Original Article
http://mjiri.iums.ac.ir

Medical Journal of the Islamic Republic of Iran (MJIRI)
Iran University of Medical Sciences

Effect of iron oxide nanoparticles coating type on the relationship
between nanoparticles concentration and signal intensity in inver-
sion recovery T1-weighted MRI

Nahideh Gharehaghaiji', Mahmood Nazarpoor*?, Hodaiseh Saharkhiz®

Received: 12 May 2014 Accepted: 13 January 2015 Published: 6 May 2015

Abstract

Background: Ultrasmall superparamagnetic iron oxide (USPIO) nanoparticles are used as blood
pool contrast agent for magnetic resonance angiography and perfusion imaging. Our aim in this
study was to investigate the effect of the two coating types of iron oxide nanoparticles on the rela-
tionship between nanoparticles concentration and signal intensity (SI) in T1-weighted MR images.

Methods: Different concentrations of the polyethylene glycol (PEG), and carboxydextran-coated
iron oxide nanoparticles were imaged using inversion recovery Turbo-FLASH (Turbo fast low-angle
shot) pulse sequence with inversion times (TIs) of 300-900 ms (interval of 100 ms). The maximum
non-linear and linear relationship between the corrected SI (after non-uniformity correction) and the
concentration of the two coated nanoparticles were calculated in T1-weighted images.

Results: The maximum non-linear relationship between the corrected SI and the concentration of
the PEG, and carboxydextran-coated nanoparticles were obtained at concentrations of 400 and 200
pmol Fe/L at a TI of 900 ms, respectively. In addition, the maximum linear relationship between the
corrected SI and the concentration of the PEG, and carboxydextran-coated nanoparticles (R2=0.99)
appeared at 228.184 and 205.654 pmolFe/L with a TT of 300 ms, respectively.

Conclusion: The maximum non-linear corrected SI of the carboxydextran-coated nanoparticles was
slightly higher than that of the PEG-coated nanoparticles at similar TIs. However, the PEG-coated
nanoparticles were better than the carboxydextran-coated nanoparticles as a T1 contrast agent for
perfusion measurements.
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Introduction

Ultrasmall superparamagnetic iron oxide
(USPIO) nanoparticles are used as blood
pool contrast agent (BPCA) for magnetic
resonance angiography (MRA) and perfu-
sion imaging. Their large magnetic moment
and the intravascular distribution of the na-
noparticles make them contrast agents for
MR perfusion studies (1). The high r; relax-
vity of the nanoparticles leads to a reduc-
tion of the blood T1 for a long period and

produces high blood signal (2). The T1 ef-
fect of contrast agents is enhanced by the
use of TIl-weighted images. Moreover,
among various types of MR sequences, the
inversion recovery (IR) sequence is useful
for MRA and perfusion imaging because of
the excellent blood suppression and visual-
ization of small amounts of contrast agent
(3). Selecting an appropriate inversion time
(TT) for the IR pulse sequence is important
for providing significant diagnostic infor-
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mation. The TI itself is affected by the dose
of the contrast agent (4, 5).

The coating material surrounding the iron
oxide core of the nanoparticles affects the
relaxivity, chemical stability, biocompati-
bility, biodistribution, and blood half-life of
the nanoparticles (1, 6, 7). So far, different
types of coating materials, including dex-
tran (1), carboxydextran (8), carbohydrate-
polyethylene glycol (PEG) (1), and citrate
(9, 10), have been used for MRA and per-
fusion studies. Comparisons of citrate-
coated iron oxide nanoparticles with gado-
pentetate dimeglumine for first-pass MRA
of the aorta and renal arteries (9) and with
gadofosveset trisodium for cardiac MRA in
pigs (10) were performed and demonstrated
the advantages of nanoparticles for the
studies. Since the SI of MR images is af-
fected by the concentration of the nanopar-
ticles, some researchers have evaluated the
relationship between iron oxide nanoparti-
cles concentrations and SI using dextran
(11, 12) and carboxydextran-coated (8, 13)
particles. They reported the nanoparticles’
concentration which led to maximum line-
arity between concentration and SI, or max-
imum signal enhancement. One study eval-
uated the effect of the coating material on
the accumulation of iron oxide nanoparti-
cles in the axillary lymph nodes for MR
lymphography (14). However, it is not clear
which coating type of USPIO nanoparticles
is useful for MR perfusion measurement
and which nanoparticles’ concentration
leads to the maximum SI.

The present study was focused on com-
paring the relationship between SI and dif-
ferent concentrations of the two types of
coated (carboxydextran and PEG) USPIO
nanoparticles in T1l-weighted images by
use of the IR Turbo-FLASH sequence with
different TIs. Therefore, by determining
which coated nanoparticles produce a high-
er SI with a lower concentration, it is pos-
sible to use a lower dose of contrast agent
for MR studies.

http://mjiri.iums.ac.ir

Methods

Contrast Agents

Nanomag-D-spio nanoparticles (Micro-
mod Partikeltechnologie GmbH, Rostoc,
Germany) with a mean diameter of 20 nm,
a core size of 7 nm and two different coat-
ing materials including carboxydextran
(COOH) and PEG were used as contrast
agents. The concentration of Fe in ferro-
fluids was measured with an atomic absorp-
tion spectrometer (analytik jena, novAA®
400, Jena, Germany). The nanoparticles
were diluted with distilled water, and dif-
ferent concentrations of both types of the
coated particles were prepared. The con-
centrations were 0 to 100 umol Fe/L (5
umol Fe/L intervals) and 100 to 500 pmol
Fe/L (100 umol Fe/L intervals).

To obtain the real SI, the uniformity of
the coil should be considered (15). The
preparation of a constant concentration (50
umol Fe/L) of the PEG-coated nanoparti-
cles was also performed for measurement
of the non-uniformity of the coil.

The glass vials were filled with different
concentrations of each type of the nanopar-
ticles and separately put into a perspex
phantom with the dimensions of 13x13x13

3
cm .

Theory
Standard IR sequence was used for SI
calculation (16):

I—Zexp[—Tl[C(t)+ : D+
K TlPre
exp(— TR (C(I)JrIJJ

K T1,,

Where S(t) and C(t) are the SI after ad-
ministration of the contrast agent and the
concentration of the contrast agent at time t,
respectively. Sy is the observed SI in the
absence of contrast agent, TI is inversion
time, Tlp, is the longitudinal relaxation
time before contrast application, and TR is
the repetition time. K is a constant that de-
pends on the contrast agent. The T2-
shortening effect is negligible at low con-
centrations of the contrast agent while at

S(t)=S, (1)
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high concentrations of the nanoparticles;
Eq. 1 should be multiplied by T,
T2

where TE is echo time (16).

Image Acquisition

MR imaging was performed with a 1.5 T
MRI system (Siemens MAGNETOM
Avanto, Germany). A standard clinical
head coil was used for MR imaging. The
phantom containing vials filled with differ-
ent concentrations of each contrast agent
was carefully placed in the center of the
coil.

An IR Turbo-FLASH pulse sequence was
performed for T1-weighted MR imaging in
a coronal orientation. The MR imaging pa-
rameters were: 920 ms/ 2.5 ms/ 15° (TR/
TE/ flip angle); 10 mm slice thickness;
128x128 matrix size, and 2 signal averag-
ing. The imaging parameters were applied
for the phantom consists of different con-
centrations and then for the phantom con-
taining constant concentration which was
exactly placed at the same position of the
vials with different concentrations.

Since for TIs less than 300 ms, the T1 re-
covery curve did not cross the horizontal
axis, TI values were chosen between 300
and 900 ms (with 100 ms intervals) for this
study.

Image Analysis

The image data in DICOM format was
analyzed using the Interactive Data Lan-
guage (IDL, Research Systems, Inc.
http://www.rsinc.com) software. SI of each
vial was determined in a region of interest
(ROI) consists of 9 pixels in the center of
the vial. Then calculation of the correction
factors for the coil non-uniformity was per-
formed by in-house IDL programs and the
corrected SI was calculated with multiply-
ing these factors by the SI of the vials with
different concentrations. Plotting the curves
and estimating the maximum linear rela-
tionship between SI and TI with squared
correlation coefficient (R?) of 0.99 were
also performed by use of in-house IDL
programs.
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It should be mentioned that both linear
(for perfusion study) and non-linear rela-
tionships between the maximum corrected
SI and the concentration of the two nano-
particles were considered in this study.

Results

The Fe concentrations measured by atom-
ic absorption spectrometer were 1.29 and
1.94 mg/ml for the carboxydextran- and
PEG-coated nanoparticles, respectively;
which was used for preparation of the dif-
ferent values of concentrations.

Figure 1 demonstrates the coronal image
of the phantom containing different con-
centrations of the nanoparticles.

The mean non-uniformity coil correction
factors for the carboxydextran- coated na-
noparticles were calculated as 1.05, 1.07,
1.10, 1.03, 1.03, 1.02, 0.99, 1.00, 1.00,
1.06, 0.98, 0.98, 1.00, 0.97, 1.04, 1.03,
1.01, 1.01, 0.99, 1.02, 1.02, 1.01, 0.99, 0.99
and 0.99 for the vials with the concentra-
tions of 0, 5, 10, 15, 20, 25, 30, 35, 40, 45,
50, 55, 60, 65, 70, 75, 80, 85, 90, 95, 100,
200, 300, 400, and 500 pmolFe/L, respec-
tively.

In addition, the value of non-uniformity
coil correction factors for the PEG-coated
nanoparticles were calculated as 1.08, 1.10,
1.10, 1.03, 1.03, 1.02, 0,99, 0.98, 1.00,
1.05, 0.98, 0.98, 1.00, 0.97, 1.05, 1.03,

Fig. 1. Coronal image of the phantom. The posi-
tion of different concentrations (umol Fe/L) of the
nanoparticles inside the vials is seen in this figure.
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0.98, 1.01, 098, 1.02, 1.02, 1.01, 0.99, 95, 100, 200, 300, 400, and 500 umolFe/L,

1.02, and 1.02 for the vials with the con- respectively.
centrations of 0, 5, 10, 15, 20, 25, 30, 35, Figure 2 shows the mean corrected SI (for
40, 45, 50, 55, 60, 65, 70, 75, 80, 85, 90, non-uniformity of the coil) from the 9 pix-

500.00

400.00

300.00

Mean corrected Sl (arbitrary units), PEG coating

0 100 200 300 400 500 800
Concentration {umol/L)

Fig. 2. Mean corrected SI (for non-uniformity of the coil) versus concentration of the PEG-coated nanoparticles at differ-
ent TIs. The error bars show the standard deviation of the SI from 9 pixels in each vial.

500.00

400.00

Mean corrected Sl {arbitrary units}, COOH coating

0 100 200 300 400 500 800
Concentration {umol/L}

Fig.3. Mean corrected SI (for non-uniformity of the coil) versus concentration of the carboxydextran-coated nanoparti-
cles at different TIs. The error bars show the standard deviation of the SI from 9 pixels in each vial.
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els in each vial versus the concentration of
the PEG-coated nanoparticles at TIs of 300-
900 ms. The maximum non-linear corrected
SIs of 290.44 + 6.90 and 335 + 8.80 (mean
+ SD) were obtained at a concentration of
500 pmol Fe/L for low TIs of 300 and 400
ms, respectively. In addition, the maximum
non-linear corrected SIs of 377.9 £+ 13.3,
404.60 = 12.60, 442.59 + 9.80, 435.94 +
9.40, and 148.93 + 4.60 appeared at a con-
centration of 400 umol Fe/L for TIs of 500,
600, 700, 800, and 900 ms, respectively.

As Shown in Fig. 2, Tl and T2-
shortening effects are dependent on TI and
the concentration of the nanoparticles. The-
se effects were seen for all corrected SI
versus concentration curves at different TIs.
T1-shortening effect appeared at lower Tls
(300 and 400 ms) and a concentration of
500 pmol Fe/L and led to an increase in the
SI. Also a T2-shortening effect at high con-
centrations (more than 400 pmol Fe/L) ap-
peared for TIs of 500-900 ms.

Figure 3 indicates the mean corrected SI

(for non-uniformity of the coil) versus the
concentration of the carboxydextran-coated
nanoparticles at TIs of 300-900 ms. The
concentration of 400 pmol Fe/L gave the
maximum non-linear corrected SIs of
316.21 £ 10.5 and 355.40 £ 11.7 (mean +
SD) for TIs of 300 and 400 ms, respective-
ly. The maximum non-linear corrected Sls
0f 402.39 + 10.60, 425.75 £ 11.5, 437.88 +
12.06, and 453.95 + 11.9 appeared at a
concentration of 200 umol Fe/L for TIs of
600, 700, 800, and 900 ms, respectively. In
addition, the maximum non-linear correct-
ed SI of 386 + 15.02 was seen at a concen-
tration of 300 pumol Fe/L for a TI of 500
ms. The figure also shows T1 and T2-
shortening effects for all TIs. These effects
will be dependent on the TI and the concen-
tration of the nanoparticles. A TI-
shortening effect dominated at lower con-
centrations and led to an increase in the SI.
The T1-shortening effect appeared at lower
TIs (300 and 400 ms) and concentration of
400 pmol Fe/L. Also a T2-shortening effect

500-00 | L] L] L] I L] L]

450.00

400.00

350.00 -

Max Signal Intensity (arbitrary unit)

300.00

25000 . . 1

l L] L] L] ' L] L] L]

COQH

PEG

1 i i M 1

200 400

800 800 1000

Inversion time {ms)

Fig.4. The maximum non-linear SI versus TI for the PEG- and carboxydextran-coated nanoparticles. The figure shows
that the maximum non-linear SI of the carboxydextran-coated particles is slightly higher than the PEG-coated particles at
the similar TI. The error bars show the standard deviation of the SI from 9 innermost pixels from center of each vial.
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Fig.5. The maximum concentration of contrast agent that gives R* = 0.99 versus TI for the PEG- and carboxydextran-
coated nanoparticles. The figure shows that an increase in TI led to a decrease in the range of the linearity.

at high concentrations (higher than
200 pmol Fe/L) appeared for TIs of 600-
900 ms and led to a decrease in the SI.

Figure 4 indicates the maximum non-
linear SI versus TI for the PEG- and car-
boxydextran-coated nanoparticles. The fig-
ure shows that the maximum non-linear SI
of the carboxydextran-coated particles was
higher than that for the PEG-coated parti-
cles at a similar TL

Figure 5 shows the maximum concentra-
tion of contrast agents that gave R* = 0.99
versus TI for the PEG- and carboxydextran-
coated nanoparticles. The maximum linear
relationship between concentrations and the
corrected SI that gave an R* equal to 0.99
was 228.18 and 205.65 pumol Fe/L at low
TI (300 ms), respectively, for the PEG- and
carboxydextran-coated nanoparticles. In
addition, these values were reduced to
92.15 and 81.83 umol Fe/L at the highest
TI (900 ms) for the two coated nanoparti-
cles. The figure also shows that an increase
in TI led to a decrease in the range of the
linearity between SI and concentration.

http://mjiri.iums.ac.ir

Discussion

The strength of the SI will be changed by
many factors such as the magnetic field
strength, the pulse sequences parameters,
imaging protocols, the dose, injection rate,
bolus volume of the contrast agent, and the
tissue topology (17-25). The relationship
between the SI and the concentration of the
contrast agent has been defined as Eq. 1 for
IR sequences (16).

PEG is a polymeric surfactant which is
used as the iron oxide nanoparticles coating
material because of its high solubility, sta-
bility in aqueous solutions, biocompatibil-
ity, and prolonged blood circulation time.
PEG can minimize or prevent opsonization
of the nanoparticles. Thus, it is an appro-
priate material for MR angiography and
perfusion imaging (26). On the other hand,
carboxydextran is a biocompatible organic
polymer which decreases the occurrence of
allergic reactions and has a long circulation
time in blood. The long blood half-life of
both coated nanoparticles provides enough
time for acquisition of imaging data.

The T1 and T2 shortening effects will ap-
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pear on images. The T1-shortening effect is
dominant at low concentrations of contrast
agent and both T1 and T2 can be affected at
high concentrations (see Figs. 2 and 3).
Therefore, the relationship between the SI
and concentration is linear at low concen-
trations and non-linear at high concentra-
tions.

Figs. 2 and 3 show the concentration
which led to the maximum non-linear SI at
different TIs for the two coated nanoparti-
cles. As can be seen from the figures, the
T2-shortening effect was started from con-
centrations of 400 and 500 umol Fe/L for
the carboxydextran- and PEG-coated nano-
particles, respectively, at TI = 300 ms. That
effect appeared from concentration of 200
and 400 pumol Fe/L for the carboxydextran-
and PEG-coated nanoparticles, respective-
ly, at high TI (600-900 ms). The T1- short-
ening effect is seen at lower concentrations.

According to Fig. 4, the maximum non-
linear SI of the carboxydextran-coated na-
noparticles is slightly higher than that of
the PEG-coated nanoparticles at similar TIs
because of the difference in coating types.

Analysis of the concentration-time curve
reveals some information about perfusion
and hemodynamic parameters of a tissue.
Since MRI cannot measure concentration
of contrast agent, if the relationship be-
tween SI and concentration of contrast
agent to be linear, the concentration will be
measured indirectly from SI. Therefore SI-
time curve can be used as concentration-
time curve (27). This possibility is provided
by considering the R* concept, which gives
the linear relationship between SI and con-
centration. Fig. 5 shows that the maximum
linearity of the carboxydextran-coated na-
noparticles was lower than that of the PEG-
coated nanoparticles for similar TIs. There-
fore, the PEG-coated nanoparticles are bet-
ter than the carboxydextran-coated nano-
particles as T1 contrast agents for perfusion
measurement because of the high SI. Ac-
cording to the similar core size of the iron
oxide nanoparticles in both contrast agents,
the difference in linearity is due to differ-
ences in the two coating types of the nano-

MIIRI, Vol. 29.211. 6 May 2015

particles.

Although the R? of the PEG-coated nano-
particles is higher than that of the carbox-
ydextran-coated nanoparticles, the maxi-
mum non-linear SI of the carboxydextran-
coated nanoparticles was slightly higher
than for the PEG-coated nanoparticles at
similar TIs.

This study indicates that the TI and the
coating type of the nanoparticles are im-
portant parameters for measuring SI. They
have an effect on the value of both the line-
ar and the non-linear relationship between
SI and the concentration of contrast agent
(see Figs. 2-5). An increase in TI leads to a
decrease in the range of the linearity.

The linear relationship between the con-
centration of the 20 nm carboxydextran-
coated nanoparticles and SI using TIs of
100-400 ms was investigated by Saharkhiz
et al. (13). They found the maximum line-
arity at the concentrations of 139.98 and
76.83 umol Fe/L for TIs of 300 and 400
ms, respectively; while the concentration
values for the maximum linearity in our
study with similar TIs were 205.65 and
172.70 pmol Fe/L for the carboxydextran-
coated nanoparticles, respectively (Fig. 5).
This finding shows that even with similar
coating and TTIs, the resulted linearity is dif-
ferent due to using different imaging pa-
rameters (TR, TE, and matrix size) in the
two study. Our previous studies show that
the imaging parameters (such as TR and
TE) can have an effect on the strength of SI
and the relationship between SI and con-
trast agent concentration (28, 29). There-
fore, the results of the two studies are com-
pletely different.

Canet et al. reported a linear relationship
between the concentrations of AMI-25
(dextran-coated) nanoparticles and SI when
they used only a TI of 300 ms (11). They
showed a linear relationship between the
nanoparticles’ concentration and SI for
concentrations up to 200 umol Fe/L, while
it was 228.18 and 205.65 umol Fe/L for the
PEG- and carboxydextran-coated nanopar-
ticles, respectively, at a TI similar to that in
our study (see Fig. 5). In spite of the dif-
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ference in nanoparticles size and imaging
parameters in the two studies, the linearity
difference obtained with the dextran-coated
nanoparticles in the study of Canet et al.
and the carboxydextran-coated particles in
the current study was very small. The rea-
son is that carboxydextran is one of the
dextran derivatives. In another study, the
maximum enhancement of the dextran-
coated USPIO nanoparticles was found at
200 pmol Fe/L when a spin-echo pulse se-
quence with a TR=500 ms and TE=22 ms
was applied (12). This finding is in agree-
ment with our results obtained with TIs of
600-900 ms for the carboxydextran-coated
nanoparticles, while there was no TI
providing similar results with the PEG-
coated particles (see Figs. 2 and 3). Cham-
bon et al. (12) also reported maximum en-
hancement of the nanoparticles at a concen-
tration of 400 pmol Fe/L at a TR=160 ms
and TE=20 ms. This is in agreement with
our findings for TIs of 300 and 400 ms for
the carboxydextran-coated nanoparticles
and TIs of 500-900 ms for the PEG-coated
particles (see Figs. 2 and 3). The findings
indicate the important role of the pulse se-
quences and imaging parameters in maxi-
mum enhancement. On the other hand, re-
garding the similar core size of both coated
nanoparticles in the present study, an influ-
ence of the coating material on the maxi-
mum SI was seen.

Conclusion

The relationships between the SI and the
concentrations of the two coated types
(carboxydextran and PEG) of iron oxide
nanoparticles were evaluated on TI-
weighted MR images.

This study shows that the different coat-
ing types of the nanoparticles and different
TIs have an effect on both the linear and
the non-linear correlation between the SI
and the nanoparticles concentration.

The maximum non-linear SI of the car-
boxydextran-coated nanoparticles is slight-
ly higher than that of the PEG-coated parti-
cles. However, the PEG-coated nanoparti-
cles are better than the carboxydextran-

http://mjiri.iums.ac.ir

coated nanoparticles as a T1 contrast agent
for perfusion measurement because they
produce a higher maximum linear relation-
ship between the SI and the concentration
of the contrast agent at similar TIs (R? =
0.99). Our study shows that an increasing
in TI produces a decrease in the range of
the linearity.
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