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and Imaging**
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The application of nanotechnology to medicine is providing

new approaches for the diagnosis and treatment of dis-

eases.[1–14] Ultrasensitive imaging for early detection of

cancers and efficient delivery of therapeutics to malignant

tumors are two primary goals in cancer bionanotechnology;

however, the development of nontoxic, functional nanoparti-

cles that can successfully home to tumors presents some

significant challenges. Dextran-coated magnetic iron oxide

(IO) nanoparticles are of particular interest because they show

relatively low toxicity and long circulation, and dramatically

enhance hydrogen T2 relaxation in magnetic resonance

imaging (MRI).[5,11,15–20] The clinical power of these materials

may be amplified by improving MRI relaxivity, blood

circulation times, and the homing of such nanoparticles to

tumors. Efforts to increase MRI sensitivity have focused on

development of new magnetic core materials,[6,12] or on

improvements in nanoparticle size[21] or clustering.[7,22]

However, most efforts to improve the morphological char-

acteristics of these nanoparticles have resulted in materials

with relatively short circulation half-lives owing to incomplete

additional hydrophilic coatings.[6,12,21]

An emerging theme in nanoparticle research is to control

biological behavior and/or electromagnetic properties by
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controlling shape. The manipulation of electrical, magnetic,

and optical properties by controlling the shape of nanomater-

ials has been demonstrated in many areas.[23–25] There are,

however, limited studies that point to a shape dependence of

the in vitro or in vivo behavior of nanomaterials.[14,26–28] One

of the most important pathways for clearance of nanoparticles

in vivo is the mononuclear phagocytic system (MPS). At the

micrometer scale, particle shape is known to play a dominant

role in particle uptake by phagocytes.[26] Some types of

elongated nanoparticles have been shown to exhibit low MPS

uptake and, as a result, prolonged blood half-life relative to

spherical shapes.[13,14,29] For example, spherical micelles are

taken up by phagocytes more readily than micelles that have

been extended into filaments by shear flow.[14] Conversely, for

targeted materials, elongation enhances the surface-to-volume

ratio, allowing polyvalent binding to amplify particle affinity

for cell surface receptors.[13,30]

In this work, we hypothesized that a nanostructure with an

elongated assembly of IO cores (referred to here as nano-

worms, NWs) would improve the ability of the nanoparticles to

circulate, target, and image tumors. The synthetic strategy is

inspired by the previous observation that magnetic nanopar-

ticles can become aligned along strands of high-molecular-

weight dextran.[31] We find that the geometry of the

nanoparticles (elongated versus spherical) influences their

efficacy both in vitro and in vivo by enhancing their magnetic

relaxivity in MRI, increasing their ability to attach to tumor

cells in vitro owing to enhanced multivalent interactions

between peptide-modified NW and cell receptors, and

amplifying their passive accumulation in vivo over spherical

nanoparticle controls.

The NW synthesis is similar to the typical preparation of

magnetic IO nanospheres (NSs), involving the reaction of

Fe(II) and Fe(III) salts in the presence of dextran.[32] In order

to prepare the wormlike morphology, the concentrations of

iron salts are higher and the molecular weight of dextran is

larger (20 kDa). The nanostructure appears in the transmission

electron microscopy (TEM) image (Fig. 1a) as a string of IO

cores (ca. 5 nm diameter) with an overall length on the order of

50 nm. The mean hydrodynamic size, measured by dynamic

light scattering (DLS) is 65 nm (Table 1). It is not clear from the

data if the IO cores are in contact with each other or merely

in close proximity. When higher-molecular-mass dextran

(40 kDa) is used, highly branched IO cores, with a larger size

(�100 nm) and a broader size distribution (Supporting

Information Fig. 1) are obtained.
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Figure 1. Physical properties of magnetic NWs and conventional spherical nanoparticles (nanospheres; NSs)
preparations. a) TEM image showing the wormlike nanostructure. More than 80% of the particles have a
contorted linear appearance with a hydrodynamic length of 50–80 nm. Scale bar is 30 nm. (Inset: atomic force
microscopy image showing the elongated shape. Scale bar is 100 nm). b) Magnetization curves for NWs, NSs,
and Feridex. c) T2 relaxation rates as a function of iron concentration (mM Fe) for NWs, NSs, and Feridex.
d) T2-weighted MR images of NWs, NSs, and Feridex with different concentrations.
To provide comparison, nanospheres were synthesized using

a published procedure.[32] They exhibited physical sizes

and shapes, magnetic responses, and biological properties

similar to what has been previously reported (Fig. 1, Table 1,
Table 1. Characteristics of nanoworms (NWs) and nanospheres (NSs).

Sample [a] Size [b] [nm] Blood T1/2 [c] [min] Amine [per NW/NS] Peptide [per NW

NS 30.3 1060 0 0

NS-7-F 39.2 7 5

NS-30-F 39.6 30 10

NS-59-F 41.0 59 12

NW 65.8 990 0 0

NW-42-F 73.7 42 23

NW-P42-F 87.3 42 16

NW-175-F 76.6 175 69

NW-P175-F 88.2 175 48

NW-350-F 76.1 350 83

NW-P350-F 90.8 350 59

[a]The number after the letter identifier designates the number of amine groups per particle. The letter P indicates a poly(ethylene

F3-conjugated particle. [b]Hydrodynamic size based on DLS measurement (mean size resulting from three measurements). [c]Rel

Adv. Mater. 2008, 20, 1630–1635 � 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
and Supporting Information

Fig. 2a).[15–18,32] NWs are char-

acterized as elongated, dextran-

coated particles composed of a

linear aggregate of 5–10 IO

cores (50–80 nm) while NSs are

spherical, dextran-coated parti-

cles containing 1–2 IO cores

(25–35 nm). NWs display a

slightly larger saturation magne-

tization value (74.2 emu gFe
�1

versus 61.5 emu gFe
�1 Fe and

53.5 emu gFe
�1) and higher MR

contrast (R2¼ 116 mMFe�1 S�1

versus R2¼ 70 mMFe�1 S�1 and

R2¼95 mMFe�1 S�1) than NSs

and the commercially available

Feridex (Fig. 1b–d). The elon-

gated structure of the NWs

apparently enhances the orien-

tation of the magnetic moments

of the individual nanoparticle

constituents, increasing the net

magnetization.[33,34] The incre-

ased MR contrast observed

for NWs is thought to be due

to enhanced spin–spin relaxa-

tion of water molecules caused

by the slightly larger magnetiza-

tion value[12,21] and the 1D

assembly.[22,35]

The efficiency of peptide-

targeted cellular internalization

of NW relative to NS was tested

on MDA-MB-435 tumor cells in

vitro. Conceptually, the elon-
gated shape of the NWs is expected to provide a larger number

of interactions between the targeting ligands and their

cell-surface receptors compared with spherical nanoparticles

(Fig. 2a). For this study, the internalizing peptide, F3, was used
/NS] Peptide [per g Fe (T1020)]
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glycol) spacer is used. The –F suffix denotes

ative error in these measurements isW10%.
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Figure 2. Internalization of nanoworms (NWs) and nanospheres (NSs) conjugated with F3 peptides into
MDA-MB-435 cells. a) Conceptual scheme illustrating the increased multivalent interactions expected
between receptors on a cell surface and targeting ligands on a NW compared with a NS. b) Fluorescence
data comparing the efficiency of cellular internalization for various functionalized NW and NS systems.
NH2, F3, and PEG-F3 indicate aminated NW/NS, F3-conjugated NW/NS and PEGylgated F3-conjugated
NW/NS, respectively. c) Fluorescence microscope images of cells 3 h after incubation with F3(FITC)-
conjugated NW (NW-175-F) or F3(FITC)-conjugated NS (NS-30-F) (green). Nuclei are visualized with a
DAPI stain (blue). Scale bar is 20mm.
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as the targeting species. F3 selectively targets cell-surface

nucleolin in tumor cells and tumor endothelial cells, and is

known to have cell-penetrating properties.[36–38] The number

of peptides coupled to the particles was controlled by varying

the extent of amination of the dextran coating (Table 1).

Superconducting quantum interference device (SQUID) and

fluorescence data indicate that internalization of F3-conjugated

NWs (NW-F) is enhanced relative to F3-conjugated NS (NS-F)

on a per-iron basis (Fig. 2b and Supporting Information Fig. 3a

and b). For either NWs or NSs, the degree of internalization

increases with the number of F3 peptides attached and

incubation time, and dextran-coated NWs or NSs that do not

contain targeting peptides display no evidence of internaliza-

tion. Incorporation of a poly(ethylene glycol) (PEG) linker

between the F3 targeting peptide and the NW reduces cellular

uptake of NW (Fig. 2b). In a competition study, equal amounts

(iron basis) of NW-175-F and NS-30-F were co-incubated, and

NWs were found to inhibit cellular uptake of NSs (Supporting

Information Fig. 3c). NWs recovered 24 h after internalization

in cells retained their original shape (Supporting Information

Fig. 3d).

Circulation in the blood stream for a long period of time is a

key requirement for in vivo target-specific reporting and drug

delivery with nanomaterials.[20,39] We tested the blood

circulation times of unmodified NWs and NSs with an injection

dose of 3 mg Fe kg�1 body mass in mice. Both exhibited similar

long circulation times (blood half-lives: 15–18 h) with a first-

order elimination rate (Fig. 3a and Table 1).[17] NWs extracted
www.advmat.de � 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
from the bloodstream after 24 h

retained their original shape (Sup-

porting Information Fig. 4) and they

showed a slight increase in hydro-

dynamic size (from ca. 65 to ca.

80 nm by DLS), attributed to protein

binding during circulation.

The biodistribution of NWs in the

mouse 24 h post injection is similar to

that reported previously for NSs.[17]

These particles both display a ten-

dency to undergo MPS clearance in

the liver, spleen, and lymph nodes

(Fig. 3b). However, there are some

differences in the biodistribution of

NWs relative to NSs. The fraction

of injected particles in the kidney is

lower relative to the liver for NWs

compared with NSs, whereas the

spleen:liver particle concentration

ratio is higher for NW.

In circulation nanoparticles tend

to passively accumulate in tumors,

since tumor vessels are generally

found to be more permeable than

the vessels of healthy tissues.[2]

Passive tumor uptake of NWs in

mouse xenograft MDA-MB-435
tumors was greater than NS (Fig. 3c). Interestingly, NWs

remain in the tumor 48 h after injection, whereas NS are almost

completely eliminated within this time period. The clearance

behavior of NS is similar to that observed with RGD-

conjugated quantum dots, which are of a comparable size.[9]

The data indicate that once NW extravasate into tumor tissue

from the blood vessels, they become physically trapped and do

not readily re-enter the blood stream. Thus more effective

diagnostic imaging or drug delivery may be possible with NW

than with NS.

High-aspect-ratio nanomaterials such as carbon nanotubes

and worm micelles have been found to circulate long enough to

enable homing to biological targets despite their micrometer-

sized length.[13,14,29] In addition, pseudo-1D assemblies of

nanocrystals can display desirable optical or magnetic proper-

ties not found in the isodimensional materials.[40] The linear

aggregation of IO cores increases MRI sensitivity as shown in

this study, suggesting that NWs may offer an improved ability

to image very small or poorly vascularized tumors.

The mechanism by which iron cores become linearly

aggregated during synthesis requires further study, although

the key factor seems to the molecular mass of the dextran

polymer. Several methods to construct 1D assemblies of

nanocrystals have been reported in recent years, for example

involving the use of molecular coatings or biotemplates.[40–42]

These approaches provide a means to control the chain-like

nanostructures more precisely, although in vivo properties of

such materials have not yet been characterized.
Adv. Mater. 2008, 20, 1630–1635
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Figure 3. In vivo behavior of untargeted nanoworms (NWs) in the mouse.
a) Percentage of NW remaining in circulation as a function of time with an
injection dose (ID) of 3mgFe kg�1. The solid line represents an exponential
fit. b) Biodistribution of NW 24 h post injection. Bl, blood; Br, brain; H,
heart; K, kidneys; Li, liver; Lu, lungs; LN, lymph node; Sk, skin; and Sp,
spleen. c) Fluorescence images of mice bearing MDA-MB-435 tumors,
obtained 6, 24, and 48 h after injection of NW or NS with an ID of 1 mg Fe
kg�1. Arrows and arrowheads point to the tumors and the livers, respect-
ively.

Adv. Mater. 2008, 20, 1630–1635 � 2008 WILEY-VCH Verla
There have been many studies comparing the targeting

ability of multivalent with monovalent ligands on nanomater-

ials.[30,43,44] Here we have investigated the effect of nanopar-

ticle morphology on intracellular delivery while attempting to

maintain comparable surface chemical characteristics. For a

constant ratio of attached targeting peptides per iron atom,

NWs display a greater ability to be taken up by cultured tumor

cells than NSs. The data suggest that the enhanced polyvalency

of NWs versus NSs allows particles to bind to tumor cells with a

higher avidity. No significant uptake is observed if the NWs or

NSs contain no targeting peptides.

When shape and surface charge are held constant, the blood

circulation time of nanoparticles is generally observed to

decrease with increasing size.[39] However, nanomaterials that

are elongated along one dimension seem to be better able to

evade the organism’s natural elimination processes.[13,14,29]

This study clearly demonstrates that nanoparticle size can be

increased along one dimension without sacrificing circulation

time. The geometric alignment of cores within NW provides

two key advantages over spherical counterparts: the elongated

shape, with its larger surface area, presents multiple targeting

ligands that can cooperatively interact with cell surfaces and

linearly aggregated IO cores generate improved T2 relaxivity

for MR imaging. In addition, the nanomaterial is robust

enough to retain its shape during circulation in vivo and after

cell internalization. This is in contrast to softer structures, such

as elongated filomicelles, which fragment into smaller particles

in the cells and during circulation.[14] Overall, these results

indicate that magnetic NWs represent an improved nanoma-

terial platform for targeting and imaging tumors in vivo. In

addition to imaging, NWs may also facilitate more efficient

delivery of therapeutics to biological targets because of their

large surface area, multiple attachment points, and long blood

half-life. These findings are important for the design of in vivo

multifunctional nanoprobes applicable to the diagnosis and

treatment of a range of human diseases.
Experimental

Nanoworms (NWs) were synthesized using a modification of the
published preparation of dextran-coated IO nanoparticles [32]. For the
NW synthesis, a higher concentration of iron salts and a higher
molecular weight dextran (MW 20,000 or 40,000, Sigma) were used.
NWs or NSs with different numbers of free amines were prepared for
peptide conjugation by reacting them with different concentrations of
aqueous ammonia at room temperature for 48 h [16–18]. The amine
number per NW or NS was measured using the SPDP assay [16]. The
amine number per NW was calculated assuming that the molecular
weight of a NW is 7 times higher than a NS, based on the mean number
of aggregated IO cores for one NW observed in the TEM images and
supported by the DLS data. The sizes and shapes of NWs, NSs or
Micromod were characterized using TEM, AFM, and DLS. The
magnetic properties of NWs, NSs, or Feridex were determined using a
SQUID magnetometer. The surface charges of NWs or NSs were
measured using a Malvern Instruments Zetasizer equipped with an
autotitrator. MRI signals of NWs or NSs were analyzed using a Bruker
4.7 T magnet system.

One targeting peptides were used with the NW or NS samples:
KDEPQRRSARLSAKPAPPKPEPKPKKAPAKK (F3), which
g GmbH & Co. KGaA, Weinheim www.advmat.de 1633
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preferentially binds to blood vessels and tumor cells in various tumors
[36]. The fluorescein (FITC)-conjugated peptides were synthesized
using Fmoc chemistry in a solid-phase synthesizer, and purified by
preparative HPLC. Their sequence and composition were confirmed
by mass spectrometry. An extra cysteine residue was added to the
N-terminus to allow conjugation to the aminated dextran coating of the
NWs or NSs. For NIR fluorescence imaging, NWs or NSs were first
labeled with Cy5.5/Cy7 (one Cy5.5/Cy7 dye per one IO core). The
remaining free amines were used for conjugation with the targeting
peptides. The number of FITC-peptides or Cy5.5/Cy7 dyes per single
NW or NS was determined from the absorbance spectrum. For the cell
uptake study, NW-42-F, NW-175-F, and NW-350-F display similar
numbers of F3 targeting peptides per iron atom compared with NS-7-F,
NS-30-F, and NS-59-F, respectively. Additionally, peptide conjugation
to the particles through PEG chains resulted in fewer peptides per
particle (Table 1).

For cell internalization tests, MDA-MB-435 cells were seeded into
24-well plates (10,000 per well) and cultured overnight. The cells were
then incubated with Cy7-labeled NW-F or NS-F (40mg (total Fe
content) per well) for 30 min, 1 h, or 2 h at 37 8C in the presence of 10%
FBS. The wells were rinsed three times with cell media and then
imaged in the Cy7 channel (750 nm excitation/800 nm emission) with a
NIR fluorescence scanner (LI-COR biosciences). The total number of
attached Cy7 dye molecules was controlled to yield the same
fluorescence intensity on a per-iron basis for both types of particles.
The relative fluorescence of the images (each well) was analyzed using
the ImageJ (NIH) or OsiriX (Apple) programs.

NW or NS in PBS (100mL) were intravenously injected into mice
(3 mg Fe kg�1). Blood samples were extracted at several different times
and magnetization and fluorescence intensities were analyzed by
SQUID or by NIR fluorescence, respectively. The blood half-lives of
NW and NS were calculated by fitting the fluorescence or magnetiza-
tion data to a single-exponential equation using a one-compartment
open pharmacokinetic model [17]. To determine tissue bio-distribution
of the unmodified NW, percentages of injected dose per wet weight of
each organ were quantified in healthy tumor-bearing mice.

For in vivo passive tumor targeting, mice bearing MDA-MB-435
tumors were anesthetized with intraperitoneal Avertin, and NW or NS
(1 mg Fe kg�1 body weight in 100mL PBS) were injected into the tail
vein. For real-time observation of tumor/liver uptake, the mice were
imaged under anesthesia using NIR fluorescence imaging (Siemens).
To quantify NW or NS homing, tumors collected 24 h post injection
were analyzed for magnetization using SQUID [45]. All animal work
was reviewed and approved by the Burnham Institute’s Animal
Research Committee (see Supporting Information for details).
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