate. This mixture was shaken at 37 °C
for various times (1 day to 3 days), after which it was
characterized via HPLC.

Alkyne-bearing peptides (70:1 peptide/nanoparticle molar
ratio), CuSO4 (1 mM), and sodium ascorbate (5 mM) in H2O
were added to a solution of particles and the mixture was shaken
at 37 °C for 48 h. Following the reaction, nanoparticles were
purified from copper catalyst and excess peptides by filtration
in ACA-44 size exclusion media into 0.1 M HEPES 0.15 M
NaCl pH 7.2 buffer.

Cell Culture. Cell uptake experiments were performed using
a human MDA-MB-435 cancer cell line. Grow media was
minimum essential medium eagle (Invitrogen) with fetal bovine
serum (10%; Invitrogen). Cells were passaged into 96-well plates
and used at 60-80% confluency.

For peptide uptake experiments (Figure 1), LyP-1 or LyP-
1CTL peptides were added to cell monolayers in serum-
containing media at a final concentration of 10 µM. After 45
min of incubation at 37 °C, cells were washed with media, PBS,
treated with trypsin (0.25%) and EDTA, and resuspended in
1% BSA (in PBS) for flow cytometry (BD LSRII). Fluorescence
data on 10 000 cells was collected for each sample.

For nanoparticle uptake experiments (Figure 2), particles
bearing an LyP-1, LyP-1CTL, or terminal azides were added
to the cells in serum media at a final concentration of 100 nM.
After 2 h of incubation, cells were trypsinized and assayed for
particle fluorescence by flow cytometry. For peptide inhibition
experiments, free LyP-1 peptides (10 µM to 100 µM) were first
incubated with the cells for 1 h. The cells were then washed
with media and 100 nM of LyP-1-coated nanoparticles were
added to the cell culture. For imaging, cells were washed with
PBS and observed using a 20× objective. Images were captured

with a CCD camera mounted on a Nikon TE200 inverted
epifluorescence microscope.

In ViVo Studies of Nanoparticle Targeting. Nude athymic
mice were inoculated subcutaneously with human cancer cells
(MDA-MB-435). After tumors had reached ∼0.5 cm3 in size,
LyP-1- and azide-bearing nanoparticles were injected intrave-
nously in the tail vein (1 mgFe/kg). Twenty-four hours after
the injection, tumor tissues were excised, snap-frozen, and cut
into 15 µm histological sections. Rat antimouse CD-31 (1:50,
BD Pharmingen) and polyclonal anti-p32 antibody (1:200 (34))
were used for immunohistochemical staining of frozen tissue
sections. The corresponding secondary antibodies were added
and incubated for 1 h at room temperature: Alexa Fluor 594
goat antirat IgG (1:500, Invitrogen) for CD-31 and Alexa Fluor
594 goat antirabbit IgG (1:500, Invitrogen) for p32 antibody.
The slides were washed three times with PBS and mounted in
Vectashield Mounting Medium with DAPI (Vector Laborato-
ries). The stained tumor sections were observed with a
fluorescence microscope (Nikon, Tokyo, Japan). Histological
quantitation of nanoparticles localization was done using ImageJ
software. Stacks of CD31-stained sections and nanoparticle
fluorescence images were utilized for intra- and extravascular
particle distribution quantitation. Regions with CD31-staining
were selected to denote intravascular accumulation of nanopar-
ticles and surrounding areas were classified as extravascular.
The net nanoparticle fluorescence signal above background was
quantified for each of these regions to determine the approximate
percent of nanoparticle fluorescence localized to the vasculature
vs the extravascular space. Three sections from each set of mice
were randomly chose for analysis.

RESULTS AND DISCUSSION

In order for “click” chemistry to be applied to the develop-
ment of peptide-targeted nanomaterials, peptides must be able
to harbor pendant alkyne or azide moieties without abating
peptide activity. To investigate the efficacy of targeting peptides
harboringpendantalkynemoieties,LyP-1peptide(CGNKRTRGC)
and untargeted cyclic control peptide, LyP-1CTL (CRVR-
TRSGC) in which the essential NKRTR motif is replaced with

Scheme 2. Synthesis of LyP-1-Coated Nanoparticles Using “Click” Chemistrya

a (A) Synthesis of succinimidyl 4-azidobutyrate. (B) Synthesis of azide-PEG-thiol by linking succinimidyl 4-azidobutyrate to a 5 kDa thiol-
PEG-amine. (C) Aminated, cross-linked, fluorochrome-labeled superparamagnetic iron-oxide nanoparticles are activated with GMBS, filtered, and
then reacted with the thiol-PEG-azide from (B) to yield azido-PEG bearing nanoparticles. After purification, the particle solutions were reacted with
alkyne-bearing LyP-1 peptides with CuSO4/Na Ascorbate as catalysts to yield LyP-1-coated nanoparticles for in Vitro and in ViVo use.
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RVRTR to maintain net charge but abate p32 targeting (33),
were synthesized to incorporate either of two alkyne moieties
(the unnatural amino acid propargylglycine or 6-heptynoic
acid) and a 5,6-carboxytetramethylrhodamine fluorophore
(TAMRA) (Figure 1A; spectra: Supporting Information
Figure 1). Because the alkyne moieties provide molecularly
small chemical handles that may be incorporated in FMOC
synthesis to either the N- or C-terminal of essential peptide
sequences, we hypothesized their presence could be tailored
to allow chemical attachment to azido-nanomaterials without
interfering with LyP-1 peptide activity. In previous investiga-
tions, we found that N-terminal addition of visible and near-
infrared fluorophores do not disrupt peptide binding to its
receptors (1, 33). Accordingly, we reasoned alkyne moieties
located near the N-terminus would be well-tolerated by the
peptide (Figure 1A). To verify the specificity and efficacy
of alkyne-LyP-1 targeting, 10 µM of LyP-1, bearing prop-
argyl glycine, heptynoic, or no alkyne group were incubated
for 45 min on monolayers of MDA-MB-435 human tumor
cells, which have been shown to bind and internalize LyP-1
and express p32 at the cell surface (33, 34), LyP-1CTL
peptides were included as a control sequence to verify
targeted enhancement of uptake over nonspecific cyclic
peptide structures. Cellular uptake of LyP-1 peptide was
quantified via flow cytometry (Figure 1B) and plotted as the
populational fluorescent intensity, relative to cells incubated

with vehicle alone. In Vitro targeting of LyP-1 peptides
bearing either propargylglycine or 6-heptyoic acid was similar
to that of native LyP-1 and control peptides (Figure 1C),
indicating that alkyne modifications N-terminal to targeting
sequences were innocuously chaperoned by peptides and did
not affect cell binding.

We next probed the effect of three variables on “click”
reaction conditions between our peptides and an azido-PEG-
amine (catalyst, catalyst concentration, and reaction time).
Azido-PEG-amine was chosen to emulate the azido-PEG surface
of the nanoparticles to be used subsequently and to provide a
model reaction amenable to HPLC quantitation of product
formation. Copper(I) catalyst was added either directly as an
iodinated salt (Cu(I)I), or indirectly as soluble copper sulfate
(Cu(II)SO4) and reduced by sodium ascorbate in situ. The degree
of product formation was measured via HPLC with mass
spectrometric verification of product identity. The addition of
the azido-PEO-amine rendered peptides more hydrophilic and
decreased retention times compared to unconjugated peptides.
As shown in Supporting Information Table S1, product forma-
tion proceeded more completely in the tested reaction conditions
for the heptynoic acid-LyP-1, likely due to reduced steric
hindrance provided by the extended hydrocarbon chain. Optimal
reaction conditions were found to be either 1 mM CuSO4/5 mM
Na ascorbate or 1 mM -100 mM CuI for 72 h. Notably, the
reaction yields with 10 mM CuSO4 levels were dramatically

Figure 1. Native and alkyne-bearing LyP-1 peptides target p32-expressing MDA-MB-435 cells in Vitro. (A) Structures of LyP-1, propargylglycine-
LyP-1, and heptynoic acid-LyP-1, all labeled with a TAMRA fluorophore (red). The cyclic nonapeptide is in blue. The pendant alkyne moieties
were conjugated to the N-terminus of the peptide during standard FMOC peptide synthesis. (B) Flow cytometry shows that peptides bearing different
alkyne groups target MDA-MB-435 cancer cells similarly, while a scrambled control (LyP-1CTL) do not target (P ) propargylglycine, H )
6-heptynoic acid, *p < 0.01, unpaired Student’s t-test). (C) Flow cytometry histogram shows LyP-1, P-LyP-1, and H-LyP-1 peptides (in different
shades of blue) target MDA-MB-435 cells in Vitro, while LyP-1CTL peptide (green) did not show targeting relative to peptide-free control cells
(red).
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lower than 1 mM, likely due to global precipitation of reduced
Cu(I) in solution. Nevertheless, we found 1 mM CuSO4

reactions to yield more reliable conjugations than 1 to100 mM
CuI reactions, possibly because the insolubility of CuI in
aqueous solutions produced variations in the amount of available
catalyst delivered to the reactions. Therefore, the optimal
conditions for subsequent nanoparticle modification were de-
termined to be 1 mM CuSO4 and 5 mM Na ascorbate. Under
these conditions, we did not observe any reduction of peptide
disulfide bonds due to copper catalyst or Na ascorbate reduction
as determined by MALDI mass spectrometry and HPLC analysis
(data not shown).

Having verified that alkyne-bearing LyP-1 peptides could
effectively target p32-expressing MDA-MB-435 cancer cells and
become linked to azido-bearing PEG polymers, we next
developed a protocol for linking these peptides onto azido-PEG
bearing, near-infrared fluorochrome-labeled (VivoTag 680) iron
oxide nanoparticles. Dextran-caged iron oxide nanoparticles
were used as the parent formulation to provide a highly stable,
relatively noncytotoxic, and in ViVo-tested nanoparticle scaffold.
Briefly, a heterobifunctional linker bearing an azide on one end
an N-hydroxysuccinimide leaving group on the other was
synthesized and attached to an amine-PEG-thiol polymer (MW
5000 Da) via its terminal amine (Scheme 2A,B). Azido-PEG-

thiol polymers were subsequently linked to surface of cross-
linked, aminated, and fluorochrome-labeled dextran-coated iron
oxide nanoparticles via the linker N-[γ-maleimidobutyryloxy]
succinimide ester (GMBS) (Scheme 2C). Long PEG polymers
were utilized to carry pendant azide groups in order to enhance
particle circulation time in ViVo and to provide a generalizable
nanoparticle surface, whereby optimized “click” attachment
conditions might be applicable to other PEG-coated organic and
inorganic nanomaterials in the future. Azido-PEG particles were
purified from excess polymer and linked to alkyne-bearing
peptides in 1 mM CuSO4, 5 mM Na ascorbate. Finally, the
conjugated nanoparticles were purified and sterile filtered for
in Vitro and in ViVo applications.

Peptide valency on nanoparticles was assessed spectro-
photometrically by quantifying the number of TAMRA dyes
added onto nanoparticles following “click” reaction (Figure
2A). In the presence of catalyst, approximately 30 peptides
were added per nanoparticle for both LyP-1 and LyP-1CTL
peptides, whereas no addition was observed in the absence
of catalyst (Figure 2A). LyP-1 nanoparticles, LyP-1CTL
nanoparticles, or azide nanoparticles were incubated over
MDA-MB-435 tumor cells for 2 h and nanoparticle ac-
cumulation was quantified using flow cytometry (Figure 2B).
LyP-1-nanoparticles showed significant tumor cell accumula-

Figure 2. LyP-1-conjugated nanoparticles target p32-expressing MDA-MB-435 cells in Vitro, while nanoparticles conjugated to control cyclic
peptides (LyP-1CTL) do not target. (A) The amount of peptide bound per particle was quantified spectrophotometrically by measuring the absorbance
of the TAMRA dyes added following the click reaction. With the addition of catalyst CuSO4/Na ascorbate (dark circles), the TAMRA absorbance
at 555 nm was quantified to equal approximately 30 peptides per particle, whereas no TAMRA signal was observed without catalyst (light circles).
(B) LyP-1-nanoparticles or control LyP-1CTL-nanoparticles (both at ∼30 peptides per particle), or parent azido-bearing particles (N3), were added
to MDA-435-MB cancer cells in normal 10% serum (black bars) and 0.1% serum-starved (light bars) conditions. Flow cytometry histogram shows
marked increase in uptake of LyP-1-nanoparticles (black contour) vs LyP-1CTL-nanoparticles (light gray contour) and particle-free control cells
(dark gray contour). Each error bar represents 6 parallel experiments. (C) Addition of free LyP-1 peptides at concentrations from 10 to 100 uM
inhibited cellular uptake of LyP-1-coated nanoparticles, suggesting that the LyP-1 peptide and LyP-1-labeled particles target the same receptor.
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tion, while LyP-1CTL-nanoparticles or azide-nanoparticles
displayed minimal cell uptake (Figure 2B). The effect of
serum on nanoparticle uptake was also studied, as low serum
levels enhance the stress-induced expression of the p32
receptor (33). The slight increase in LyP-1-nanoparticle
targeting in lower serum levels provided further validation
of receptor-specific targeting, as decreased serum protein
concentrations lowers the likelihood of nonspecific serum
protein mediated uptake. To further confirm the uptake
specificity of LyP-1-nanoparticles, free LyP-1 peptide was
added to cells along with LyP-1-particles (Figure 2C). Dose-
dependent inhibition of uptake was observed with LyP-1
peptide concentrations from 10 to 100 µM, suggesting the
free LyP-1 and LyP-1-labeled particles share common cellular
receptors. We attribute the large excess of free peptide
required for inhibition compared to the concentration of
nanoparticles used (100 nM) to the presence of multiple
copies of the LyP-1 peptide on each nanoparticle, thus
improving nanoparticle avidity to receptors through polyva-
lent binding (38). In order to visualize LyP-1 peptide-
mediated cell uptake, nanoparticles bearing pendant LyP-1
peptides, control LyP-1CTL peptides, or azides were incu-
bated over MDA-MB-435 cells for 30 min, washed, incubated
with a nuclear stain, and imaged via epifluorescence micros-
copy (Figure 3). LyP-1-nanoparticles were seen associated
with cells, while markedly less binding of azide-bearing or
control peptide-bearing nanoparticles was not observed. If
the same staining procedure was instead performed at 24 h
post-incubation, LyP-1-nanoparticles were seen in punctate
locations consistent with sequestration in endosome-like
compartments (Supporting Information Figure 2). To assess
the cytotoxicity of “click” nanoparticles, NH2-PEG-, azido-
PEG-, and peptide-conjugated nanoparticles were incubated
for 24 h above HeLa cell cultures (Supporting Information
Figure 3). In all three formulations, the TC50 is >7 mM Fe,
or over 16 times higher than maximal blood concentrations
during in ViVo experiments performed here and 32 times
higher than concentrations used in Vitro here.

Having found that “click” attachment of homing peptides
could mediate the targeting nanoparticles in Vitro, we
evaluated the ability of “click” chemistry to direct nanopar-
ticle targeting to specific tumor cells in ViVo. Again, near-
infrared fluorochrome-labeled (VivoTag 680) nanoparticles
were “clicked” to LyP-1 peptides, resulting on average of
∼30 LyP-1 peptides per particle, while the parent azido-PEG
nanoparticles were used as a negative control. Each popula-
tion of nanoparticles was injected intravenously into mice
bearing human MDA-MB-435 cancer xenografts. Nanopar-
ticles were allowed to circulate and distribute in mice for
24 h, after which the mice were sacrificed and organs
collected for immunohistochemical or whole organ fluores-
cence analysis. Vascular staining with anti-CD31 antibodies
showed that azide nanoparticles in tumors remained localized
within the immediate periphery of blood vessels (Figure 4B).
This perivascular distribution of untargeted nanomaterials is
in agreement with previous histological and intravital ob-
servations of passive liposomal accumulation in tumors (39, 40).
By contrast, LyP-1 “click” nanoparticles appeared to have
extravasated from the tumor vasculature, penetrated into the
interstitial space of the tumor, and bound to p32-expressing
cells (Figure 4B,C). As a result, the fraction of LyP-1
nanoparticles that get sequestered beyond the perivascular
space was significantly higher than that of azido nanoparticles
(Figure 4D) (P < 0.005). This pattern was observed in all
injected mice and is characteristic of LyP-1 peptide and phage
homing observed previously (1). Interestingly, previous LyP-1
bacteriophage experiments showed that the LyP-1-expressing
phage concentrate in nonvascularized sites of tumors within
minutes after injection while insertless phage do not reach
these regions (1). Thus, there may be unique transportation
pathways within tumors that are exploited by this ligand after
extravasation that are not available to untargeted materials.
In the future, the localization of LyP-1 nanoparticles in
avascular tumor regions may be of use for directing
therapeutics into hypoxic regions of tumors, where most
nanoparticle therapies do not reach. Whole organ assessment

Figure 3. LyP-1-nanoparticles target MDA-MB-435 cancer cells (right). Fluorescence imaging of cells incubated with LyP-1-nanoparticles showed
increased near-infrared fluorescence (red). Uptake of azido-bearing or scrambled control peptide (LyP-1CTL)-bearing nanoparticles are not visible
or show minor background (left and middle).
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of near-infrared tumor fluorescence demonstrated that, despite
the distinct microscopic behavior of LyP-1 nanoparticles, the
macroscopic tumor accumulation of LyP-1 nanoparticles and
PEG-azide nanoparticles was similar (Supporting Information
Figure 4), indicating that the targeted accumulation of LyP-
1-nanoparticles was on par with passive delivery, whereby
long-circulating materials accumulate in tumors via their
hyperporous vasculature over time (41, 42). These results
are in accordance with data showing that the development
of targeted nanoparticle formulations that amplify the
macroscopic accumulation in tumors requires systematic in
ViVo optimization of multiple material parameters, including
target avidity, circulation time, and particle size (43, 44).
Experiments of this kind are ongoing in order to probe the
power of the LyP-1 targeting ligand for amplifying the
accumulation and efficacy of nanoparticle-based imaging and
therapeutic agents.

CONCLUSION

In this work, we have demonstrated that “click” chemistry
may be used to develop nanoparticles that seek out specific cells
in ViVo based on their surface expression of protein markers.
Ultimately, these findings suggest that “click” chemistry meets
the criteria of being applicable under aqueous conditions,
efficient, orthogonal to thiol- and amine-containing targeting
motifs, and stable in the complex in ViVo environments of the
blood and tumor milieu. In the future, this work may empower
the development of “click” nanomaterials that seek out specific
tumor cell types, including tumor stem cells and angiogenic
endothelial cells, or amplify the macroscopic accumulation of
imaging agents or therapeutics in tumors. Further, the modularity
of this “click” attachment strategy should allow it to be adapted
to a diversity of in ViVo nanoparticle platforms and both
biological and synthetic ligands, potentially empowering novel
on-nanoparticle screen approaches to targeted nanomaterial
development.
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