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ABSTRACTS 

Purpose: A ferritin-containing nanoparticle conjugated with a target-specific antibody was investigated as a MRI 
contrast agent for tumor detection. A genetically modified ferritin to markedly improve Fe (III) payload (up to 7,000 Fe 
ions), was chemically tethered to a monoclonal antibody against rat Nectin-like molecule 5 (Necl-5). Necl-5 is a cell 
surface glycoprotein that is highly expressed on the cell surface of many common epithelial cancers, including prostate 
cancer. It was previously demonstrated that this novel nanoconjugate agent exhibited effective in vitro targeting of Necl-
5 expressing tumor cells and exhibited strong MRI contrast characteristics via shortening of T2. Here, we demonstrate 
that the nanoconjugate-Necl-5 interaction can be exploited to target and detect tumor in vivo by MRI.  
Procedure: Using an in vivo tumor model (i.e., tumor size 0.5-1 cm, immunodeficient beige/nude/xid mouse, xenograft 
injection with transformed rat prostate cells), efficacy of the conjugate targeting the tumor was examined. We used two 
injection strategies, a direct and a tail vein injection (0.8 mg, 300 μL per subject). Pre-injection baseline and post-
injection scans were performed with the following spin-echo sequence parameters: Field of view = 90x53mm, 
reconstruction matrix size = 192x114, slice thickness = 1mm (10 slices), repetition time (TR) = 2070 ms, echo times (TE) 
= 11-198 ms in 11ms steps (18 echoes), number of averages = 2, acquisition time per scan = 7min 56s.  
Results: All T2 data obtained were converted to R2 for demonstration purposes (R2 = 1/T2).   The tail vein injected 
conjugate significantly increased R2 response (22.9 ± 5.2 s-1) as compared to control (13.5 ± 1.7 s-1) at 4 h. The weaker 
R2 increase was noted (15.2 ± 2.0 s-1) at 24 h. No notable changes in R2 were observed in surrounding tissues regardless 
the stages of the measurement. We also measured the initial conjugate kinetics for both injection methods with respect to 
the ability of targeting the tumor. Direct injection of the nanoconjugate in to the center of the tumor showed a stronger 
and more rapid increase in R2 than the tail vein injection.  
Conclusion: The nanoconjugate interacts strongly and selectively in situ with Necl-5 overexpressing tumor cells.  Direct 
injection of the nanoconjugate into the body of the tumor caused a more significant in situ R2 increase in MRI than the 
tail vein injection. Varying degrees of R2 increase within the tumor mass is likely to represent different distribution 
patterns of the conjugate, reflective of tumor heterogeneity. 

Key Words: Ferritin, nanoconjugate, Necl-5, monoclonal antibody, Xenograft, T1 and T2 (R1 and R2), electromagnetic 
field, self-assembly, microwave energy 
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INTRODUCTION 
 
According to the American Cancer Society, it is estimated that in 2016 more than 1.6 million new cancer cases will be 
diagnosed and approximately 595,000 Americans are expected to die of cancer [1]. Cancer remains the second most 
common cause of death in the US, accounting for 1 in every 4 deaths. Despite recent advances in medical research and 
development, effective diagnosis and improved cancer treatment options remain elusive. In order to overcome 
limitations for the lack of early detection methods and/or selective tumor-targeting therapeutic options, current paradigm 
for cancer research places an emphasis on the discovery of improved tumor-specific biomarkers, development of 
increasingly sensitive detection/visualization methods for accurately assessing treatment options and the selective 
delivery of anti-tumor agents to primary and secondary metastatic tumors.  
Nanoparticles provide unique approaches for cancer detection and treatment [2]. Multimodality of various nanoparticles 
for magnetic resonance imaging (MRI), drug delivery, specific targeting and thermal ablation of tumor cells have been 
proposed by the biomedical community for several years [3-6]. While the most common MRI contrast agents with the 
close relevance to the multimodality currently in use are the superparamegnetic iron oxide nanoparticles improvement of 
these agents in the clinical setting is strongly desired [7]. 
 
Ferritin, which plays a role in the storage and maintenance of iron homeostasis in the cell has been investigated as a MRI 
contrast agent [8-13]. Although natural ferritin has relaxivity values too low to act as an effective contrast agent 
genetically modified forms that encapsulate more iron than natural forms have been developed with significantly 
improved MRI contrast characteristics [11]. One such form, the genetically engineered ferritin cage derived from 
Archaeoglobus fulgidus encapsulates up to 7,000 iron (III) ions and has demonstrated strong MRI contrast characteristics 

with approximately two-orders greater relaxivity than endogenous ferritin [12,13].  
 
Nectin-like molecule 5 (Necl-5) is a cell surface glycoprotein belonging to the Nectin family of cell adhesion molecules 
[14]. Necl-5 is involved not only in cell-cell adhesion, but also in cell migration and proliferation particularly during 
fetal development. Once the fetal development phase is over, the Necl-5 activity becomes dormant to the extent that 
Necl-5 is nearly undetectable. Interestingly, Necl-5 is highly expressed in many carcinomas, common cancers originated 
from epithelial cells [15-19]. This strong constitutive expression of Necl-5 by the transformed rat epithelial cells made 
this cell model an especially attractive target biomarker for the development of our nanoconjugate tumor detection 
strategy. Furthermore, it is noteworthy that epithelial cancer cells in humans are overexpressed with CD-155, an ortholog 
of rat Necl-5 (also known as poliovirus receptor (PVR)) that is involved in cell migration, invasion, proliferation as well 
as metastasis [20]. This suggests that the use of Necl-5 as a target biomarker in our model can be well suited for studying 
human epithelial cancers by using CD-155. 
 
We have previously showed in vitro that the Necl-5/ferritin nanoconjugate targeted transformed Necl-5 expressing rat 
prostate epithelial cells with high specificity and exhibited strong T2 MRI contrast characteristics [21]. In the present 
study, we demonstrate specific in situ targeting of the tumor and show effective utility of the nanoconjugate as an 
effective T2 MRI contrast agent. 
 

MATERIALS AND METHODS 
 
Cell Culture and Tumor Model 
 The origin and isolation of the rat prostate epithelial cells has been described [25,26] The development and 
characterization of the transformed rat prostate epithelial cells used in this study will be described elsewhere (manuscript 
in preparation). Briefly, the rat prostate epithelial cells were cultured in a 1:1 mixture of RPMI 1640 (Gibco, Carlsbad, 
CA) and MCDB 153 (Sigma-Aldrich, St. Louis, MO) supplemented with sodium bicarbonate (1.9 g/L), sodium pyruvate 
(0.5%), fetal bovine serum (FBS) (5%, Hyclone, Logan, UT), epidermal growth factor (0.02 µg/ml, BD Biosciences, San 
Jose, CA), bovine pituitary extract (5 µg/ml, BD Biosciences), dexamethasone (2 mM in 95% EtOH), glutamine (1%), 
gentamycin (0.1 mg/ml, Gibco), ITS (Liquid Media Supplement, 0.25%, BD Biosciences), forskolin (2.5 µg/ml, 
Calbiochem, San Diego, CA) and Normocin and incubated at 37°C in a 5% CO2 humidified atmosphere. Cells were 
grown to approximately 75-80% confluence trypsinized before being harvested for injections into mice. 

All animal protocols described in these studies were approved by the Brown University and Rhode Island Hospital 
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Institutional Animal Care and Use Committees (IACUC). The tumor model used in this study has been previously 
described [27]. Briefly, cells for injection were harvested with trypsin/EGTA when they reached approximately 80% 
confluence. Cells were washed and suspended in sterile HBSS. 10 x 106 cells were injected into the left rear flank of 4-6 
week old female beige/nude/xid triple deficient mice. Injected mice were closely monitored for tumor growth for 10-12 
days. Nanoconjugate agent, prepared as described below, was injected 10-12 days post injection of cells via the tail vein 
or direct injection into the tumor mass.  
 
Immunofluorescence Assay and Digital Imaging 
Tumor and liver tissues were harvested from euthanized mice 4 h after MR imaging of the tail vein injection study. Each 
tissue type was collected separately either from control (ferritin only) or from the conjugate. Frozen sections were cut at 
20 microns thickness.  Slides were dried flat, and stored in slide boxes at -80 oC until ready to be stained.  Slides were 
rinsed briefly in FTA buffer, pH 7.2.  Secondary antibody (Alexa Fluor® 488 Goat Anti-Mouse IgG (H+L) Antibody, 
Life Technologies) was diluted 1:400 in the same buffer, and applied to tissue sections while slides lay 
flat.  Approximately 0.1 ml of antibody was applied to each tumor section, and approximately 1.8 ml to each of the 
larger liver sections.  Slides were incubated in a humidified chamber, protected from light, at room temperature, for 45 
minutes, then placed in a staining rack and rinsed with 3 changes of FTA buffer, 2 minutes each, and transferred to a 
fresh change of FTA buffer.  Sections were cover-slipped with VectaShield mounting medium containing DAPI used as 
a counter-stain for contrast. Confocal images were acquired with a Nikon C1si confocal (Nikon Inc. Mellville NY) using 
diode lasers 402 and 488.  Serial optical sections were performed with EZ-C1 computer software (Nikon Inc. Mellville, 
NY). Each wavelength was acquired separately by invoking frame lambda. Z series sections were collected at 0.3 µm 
with a 40x Plan Apo lens. Deconvolution and projections were performed in Elements (Nikon Inc. Mellville, NY) 
computer software.  
 
Nanoconjugate  
The enrichment of modified ferritin with iron (III) ions, conjugation of the iron-enriched ferritin with monoclonal 
antibody to rat Necl-5 and in vitro demonstration of the utility of the ferritin nanoconjugate as a novel MRI contrast 
agent has recently been described [21]. Briefly, we have shown that the ferritin nanoconjugate can be used as a contrast 
agent for T2 and T2* (susceptibility) MR image contrast weightings from which contrast changes are distinguishable at 
dose concentrations of 50 �g/ml. We also measured the relaxivity (rate of MR signal decay per unit concentration of 
agent) of the ferritin nanoconjugate and found it to be on the order of 100-times greater than that of endogenous ferritin.  
 
MR Imaging 
Mice were imaged using a Siemens Tim Trio 3 Tesla scanner.  Two anesthetized mice were placed in a 12cm 
transmit/receive resonator designed for imaging of wrists.  Mice were placed such that the tumors were aligned in the 
head-foot direction in order to minimize the number of tomographic slices required to include the tumors of both mice.  
Following acquisition of scout images, a pre-injection baseline scan was required using a spin-echo sequence with 
parameters: Field of view = 90x53mm, reconstruction matrix size = 192x114, slice thickness = 1mm (10 slices), 
repetition time = 2070ms, echo times = 11-198ms in 11ms steps (18 echoes), number of averages = 2, scan acquisition 
time = 7m56s.  Following acquisition of the baseline scan, the scanner table was moved (while retaining the isocenter 
imaging position information) and mice were dosed with either the ferritin conjugate (ferritin + anti-Necl-5 antibody) or 
a control dose (ferritin alone, no targeting ligand) via direct injection into the tumor without moving the mice.  
Immediately following injection, mice were returned to the imaging position and time series scans were started.  The 
time series scan used the same parameters as the baseline scan and were carried out in sequential fashion with no pause 
between scans such that a set of images were acquired every eight minutes for 90 minutes following injection. 
R2 maps were computed by taking the baseline and time series scans and performing a three-parameter nonlinear least 
squares fit of the pixel intensity v. echo time for the expression Mxy(TE) = Moe-TE/T2+ DC where the fit parameters are M0 
(steady state equilibrium magnetization, i.e. corresponding to TE = 0), T2, and DC (offset).  Mean tumor 1/T2 (R2) values 
(and standard deviations) were determined by manual segmentation of tumors across all slices in which they appeared 
for baseline and for each time point in the time series (8 minute intervals). 
 
Statistical Methods 
Data were analyzed assuming a Gaussian distribution using PROC GLIMMIX in SAS 9.4® Software for Windows 
(SAS Institute, Inc., Cary, NC).  Significance level was established a priori at p≤0.05. R2, measured in s-1, was modeled 
with time, measured in minutes, by condition (conjugate vs. control), where observations were nested within mouse. As 

Proc. of SPIE Vol. 10066  100660H-3

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 1/2/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



LONJUGATE

CONTROL

.SEL I

 

 

a conservativ
direct and tai
Sample. For 
the control co
randomly ass
minutes. 
Results. For 
.0001).  Mult
minutes and 
(p=0.030, 0.0
minutes, the 
interaction ef
indicated con
exception of 
can be seen i
 
 

Mic
size reached 
enriched ferr
weighted, spi

Table 1. Mean
changes in R2 

Figure 1. R2 M
novel contrast 
 

The
arrow in the 
5.2   s-1 and 1
injections: 13
between base
nanoconjuga
Table 1. Thi
which gradua
uneven R2 sig
tumor, Necl-
from the accu

Dose 
0.8 mg

Conjuga
Tumo
Contro
Tumo
0.8 mg

Conjuga
Muscle
Contro
Muscle

ve effort, multi
il vein experim
the direct injec
ondition (n=8)
signed to either

the direct injec
tiple compariso
96 minutes, co
062, 0.033, 0.0
confidence bou
ffect was obser
njugate scores 
64 minutes, w

in Figure 2, the

ce were injected
1-1.5 cm in dia

ritin only and th
in-echo imagin

n R2 values comp
MRI contrast va

MR images of m
agent.  

e obtained T2 da
R2 overlay map
13.5 ± 1.7 s-1, r
3.7 ± 2.0 s-1and
eline and 4 hou
ate effect dimin
s suggests that
ally diminishes
gnal distributio
5 is expressed 
umulation of th

Baselin
g 
ate 
r 

 
13.7 ± 2

ol 
r 15.9 ± 2

g 
ate 
e 

 
31.8 ± 4

ol 
e 33.7 ± 5

ple comparison
ments.  
ction experime
, and were foll
r the conjugate

ction experime
ons indicate co
onjugate means
017, 0.006, resp
unds for the tw
rved for time b
were either sig

which was not s
e confidence b

d in the rear fla
ameter. Mice w
he other with a
ng at 4 and 24 h

paring tumor an
alues were limite

mice with tumor d

ata were conve
p (Upper Righ
respectively. B
d 15.9 ± 2.2 s-1

urs post injectio
nished at 24 hou
t a strong intera
s over time as t
on is observed 
heterogeneous

he conjugate in

ne 4 hou

2.0 
 

22.9 ± 

2.2 13.5 ± 

4.4 
 

31.0 ± 4

5.1 31.0 ± 4

ns were calcula

ent, 14 mice we
lowed up to 14
e condition (n=

nt, a significan
onjugate scores
s were either si
pectively).  In a
wo conditions d
by condition (P
gnificantly high
ignificant  (p=

bounds between

RESULTS A

ank with 1x107

were divided in
anti-Necl-5/ferr
hours post-inje

nd surrounding m
ed to the nanoco

derived from rat 

erted to R2 (R =
ht) showed stron
Baseline R2 read

, respectively. 
on (Lower left 
urs to 15.2 ± 2
action is presen
the conjugate i
at 4 hour in the
sly. At this stag
n the tumor stro

rs 24 ho

5.2 15.2 ±

1.7 13.8 ±

4.4 29.0 ±

4.7 28.7 ±

ated using Bon

ere randomly a
4 minutes.  Fo

=7) or the contr

nt interaction e
s were higher r
ignificantly hig
addition, as can
do not overlap.
P< .0001). Betw
her than contro

= 0.063, 0.032, 
n 8 and 80 min

AND DISCU
 

7 PEC SAI cel
nto two groups
ritin nanoconju
ection. 

muscle of nanoco
onjugate tumor ti

PEC SAI cells s

= 1/T). As show
nger responses
dings (Upper a
No dramatic d
and right), 15.

2.0 s-1 but not qu
nt between the 
is cleared out b
e tumor (Uppe
ge, it is not cle
oma or the par

ours 

± 2.0 

± 1.9 

± 3.7 

± 4.2 

nferroni correct

assigned to eith
or the tail inject
rol condition (n

ffect was obse
elative to contr

gher than contr
n be seen in Fi
  For the tail in

ween 48 and 80
ol means or app
0.13, 0.09, 0.0

nutes do not ov

USSION 

lls as described
s, one injected v
ugate.  The two

onjugate and ferr
issue. (Below) 

suggest utility of

wn in Figure 1
s than those of
and Lower Left
difference was 
.9 ± 2.2 s-1 and
uite to the base
conjugate and

by a continuous
er right in Figu
ar that the obse
enchyma. It wa

tion. Data were

her the conjuga
tion experimen
n=5), and were

rved for time b
rols.  Specifica
rol means or ap
igure 4, betwe
njection experim
0 minutes, mult
proached signif
0004, respectiv
erlap.    

d earlier. After 
via tail-vein w
o groups were 

ritin control inje

 

f anti-Necl-5/fer

1, the tumor are
the control (Lo

t) were acquire
observed in th

d 13.5 ± 1.7 s-1,
eline level, 13.

d Necl-5, the tu
s hemodynami
re 1), suggesti
erved heteroge
as also notewo

e analyzed for 

ate condition (n
nt, 12 mice wer
e followed up to

by condition (p
ally, between 5
pproached sign
en 40 minutes 
ment, a signifi
tiple compariso
ficance, with th
ely).  In additio

two weeks, the
ith the Fe(III)-
scanned using 

cted mice. Signi

rritin nanoconjug

ea indicated by
ower Right): 2
ed prior to tail v
e control anim
, respectively. 
7 ± 2.0 s-1 as sh

umor-specific a
c flow. Further

ing that within 
eneity is origina
orthy that either

both 

n=6) or 
re 
o 80 

p< 
56 
nificance 

and 144 
cant 
ons 
he 
on, as 

e tumor 
-
T2 -

ificant 

 

gate as a 

y the red 
2.9 ± 
vein 

mal 
The 
hown in 
antigen, 
rmore, 
the 
ated 
r the 

Proc. of SPIE Vol. 10066  100660H-4

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 1/2/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



least -squa
with 9

i

24

ires means: F
5% confidence Intel

32 40

time (mini

-

 

 

conjugate or 
the 24-hour p
Figure 1.  
 

The
molecules lea
This is obser
concentration
to illustrate th
showed disto
suitable for a
(subcutaneou
results in sign
the spin-echo
more appropr
significant (e
 

We 
effect at 4 ho
be more adeq
in the initial k
administered
11 times (80 
p= 0.014) as 
conjugate be
untargeted fe
time (80 min
Table 1). It i
conjugate mu
weight 20 g)
 

Figure 2 A plo
via tail vein in
 

We 
immunofluor
injection. As
signals. On th
Antibody) su
the conjugate
earlier in the 
may come fro

the control R2 
period.  This pr

e interaction be
ads to faster de
rved as a loss o
n [23]. We hav
he conjugate c

ortion and signa
analysis. This d
us) and air. Wh
nal loss and ge
o (T2) sequence
riate for use w

e.g., prostate ca

have confirme
our, and the eff
quate method t
kinetic behavio

d via tail vein in
minutes). As s
the control (fe
ing accumulate

erritin moves th
nutes) as it is sh
is remarkable t
ust have gone t
: 1.8 mL/min a

ot of R2 respons
njections (0.8 mg

further examin
rescence assay
 shown in Figu
he other hand, 

uggesting that N
e. It was also n
Figure 1. Thi

om the endocy

values represe
rovided an exc

etween high-mo
ephasing of tra
of signal intensi
ve attempted gr
ontaining iron-
al loss at the tu
distortion come
here such susce
eometric distor
e, such inhomo

with tumors loca
ancer).  

ed so far that th
fect can last eve
than the gradien
or of the conju
njection and T2
shown below (F
erritin only) sho
ed in the tumor
hrough and eve
hown in the ear
to observe the R
through multip
and ca. 2 mL, r

e of the conjuga
g, 300 μL).  

ned the fate an
. For this, we h
ure 3, the contr
the conjugate 

Necl-5 is expre
noted that the N
s heterogeneity

ytosis of Necl-5

enting muscle t
cellent contrast

olecular-weigh
ansverse magne
ity in the tissue
radient-echo (G
-enriched ferrit
umor, especiall
es from the diff
eptibility “mism
rtion.  As the G
ogeneity resulte
ated deep insid

he conjugate ad
en at 24 h albe
nt-echo sequen

ugate. As descri
2 reduction wa
Figure 2), the 
ows initially fla
r induced by th
entually out of 
rlier experimen
R2 increase ove

ple hepatic-pass
respectively.  

ate versus contro

d distribution o
harvested the ti
rol (ferritin on
(Panel B) rend

essed in high co
Necl-5 expressi
y, more specifi
5 caused by a c

tissues showed
t between the tu

ht iron complex
etization, i.e., T
e. This darkeni
GRE) sequence
tin (results not
ly for longer ec
fferent magneti
matches” occur

GRE sequence d
ed in the obser

de the body wh

dministered via
eit significantly
nce as the tumo
ibed earlier, th
s measured usi
conjugate R2 r
at (0-8 min, ΔR
he conjugate an
f the tumor. The
nt (R2 at 4 hour
er time (meani
s: i.e., average 

l (ferritin only) o

of the conjugat
issues from eut
ly, Panel A) in

dered strong sig
oncentration on
ion was not uni
ically, the parts
cell-to-cell con

d little change f
umor and the s

xes, such as fer
T2 and T2* redu
ing of the tissu
es with T2

*-bas
t shown).  How
cho times (>15
c susceptibiliti
r, a magnetic fi
did not refocus
rved distortion.
here the local su

a tail vein injec
y diminished. T
or is located ne
he conjugate an
ing the spin-ec
response gradu
R2= 0.05, p= 0
ntibody-antigen
e accumulation
r 22.9 ± 5.2 s-1

ing functioning
blood-flow rat

over time (80 m

te in the tumor
thanized anima

n the tumor tiss
gnals at 488 nm
n the tumor ce
iformly distrib
s of tumor tissu

ntact during pro

from the baseli
surrounding tis

rritin and hemo
uction, in iron-

ue is proportion
sed contrast on 
wever, the resul
5 msec) and we
ies of the tumo
field gradient is
s static field inh
. Thus, the GR
usceptibility ch

ction gives disc
The spin-echo s
ear surface. Ne
nd control (0.8 
ho sequence at

ually increases 
.999). This can
n interaction as
n may continue
, ΔR2= +9.2 s-1

g conjugate) de
te and total blo

 
inutes). The sam

r and liver tissu
al at approxima
sue did not hav
m (green, Alex
ll surface and i
uted in the tum
ue with the lack
oliferation. It h

ine level throug
sue as shown i

osiderin, and w
-laden tissues [
nal to the iron 

subcutaneous 
ltant T2* image
ere not deemed
or tissue 
s produced whi
homogeneity a

RE method wou
hanges are less

cernable contra
sequence was f
xt, we were int
mg, 300 μL) w
t every 8 minut
(0-8 min, ΔR2=

n be interpreted
s designed whi
e beyond the m
1 from the base
espite that the i
ood volume (m

mples were admin

ues by an 
ately the 6th ho

ve any significa
a Fluor® 488 
interacts strong

mor tissue as su
k of strong sign

has been reporte

ghout 
in 

water 
[22, 24]. 

tumor 
es 

d 

ich 
as does 
uld be 
s 

ast 
found to 
terested 

were 
tes for 
= 0.92, 
d as the 
ile 

measured 
eline 
injected 

mouse, 

nistered 

our post 
ant 

gly with 
uggested 
nals 
ed that 

Proc. of SPIE Vol. 10066  100660H-5

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 1/2/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



-

 

 

the cell-to-ce
endocytosis a
absence of 48
prevalent 488
endocytosed 
RES depends
long blood h
while signific
Particulate m
hydrodynami
materials use
the liver [30]
the nanoconj
ions containe
have a reason
compromised
nanoconjuga
 

Figure 3 Imm
acquired from 
C) or the conju
were sacrificed
 
Direct injecti
rapid as com
for control +

ell contact inhib
and inactivatin
88 nm signals 
8 nm signals th
by the reticulo

s on the half-li
alf-lives will h
cant uptake wa

materials with s
ic diameter les
ed to stabilize t
]. Complexity e
ugate is compr

ed in the ferriti
nably long half
d mouse model

ate circulating l

munofluorescence
the mice with th

ugate (Panels B 
d and the corresp

ion exhibits a v
mpared to the ta

3.29 s-1 (-0.55 

bits the cell pro
ng integrin αVβ3
(Panel C) in Fi

hroughout the t
o-endothelial sy
fe in blood and

have limited dis
as observed int
short half-lives 
ss than 40 nm a
the particles ma
exists in our na
rised of severa
n and a monoc
f-life since they
l (Table 1). Th
longer than the

 

 
e (Alexa Fluor®
he tail vein injec
and D). Approx
ponding tissues 

very different R
il vein respons
s-1).  

A

C 

oliferation and
3, respectively 
igure 3. On th
tissue (Panel D
ystem (RES). 
d the size of the
stribution into 
to the RES of o
were found in

are known to ci
ay influence bo
anoconjugate w
l components: 

clonal antibody
y were still vis
he small size (l
e large-size nan

® 488 Antibody) 
ction of sample (
imately four hou
were harvested. 

R2 profile as sh
ses: First 80 mi

d motility proce
[28]. The liver
e contrary, the 

D). The conjuga
The initial bio
e conjugate [29
the sinusoidal 

other organs, i.
n the liver RES 
irculate longer
oth pharmacok

with respect to 
a genetically m

y against Necl-
sible in MRI ev
less than 40 nm
noparticles  [21

responses of tum
(0.8 mg, 300 μL)
urs after the MR
Scale bar is equ

hown in Figure
inutes, ΔR2, dir

B

D

esses by down-
r tissue with th
liver tissue wi

ate is assumed 
distribution of 
9]. It is general
cells of the liv
e., spleen, lym
cells. Althoug

r than particles 
kinetics and bio
evaluating bio

modified ferriti
5. Nevertheles

ven at 24 hours
m in diameter) a
1].   

mor (Panel A and
). The sample is 

RI T2 measuremen
uivalent to 50 μm

e 4. The increa
rect (tail vein);

B 

D

-regulating Nec
he control show
ith the conjuga
to be eventual

f the conjugate 
lly believed tha

ver, i.e., endoth
mph nodes and b
gh iron oxide n

with larger dia
odistribution of
odistribution an
in with microb
ss, the nanocon
s albeit examin
also seemed to

d B) and liver (P
either ferritin on
nt (Figure 2) wa

m. 

ase in R2 is mor
; for conjugate

cl-5 through 
wed a complete
ate revealed the
lly phagocytose
into the cells i
at nanoparticle

helial and Kupf
bone marrow. 
anoparticles w
ameters, the co
f the nanoparti

nd pharmacokin
bial origin, iron
njugate appeare
ned in an immu
o help the 

Panel C and D) t
nly (control Pan
as complete, the

re significant a
 +8.32 s-1 (+1.6

e 
e 
ed or 
in the 
es with 
ffer cells 

with 
oating 
icles into 
netics as 

n (III) 
ed to 
une-

issues 
els A and 
 mice 

and 
62 s-1), 

Proc. of SPIE Vol. 10066  100660H-6

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 1/2/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



I 112 120 128

'es means: R
i% confidence intery

64 72 8C

time (minu

8 16 24 2

2 by time
cals

) 88 96 104

ates)

least -squar
with 95

T T
I I

1 _
T 1 +' '
1 I 1j.l i I

i 1

MI

32 40 48 5(

 

 

Figure 4 A plo
injected. 
 
The control R
represent the
parenchyma.
start interacti
antigen disso
the R2 respon
R2 distributio
illustrated in 
5a) represent
over time (i.e
is apparent at
Since the con
that the nodu

  a)    
Figure 5 a) A 
section that giv
shown for mic
post-injection.

 

ot of R2 respons

R2 values come
e “unbound” fe
 This can expla
ing with Necl-5
ociation constan
nse-time plot is
on pattern with
Figure 5. Tran

t overlays of R
e., baseline, 24
t 24 minutes, a
njugate can onl
ule-like spots ar

           
coronal posterio

ves a transverse 
ce, directly inject
.   

e of the conjuga

e from the ferri
rritins trapped 
ain the plateau
5 expressing tu
nt Kd < 10-7 M
s based on a m
hin the tumor. T
nsverse plane v

R2 response ima
4 minutes and 9
and at 90 minut
ly interact with
re the tumor st

b) 
or view of a mou
plane with a 90o

ted with ferritin 

ate versus contro

itin only in Fig
in various inte

u established by
umor cells, whi

M) and reach a n
mean value estim

The distribution
views obtained
ages over time 
90 minutes) is m
tes red spots (R
h Necl-5 that is
tromal cells.  

use directly injec
o rotation. The a
only (control) an

l (ferritin only) o

gure 4. As the 
erstitial spaces,
y control early 
ich become sta
near-saturation
mation of pixel
n patterns of th

d from a 90o ro
as shown in Fi
minimal. In co
R2 ≈ 40-50 s-1)
s expressed onl

cted with the sam
arrow indicates th
nd the conjugate

 

over time (144 m

ferritins are m
, thus relatively
in the measure

ationary by the
n point at 80 mi
l change of tum
he conjugate an
tation of the cr
igure 5b. For t

ontrast, the colo
are formed as 

ly on rapidly g

mples (0.8 mg, 3
he location of tu
e at baseline (pre

 
minutes). The sa

obile, the obse
y static, within
ement. In comp
 interaction (a 
inutes as shown
mor area, it is d
nd control via d
ross-section (a 
the control, ma
or change at the
nodules spread

growing tumor 

300 μL) in MRI. 
umor. b) The tran
e-injection), 24 m

mples were dire

erved R2 values
n the tumor 
parison, the co
typical antibod
n in Figure 2.

difficult to eval
direct injection
dotted-line in 

agnitude of R2
e center of the 
d out the entire
cells, it is belie

A dotted line is 
nsverse plane im
minutes and 90 m

ectly 

s may 

njugates 
dy-
Since 

luate the 
n are 
Figure 
change 
tumor 

e tumor. 
eved 

  
a cross-

mages are 
minutes 

Proc. of SPIE Vol. 10066  100660H-7

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 1/2/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 

CONCLUSIONS 
 

The nanoconjugate interacts strongly and selectively in situ with Necl-5 overexpressing tumor cells.  Direct injection of 
the nanoconjugate into the body of the tumor caused a more significant in situ R2 increase in MRI than the tail vein 
injection. Varying degrees of R2 increase within the tumor mass is likely to represent different distribution patterns of the 
conjugate, reflective of tumor heterogeneity.  
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