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Abstract

To synthesize multi-component nanochains, we developed a simple ‘one-pot’ synthesis, which
exhibited high yield and consistency. The nanochains particles consist of parent nanospheres
chemically linked into a higher-order, chain-like assembly. The one-pot synthesis is based on the
addition of two types of parent nanospheres in terms of their surface chemical functionality (e.g.,
decorated with PEG-NH, or PEG-COOQOH). By reacting the two types of parent nanospheres at a
specific ratio (~2:1) for a short period of time (~30 min) under rigorous stirring, nanochains were
formed. For example, we show the synthesis of iron oxide nanochains with lengths of about 125
nm consisting of 3-5 constituting nanospheres. The chain-like shaped nanoparticle possessed a
unique ability to target and rapidly deposit on the endothelium of glioma sites v/a vascular
targeting. To target and image invasive brain tumors, we used iron oxide nanochains with the
targeting ligand being the fibronectin-targeting peptide CREKA. Overexpression of fibronectin is
strongly associated with the perivascular regions of glioblastoma multiforme and plays a critical
role in migrating and invasive glioma cells. In mice with invasive glioma tumors, 3.7% of the
injected CREKA-targeted nanochains was found in gliomas within 1 h. Notably, the intratumoral
deposition of the nanochain was ~2.6-fold higher than its spherical variant. Using MR imaging,
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the precise targeting of nanochains to gliomas provided images with the exact topology of the
disease including their margin of infiltrating edges and distant invasive sites.

1. Introduction

Nanoparticle technology provides great flexibility in designing nanoparticles for biomedical
applications with various sizes, shapes and composition, resulting in highly controllable
structure-function relationships. Considering the near-limitless nanoparticle designs and
their adjustable /n vivo ability to seek and destroy disease, nanoparticles can be optimally
‘tweaked’ in terms of biophysical and biochemical interactions for site-specific targeting of
very distinct microenvironments of diseased tissues. In particular, shaping the geometry of
nanoparticles offers additional control over the navigation of nanoparticles through different
biological processes, such as interactions with cell surfaces and cell-surface receptors.l 2
Here, we report a new synthetic concept for making multicomponent chain-like
nanoparticles (termed nanochains) using a one-pot approach. Using standard nanoparticles
(e.g., iron oxide, gold) or combinations of them as starting particles, each nanochain particle
is comprised of at least three nanoparticles chemically linked into a linear, chain-like
assembly. The one-pot synthesis utilizes two types of parent nanoparticles based on the
functional group on the particle’s surface (Fig. 1). For example, particle A is decorated with
amine groups (NP-NH>), whereas particle B is decorated with carboxyl groups (NP-COOH).
Upon activation of the carboxyl groups on the NP-COOH particles, particles A and B will
react with each other forming larger agglomerates. By performing the reaction in an organic
solvent (/.e., absence of water), hydrolysis of the activated COOH intermediate is
constrained. Thus, the reaction rate and growth of the agglomerate are dictated by mixing
(e.g., stirring rate) and concentration of the starting particles. Let’s assume that NP-NH, and
NP-COOH particles are mixed at a ratio of ~2:1. At early time points, two NP-NH, particles
will react with one ‘activated’ NP-COOH forming a short linear nanochain (Fig. 1b). If the
reaction is allowed to continue, the particles will continue growing into large agglomerates
(Fig. 1c). We have optimized the reaction time and conditions that result in well-defined
short nanochains. To illustrate the flexibility of this one-pot synthetic approach to be applied
to different classes of nanoparticles (e.g., iron oxide, gold, silica, etc.) and sizes, as first
examples, we synthesized two nanochain particles consisting of iron oxide or gold
nanoparticles.

In particular, we focused on iron oxide nanochains to illustrate the precise targeting of
nanochains to hard-to-reach cancers. As a case study, we selected glioblastoma multiforme
(GBM), an invasive brain cancer. GBMs are characteristically diffuse and invasive with
infiltrating edges and distant glioma cell dispersion.3-> In addition to the non-localized
topology of glioma cells, targeting molecules and nanoparticles into brain tumors is
challenging due to the blood-brain barrier (BBB). To evaluate the targeting efficiency of
nanochains, we decorated the nanoparticle with a ligand that targets an overexpressed
biomarker found on the remodeled endothelium of brain tumors. The remodeled
endothelium associated with brain tumors and its surrounding microenvironment offers a
diverse set of targetable biomarkers, which differs from that of healthy vascular beds.
Overall, our targeting strategy was based on two important design criteria: 1) the size and
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the multivalent avidity, due to formation of multiple receptor-ligand bonds, makes
nanoparticles ideal for targeting of vascular-associated pathologies, and 2) the oblong-
shaped nanochain possesses a unique ability to seek and rapidly deposit on the blood vessels
of glioma sites via vascular targeting. Using mouse models of GBM and histological
analyses, we show that nanochains achieved superior deposition at primary and invasive sites
of GBM when compared to their spherical nanoparticle counterparts. Considering the hard-
to-reach nature of gliomas, the very high intratumoral levels of iron oxide facilitated MR
imaging with precise demarcation of glioma sites including locations with dispersing glioma
cells.

2. Experimental section

2.1 Synthesis of parent iron oxide nanospheres

Iron oxide nanoparticles were synthesized by the co-precipitation of Fe(Il) and Fe(l11) ions
in the presence of sodium hydroxide solution.6 The surface of the iron oxide nanoparticles
was modified with PEG (2 kDa) using silane-PEG-COOH or silane-PEG-NH,. For more
details about the synthesis of the iron oxide nanoparticles, see additional methods in ESI.

2.2 Synthesis of nanochains

First, each mono-functionalized nanoparticles (IONP-COOH and IONP-NH,) were
transferred from water to organic phase. The concentrated samples of functionalized
nanoparticles were added to dimethylformamide (DMF) and heated to evaporate all water.
The concentrations of nanoparticles were then adjusted to Img/mL by adding more DMF. To
activate carboxyl groups on the IONP-COOH nanoparticles, catalytic amount of pyridine
and 50 molar excess N,V -Dicyclohexylcarbodiimide (DCC) relative to the available COOH
groups were added and allowed to react for 30 minutes. To this reaction mixture 2.5 excess
IONP-NH, nanoparticles over the number of IONP-COOH nanoparticles was added and
shaken for another 30 minutes. At this time point, the reaction was arrested by ‘deactivating’
the carboxyl groups. To deactivate carboxyl groups, 10 molar excess ethylenediamine
(relative to the number of carboxyl groups) was added and shaken for another 30 minutes.
Finally, 10 times excess distilled water (relative to the volume of DMF) was added to the
above reaction mixture. Nanochain particles were separated by centrifugation with Amicon®
Ultra-15 centrifugal filters. To further clean nanochains from any unreacted parent
nanoparticles, a strong magnet was used. Briefly, synthesized nanochains at a concentration
of 10 mg/mL were transferred to a small test tube and were exposed to a powerful magnetic
field for 90 minutes. Nanochain particles attached at the walls of the test tube were then
collected and stored at 4 °C.

2.3 Functionalization of nanochains with targeting ligand

The CREKA peptide was conjugated onto the particles via maleimide chemistry. First,
amine-functionalized nanochains in PBS were vortexed with 10 molar excess
sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC) for 15
minutes. Next, CREKA was added at a 5 molar excess over the number of amines on
nanochains and allowed to react for 2 hours. The product was dialyzed against PBS using a
100,000 Da MW cut-off membrane to remove unbound peptide.
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The number of CREKA per nanochain particle was determined by the measurement of
collected free CREKA solution after separation using a desalination column. The
concentration of CREKA was determined using a high-performance liquid chromatography
(LC) system with an analytical column (250 mmx 4.6 mm, pore size 5 micron, Luna-C18).
An isocratic elution technique was used where the mobile phase contained a mixture of
solvent A (0.1% trifluoroacetic acid in water) and solvent B (50% acetonitrile solution and
50 % methanol) (A:B 20:80, v/v). The flow rate was set at 1.0 ml/min. The sample injection
volume was 50 L, and the detector wavelength was 220 nm.

2.4 Tumor models

All animal procedures were conducted under a protocol approved by the IACUCs of Case
Western Reserve University and Cleveland Clinic. For the CNS-1 rodent glioma tumor
model, 5-8-week-old athymic nude mice (~25 g) were housed in the Athymic Animal Core
Facility at Case Western Reserve University according to institutional policies. CNS-1 cells
were infected with green fluorescent protein (GFP) encoding lentivirus, harvested for
intracranial implantation by trypsinization, and concentrated to 1x10° cells/mL in PBS.
Mice were anesthetized by intraperitoneal administration of ketamine and xylazine and fitted
into a stereotaxic rodent frame. Cells were implanted at AP= +0.5 and ML= -2.0 from
bregma at a rate of 1 mL/min in the right striatum at a depth of =3 mm from dura. A total of
200,000 cells were implanted per mouse. Similar procedures were employed for the human
T4121 glioma model. For more details about the human GBM specimen and derivative
glioma stem cells, see additional methods in ESI.

2.5 Histological evaluation

Immunohistochemistry was performed to evaluate the topology of fibronectin expression
with respect to glioma cells and blood vessels. The mice were anesthetized with an IP
injection of ketamine/xylazine and transcardially perfused with heparinized PBS followed
by 4% paraformaldehyde in PBS. Brains were explanted and post-fixed overnight in 4%
paraformaldehyde in PBS. The tissues were soaked in 30% sucrose (w/v) in PBS at 4 °C for
cryosectioning. Serial tissue sections of 12 um in thickness were obtained. Direct
fluorescence of GFP (green) imaging was performed for imaging the location of glioma
cells. To visualize the tumor microvasculature and fibronectin, the tissue slices were
immunohistochemically stained for the endothelial antigen CD31 or anti-fibronectin primary
antibody (BD Biosciences, Pharmingen). The tissues were also stained with the nuclear stain
DAPI. The tissue sections were imaged at 5, 10 or 40x on the Zeiss Axio Observer Z1
motorized FL inverted microscope. To obtain an image of the entire large tissue section (/.e.,
entire brain section), a montage of each section was made using the automated tiling
function of the microscope.

2.6 MR Imaging

MR images were acquired on a 7 T Bruker MRI system. A volume coil (3.5 cm inner
diameter) was employed. The sequence used was a Rapid Acquisition with Relaxation
Enhancement (RARE). High-resolution images were obtained before and 60 min after IV
injection of the nanochains (at a dose of 10-20 mg Fe/kg b.w.) using a T2-weighted RARE
sequence with the following parameters: TR/TE = 3,646.6/31 ms, matrix = 256 x 256, FOV
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=3 x 3 cm, and 5 averages. The acquisition time was 9 minutes 43 seconds. This resulted in
an in-plane spatial resolution of 111.7 pm and a slice thickness of 0.5 mm.

2.7 3D Cryoimaging

After the entire brain was harvested, they were preserved in 4% paraformaldehyde, soaked
in 30% sucrose in PBS, and frozen in OCT. The BiolnVision CryoViz was used to section
through each brain in slices of 25-um thickness, while bright-field and fluorescence images
of each tissue section were collected at 1.25x magnification. Using CryoViz software, a 3D
visualization was created for the bright-field organ view as well as a corresponding 3D
visualization of the distribution of GFP glioma cells in the brain. Subsampling in 3D
reconstruction created the final images with a voxel size of 10.418 x 10.418 x 50 um. To
reflect visually distinguishable signal, a maximum intensity projection of the green signal in
the fluorescent acquisition image was obtained and thresholded. This image was overlaid
with the 3D bright-field reconstruction of the brain.

2.8 Statistical analysis

Means were determined for each variable in this study and the resulting values from each
experiment were subjected to one-way analysis of variance with post foc Bonferroni test
(SPSS 15, Chicago, IL). A P value of less than 0.05 was used to confirm significant
differences. Normality of each data set was confirmed using the Anderson-Darling test.

3. Results and discussion

3.1 Fabrication of nanochains

The synthetic process is shown in Fig. 2 using iron oxide nanoparticles (IONP) as the parent
particles. First, the IONP-COOH and IONP-NH, were transferred from water to organic
phase. The particle concentration for both IONP suspensions was then adjusted to 1 mg/mL.
In the nanochain formation reaction, DCC acted as the activating agent of the carboxylic
acid groups on the surface of IONP-COOH. The IONP suspension was added to
dimethylformamide (DMF) and heated to evaporate water before adding DCC, because the
activation efficiency of DCC is very high in anhydrous solutions. After 30 minutes, IONP-
NH, particles were added at a particle ratio of 2.5:1 (IONP-NH,:10NP-COOH) under
rigorous stirring. During the nanochain formation reaction, the activated leaving groups on
IONP-COOH are displaced by terminal amines of IONP-NH, nanoparticles. The reaction
was allowed for 30 min. To arrest the reaction, the rest of the leaving groups are displaced
by ethylenediamine. Following cleaning steps with water, the nanochains were separated
from unreacted parent IONP using magnetic separation for 90 min.

As shown in Fig. 3a, DLS measurements show the hydrodynamic sizes of the parent IONP
and the final nanochain. It can be seen that the distributions of the parent particles disappear
and a new peak appears, representing the population of nanochain particles. Considering the
size distributions of the starting particles, the nanochain’s size indicates chain-like particles
consisting of 3-5 IONP members. TEM images confirm the structure and number of
constituting IONP in the nanochains (Fig. 3b). Further, the yield of the synthetic process is
very high and consistent. Analysis of TEM images indicates that the majority of the parent
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IONP particles are incorporated in chain-like structures. Notably, the size of the nanochains
remained unchanged over 30 weeks (Fig. 3c). Finally, T2 relaxometry measured the T2
relaxivity of the nanochains to be 103.2 s™1 mM~1. Table 1 summarizes some of the
characteristics of the particles.

In addition to iron oxide nanochains, our synthetic method offers great flexibility to employ
other types of starting nanoparticles composed of different material. As an example, we
describe the synthesis of gold nanochains in the Supporting Information (see ESI Fig. S1).

In conclusion, two mono-functionalized nanoparticles (/.e., amine and carboxyl) were mixed
at a specific stoichiometry and allowed to react for a well-defined finite time. The formed
nanochains were then separated by centrifugation and magnetic separation. Other synthetic
approaches have resulted in nanochain particles.”~® For example, we previously reported the
synthesis and biomedical applications of chain-like nanoparticles using an elegant but
multifaceted method.19-15 To assemble nanochains, the previous method was based on a
stepwise solid-phase chemistry approach. Briefly, nanospheres were introduced in the resin
in a step-by-step manner followed by multiple washing cycles for each step. The new one-
pot method is significantly simpler and highly efficient (yield > 90%).

3.2 Histological evaluation of the vascular target

Nanoparticles are capable of targeting brain tumors via highly specific vascular targeting of
the vascular bed associated with the primary tumor mass and its invasive sites.}1: 16 Notably,
the remodeled endothelium associated with brain tumors and its surrounding
microenvironment offers a diverse set of targetable biomarkers. For example, vascular
targets overexpressed in gliomas include a,B3 integrin,17-20 platelet-selectin (P-selectin),2!
vascular endothelial growth factor receptors (VEGFR) and fibronectin.?2-25 In particular, we
were interested in fibronectin due to its role in migration of glioma cells. Most importantly,
overexpression of fibronectin is strongly associated with the perivascular regions of GMB
tumors.26 In addition to its selective perivascular expression, fibronectin is abundant and
plays a critical role in migrating and invasive glioma cells. Considering its insignificant
expression on the endothelium of normal tissues, fibronectin is an ideal fit to our vascular
targeting scheme.

To confirm the availability of fibronectin as a vascular target, we performed histological
analysis using the orthotopic CNS-1 glioma model in mice. In terms of pathological and
genetic similarities to the human disease,2”- 28 the CNS-1 model is one of the few rodent
models that recapitulate the microenvironment of the human disease and displays several
histological features and diffuse growth and invasive pattern similar to human GBM. In
addition to their ability to express several glioma markers, a three-dimensional cryo-imaging
technique showed that the rodent CNS-1 glioma cells is a valid system to study the highly
dispersive nature of glioma tumor cells along blood vessels and white matter tracts in vivo.2?

Animals were euthanized 8 days after orthotopic inoculation of CNS-1 cells, which were
infected with GFP encoding lentivirus. The brains were collected for histological analysis of
brain tumor location (CNS-1-GFP cells). Using fluorescence microscopy, images of entire
histological sections of the organs were obtained at a low magnification (5x) using the
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automated tiling function of the microscope. Fig. 4 shows a representative image of the
entire left hemisphere of a brain displaying the location of the primary tumor and presence
of clusters of invasive glioma cells dispersed in the brain parenchyma. Notably, abundance
of fibronectin was seen in the primary tumor (Fig. 4b) as well as invasive sites (Fig. 4c).
Further, we assessed the location of glioma cells with respect to blood vessels and the
associated presence of fibronectin. Blood vessels associated with the primary and invasive
glioma sites presented a remodeled endothelium as indicated by the abundance of
fibronectin (Fig. 4c). It should be noted that no fibronectin can be seen in healthy brain
tissues, which indicates that it is a highly selective vascular target associated with GBM
sites.

3.3 Quantitative evaluation of targeting brain tumors

To target the glioma-associated endothelium, we employed the fibronectin-targeting peptide
CREKA, which has been shown to specifically bind fibrin—fibronectin complexes in tumors
with very high specificity.% 30-33 The CREKA peptide was conjugated onto the available
amines on the surface of the nanochains using the heterobifunctional crosslinker sulfo-
SMCC. An HPLC assay was used to quantify the number of CREKA peptides per nanochain
particle, confirming that all the 700 amines available for conjugation were consumed.

Animals were systemically injected with nanochains 8 days after orthotopic inoculation of
the CNS-1 cells. Each dose contained 4-10 mg of iron per kg of body weight, which
corresponded to 1.6 x 1014 nanochain particles being administered to each animal. The
concentration of the nanochains in tissues was quantified by direct measurement of iron ex
vivo. To determine the time course of the intratumoral deposition of CREKA-targeted
nanochains, animals were euthanized at 0, 1 and 8 hours post-injection (n=5 mice per time
point). Whole brains were perfused and tissues were homogenized. The iron concentration
in the homogenate was directly measured ex vivo using ICP-OES. Tumor-bearing mice
injected with saline were used for correction of the background levels of iron in the tumor
tissue. Fig. 5a shows the intratumoral deposition of nanochains reaches very high levels
quickly within 1 h after injection. In fact, vascular targeting of the nanochains is rapid as the
later time point indicates (t=8 h). The number of nanoparticles that successfully targeted
glioma sites corresponded to a significant portion of the injected dose (3.7% as shown in
Fig. 5b). Using the same methodology, we quantitatively compared the CREKA-targeted
nanochains to their non-targeted variant and a CREKA-targeted nanosphere based on the
parent IONP. All formulations were administered at a dose containing an equal number of
particles per kilogram of body weight. Att =1 h after injection, the tumor deposition of the
targeted nanochain was ~2.6-fold higher than its nontargeted variant and the targeted
nanosphere. This indicates that the oblong shape and flexibility of the chain-like
nanoparticle enhanced its vascular targeting capabilities.

Typically, brain tumors are nearly inaccessible to most molecules due to poor penetration
across the blood-tumor barrier (BTB).34-36 Notably, nanoparticles have shown promise,
because they can “squeeze” into intracranial tumors through their leaky vasculature due to
the enhanced permeation and retention (EPR) effect.3”: 38 For example, it was demonstrated
in patients with GBM that long circulating liposomal nanoparticles could penetrate the
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BTB.37 Furthermore, contrast enhancement of GBMs in CT and MR imaging has generated
controversy as to whether the BTB barrier presents significant limitations to drug delivery.
Many studies have shown that while the blood-brain barrier (BBB) is partially breached
resulting in an increased penetration of drugs into brain tumors compared to normal brain,
BBB is still present in GBMs, which consist of blood vessels that are not as leaky as the
angiogenic vessels observed in other cancer types.11: 16 39-42 This results in low penetration
of nanoparticles into the brain tumor interstitium with a patchy, near-perivascular
distribution, resulting in failure to reach the majority of the primary tumor mass and
especially its invasive sites.38: 43 Furthermore, the EPR effect is typically noticeable at the
primary regions of GBM, while it is attenuated at the invasive sites of brain tumors with
dispersing cancer cells. This is due to the fact that the BBB of invasive sites has a very high
likelihood to remain intact. Most importantly, it is not uncommon to find dispersing brain
tumor cells as far away as 4 cm from the primary site.4

Contrary to EPR-driven passive targeting or deep-tissue active targeting, vascular targeting
of nanoparticles to GBMs is a very attractive strategy. Fibronectin and fibrinogen are not
innate brain matrix proteins. However, the endothelium and perivascular regions of tumors
contain high levels of products of blood clotting. Fibrin based proteins typically arise due to
systemic intervention upon injury to the endothelium. A fibrin meshwork is initially formed
by conversion of fibrinogen, which leaks into tumor viaits leaky endothelium. Plasma
fibronectin becomes covalently linked or otherwise bound to the fibrin meshwork. These
fibrin—fibronectin complexes on the tumor endothelium are targetable by CREKA-decorated
nanoparticles.30: 33 Further, fibronectin plays a key role in the migration of glioma cells.26
Our histological analysis confirmed the abundance of fibronectin in two GBM models in
mice. Thus, the remodelled endothelium associated with glioma cells served as an ideal
targetable site of the disease, which accurately reflected the changes that occurred behind the
vascular bed in the interstitium.

In this context, due to its size, one nanoparticle can be decorated with a high number of
targeting ligands, which results in the formation of multiple receptor-ligand bonds. This
geometrically enhanced multivalent avidity makes nanoparticles ideal for targeting vascular
biomarkers.29: 41. 42 Besides blood components, the endothelium is the closest point-of-
contact for blood circulating nanoparticles. Thus, by having direct access to the vascular
bed, nanoparticles continuously scavenge the endothelium for the vascular biomarkers
associated to brain tumors. An additional benefit of nanoparticle technology is that adjusting
the shape can significantly dictate targeting avidity. Not surprisingly, the oblong shape and
flexibility of the nanochains resulted in superior deposition at glioma sites when compared
to their spherical counterparts. We have previously seen that chain-like nanoparticles exhibit
similar organ distribution to their spherical counterparts and end up in organs of the
reticuloendothelial system.15 The safety profile of the nanochain particles is part of ongoing
short and long-term toxicity studies.

3.4 Imaging of invasive brain tumors using MRI

To explore the /n vivo performance of the new nanochains, we explored the ability of iron
oxide nanochains to target the hard-to-reach invasive brain tumors for imaging and
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diagnostic applications. Treatment options for GBM typically involve surgery and radiation,
with the addition of Temozolomide based chemotherapy for glioma patients. Despite
advancements, the recurrence of glioma is >90%. This stems from the invasive nature and
blood-brain barrier (BBB) limiting the effectiveness of surgery and systemic chemotherapy,
respectively.# > Thus, radiation is an essential part of the tumor treatment protocol.
However, a major limitation for successful radiotherapy is the lack of accurate image
guidance and exact topology of the disease.

Fig. 6 shows representative coronal T2-weighted images of mice with orthotopic CNS-1
tumors (n=5) obtained using a 7 T MRI before and after administration of the CREKA-
targeting nanochains (at a dose of 20 mg Fe/kg b.w.). This is a typical dose of 10
nanoparticles used in imaging small animals with MRI (e.g., 10 mg Fe/kg).*> MR images
were acquired a few minutes prior to injection of the agent and 60 min after injection. The
MR parameters in the pre- and post-injection images were identical. Fig. 6a compares the
pre-injection and 1 h post-injection images of the brain of the same animal. Due to effective
vascular targeting of the nanochains, a significant negative contrast was observed in the post-
injection image highlighting the periphery and the core of the primary site. Most
importantly, infiltrating edges and invasive sites were also clearly marked (Fig. 6b, left
panel). To confirm the accuracy of the /n vivo MR imaging, terminal analysis was employed.
At the end of the last /n vivo imaging session, the animal was euthanized and the brain was
perfused, collected and prepared for 3D cryo-imaging. Serial cryo-sections of entire brains
were obtained using 3D reconstructions, providing ultra-high-resolution fluorescence images
and the location of primary and invasive glioma sites (7.e., CNS-1-GFP). The /n vivo MR
image and the ex vivo fluorescence image (Fig. 6b, right panel) confirm the targeting
accuracy of the nanochain as indicated by the colocalization of MR signal and glioma cells.
The three-dimensional volume of the entire brain from 3D cryo-imaging is shown in ESI
Fig. S2.

The ability of the nanochains to target invasive GBM was evaluating by quantitatively
analyzing the MR signal intensity (Fig. 6¢). The absolute MR signal intensity in primary and
invasive glioma sites and the corresponding healthy brain tissues was measured using
manually drawn regions of interest. By normalizing the tumor signal to that of
corresponding healthy tissues, the normalized signal intensity had a scale of 0-1 with lower
values indicating greater contrast in T2 images. A normalized intensity value of 1
corresponds to no contrast compared to healthy tissue. The pre-injection image exhibited
values for both the primary and invasive glioma sites that were fairly similar and statistically
close to 1. However, precise targeting of the nanochain to glioma sites generated a
significantly high negative contrast. In the post-injection images, the primary and invasive
glioma sites exhibited a normalized intensity value of 0.12 and 0.24 respectively, indicating
significantly higher contrast compared to the post-injection background signal of the healthy
or uninvolved regions of the brain.

4. Conclusions

To synthesize multi-component nanochains, we developed a new and simple ‘one-pot’
synthesis, which exhibited high yield, consistency and scalability. The shape and size of the
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nanochains facilitated the precise targeting of nanochains to GBM sites, which can provide
MR images with the exact topology of the disease including their margin of infiltrating

edges and distant invasive sites. By accurately defining the tumor borders and distant glioma

cell dispersion, a more effective image guidance can lead to successful radiotherapy and

improved patient outcomes.
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Figure 1.
Ilustration shows the synthetic concept of short linear nanochain particles.
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Figure 2.
Reaction scheme of the synthesis of iron oxide nanochains
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Figure 3.
Characterization of the nanochain particles. (a) The size of the parent iron oxide

nanoparticles and nanochains was measured using dynamic light scattering (DLS). (b) TEM
images of nanochain particles are shown. The number of parent IONP being free or
incorporated in nanochain was obtained from visual analysis of TEM images (minimum
count was 400 particles; data presented as mean * standard deviation). (c) The size of the
nanochains was measured for many weeks using DLS. The suspension was kept in PBS at
room temperature. (d) The transverse (R2) relaxation rate of the nanochains was measured at
1.4 Tesla using a relaxometer.
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Figure 4.
Evaluation of the ability of the fibronectin-targeting nanochains to deposit in brain tumors.

(a) Quantification of the time course of accumulation of CREKA-targeted nanochains in the
brain of mice bearing orthotopic glioma CNS-1 tumors. The animals were euthanized at 0, 1
and 8 hours after injection (n=5 mice per time point). Brains were collected and the
concentration of the nanochains in tissues was quantified by direct measurement of iron
using ICP-OES. Tumor-bearing mice injected with saline were used for correction of the
background levels of iron in the tumor tissue. (b) The deposition of CREKA-targeted
nanochains was compared to their non-targeted variant and CREKA-targeted nanospheres
based on the parent IONP (n=5 mice per condition). All formulations were administered at a
dose containing an equal number of particles.
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Figure 5.
Histological analysis of the degree and topology of fibronectin expression in two glioma

models in mice. (a) Fluorescence imaging of the entire left hemisphere of the brain shows
the primary tumor and its invasive sites (5% magnification; green: CNS-1 glioma cells
(GFP); blue: nuclear stain (DAPI)). (b) The abundance of fibronectin (red) is shown in the
primary CNS-1 tumor (20x magnification). (c) High magnification imaging (20x) of an
invasive site shows the location of fibronectin (red) with respect to the location of
endothelial cells (yellow: CD31) and brain tumor cells in the same histologic section. (d)
Fluorescence imaging of an entire histologic section of the brain shows the primary tumor
and its invasive sites (5% magnification; green: T4121 glioma cells (GFP)). (e) High
magnification imaging (20x) shows the overexpression of fibronectin (red) in the T4121
GBM.
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Figure 6.
Representative /nn vivo MR images of the brain of mice bearing orthotopic glioma CNS-1

tumors using a 7 T MRI. (a) Coronal T2-weighted images of the brain of a mouse before
and 1 h after injection of CREKA-targeted nanochains. (b) In the 1 h post-injection MR
image, the signal enhancement was thresholded and color-coded in blue (left). In the end of
MR imaging, the brains of the animals were perfused, excised, and imaged ex vivo using 3D
cryo-imaging. 3D cryo-imaging provided an ultra-high-resolution fluorescence volume of
the brain showing the topology of CNS-1-GFP cells. The /n vivo MR image (left) and the ex
vivo fluorescence image (right) show the colocalization of MR signal and glioma cells. (c)
The absolute MR signal intensity in gliomas and the healthy brain was measured in
manually drawn ROls. The signal intensity in glioma sites was normalized to the signal of
the corresponding healthy brain region (scale: 0-1). Since lower values indicate greater
contrast in T2 images, normalized intensity values of 0 and 1 correspond to maximum and
minimum contrast, respectively (data presented as mean + standard deviation; n = 5; *P<
0.05).
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Table 1

Summary of nanoparticle characteristics

Hydrodynamic size (mean +s.d.) Number of functional groups  Fe content per 1 mg

IONP-NH2 43.4+23nm 200 (amines) 52 %
IONP-COOH  33.2+3.3nm 500 (carboxyls) 43 %
Nanochain 121.1+33.4nm 700 (amines) 51 %
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