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Abstract Imaging methods have an important role in the management of patient’s
health care. Some of the advantages made magnetic resonance imaging (MRI) as an
exclusive modality. Gd-DTPA is one of the most common contrast agents in clinical
applications. In this study, the concentrations of three gadolinium-based MRI
contrast agents were measured and quantification accuracy of these contrast agents
by MRI method was investigated. Different concentrations from the Gd-DTPA,
Gd,03;-DEG and paramagnetoliposome nanoparticles (encapsulated Gd,O;—DEG
nanoparticles in liposome) samples were prepared. Physical characteristics of the
contrast agents were investigated by DLS and TEM methods. The T;-weighted
images of the prepared samples were recorded using MRI scanner. For each sample,
gadolinium concentrations were determined using the relaxation rates and relaxiv-
ities. Determined concentrations by the experimental and ICP/OES methods were
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compared and the standard errors of the results were determined. Morphology,
dimension and hydrodynamic diameter of the contrast agents were investigated. The
hydrodynamic diameter of Gd,O3;—DEG and PML nanoparticles were 90 &+ 7.2 nm
(with Pdl = 0.328) and 96.8 £ 6.5 nm (with PdI = 0.299), respectively. In
assessment of gadolinium concentrations, standard deviations of the experimental
and ICP/OES data were ranged from 0.007 to 0.04. P values of all data points were
higher than 0.05 that confirm there is no significant difference between the exper-
imental and ICP/OES measurements. From the results, it could be concluded that
MR systems could be used as an accurate and available method to estimate
gadolinium concentrations.

1 Introduction

Imaging methods have an important role in the management of patient’s health care
[1-4]. Some of the advantages, such as excellent contrast for soft tissues, non-
ionized radiations, and functional data acquisition, made magnetic resonance
imaging (MRI) as an exclusive modality [3, 4]. Conventional MRI method provides
morphological data that are used to investigate the abnormal deformities, bleeding,
and many of other medical purposes. Contrast-enhanced MRI has more high
sensitivity and specificity [24]. In tumoral lesions, accumulations of contrast agents
were made by the abnormal functionality and angiogenesis. Therefore, contrast-
based MR imaging was proposed to improve the lesion delectability. Positive
(gadolinium based) or negative (iron based) contrast agents changed the relaxation
rates (R, and R,) of tissues. Different tissues could be differentiated by contrast-
based MRI [4-10]. Gd-DTPA is one of the most common contrast agents in clinical
applications. The gadolinium ions have odd electrons and they are toxic naturally,
so they are used as chelates such as gadolinium-diethylenetriamine pentaacetic acid
(Gd-DTPA). The new strategies based on nanomagnetic contrast probes were
introduced to improve detectably of the targeted tissues in molecular MR imaging
[10-18].

Molecular magnetic resonance imaging (mMRI) is a non-invasive technique to
depict the biological procedures at the cellular and molecular dimensions. Early
detection of diseases (i.e., cancers) could be possible using this method. Cellular
functions and relevant molecular interactions could be diagnosed by the mMR
imaging method immediately [14-22].

The contrast agents (iron or gadolinium based) should have appropriate features
such as appropriate contrast enhancements, compatibility in the body and reactive
surface for conjugating with biological active substance, accessibility and
availability for medical situations. Super paramagnetic iron oxide (SPIO) is a
nanoparticle contrast agent that enhances the signal intensity of 7,-weighted MRI
images. Gadolinium-based contrast agents were also effective on T7;-weighted
images [8—13].

The polymeric or lipidic biocompatible particles in the 3-350 nm range are
appropriate for imaging applications. The nanoparticles in the smaller size of
100 nm increase relative surface and the predominant quantum confinement effects.
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These properties of particles lead to incensement of reactivity ability and further
linkage to functional matters. The proper coverage of magnetic nanoparticles could
preserve their surface area from chemical reactions, oxidation of magnetic core and
incensement of cellular uptake rate. Moreover, coating of nanoparticles could
enhance half time of contrast agents and keep them from aggregation. Cell
permeability and quality of nanomagnetic particle interactions with tissues are not
exactly diaphanous [8-13]; hence, the concentration of nanoparticles should be
specified in tissues.

In this study, the concentrations of three gadolinium-based MRI contrast agents
[Gd-DTPA, Gd,O5-DEG and paramagnetoliposome nanoparticles (encapsulated
Gd,03-DEG nanoparticles in liposome)] were measured in a water phantom and
quantification accuracy of these contrast agents by MRI method was investigated.

2 Materials and Methods

In this study, Gd-DTPA (Magnevist®) was prepared from Bayer Company
(Germany). Gd,O3;-DEG and paramagnetoliposome (PML) nanoparticles were
synthesized and prepared at Food and Drug Laboratory Research Center [Food and
Drug Organization (FDO), Ministry of Health, Tehran, Iran].

2.1 Gd,03;-DEG Nanoparticles Synthesis

Gd,05 was prepared by polyol method [22, 23]. Hence, 2.5 mmol of GdCl;-6H,0O
was dissolved at 12.5 mmol of Diethylene glycol (DEG) (Sigma-Aldrich Company)
and then heated at 140 °C. Next, 3 mmol of NaOH was dissolved using 6 mmol of
DEG and adjoined to the gadolinium containing solution. The solution was heated
up to 180 °C and held under reflux and magnet stirrer about 4 h. The final product
should be seemed as a dark yellow solution. After cooling process, the nanocrystals
were filtered by 0.2 micron filter (polyethersulfone; Viva Science Sartorius,
Hannover, Germany) and centrifuged at 2000 rpm at 40 °C for 30 min to isolate the
agglomerated and large-size particles. Finally, Gd** free ions and extra Diethylene
glycol was removed using 1000 Dalton dialysis membranes (Dialysis tubing
cellulose membrane; Sigma-Aldrich) for 24 h across deionized water [23, 24].

2.2 Paramagnetoliposome (PML) Nanoparticles Synthesis

Liposomes were provided by lipid film hydration method. Therefore, 39.5 mg of 1,
2-Distearoyl-sn-glycero-3-phosphocholine (DSPC) (Lipoid GmbH, Germany)
mixed to 19.35 mg of cholesterol (Sigma Company, Germany). 0.2 mmol of above
mixture lipids was dissolved at 6 ml chloroform and 4 ml methanol. Then, it
evaporated for 2 h to dryness by rotary evaporation at 65 °C and 80 rpm. Afterward,
2 mmol of Gd,0;-DEG was added to the lipid film and hydrated for 2 h. When
paramagnetoliposome nanoparticles were formed, they should be sonicated for
30 min and dialyzed for 24 h across deionized water to remove non-encapsulated
Gd,05-DEG [22, 24].
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Physical characteristics of the contrast agents (such as morphology and
dimension) could be investigated by Dynamic Light Scattering (DLS) and
Transmission Electron Micrographs (TEM) methods. The morphologies of the
contrast agents could be depicted by TEM method. Dimension and diameter of the
contrast agents could be also determined by DLS method [19, 21-25].

In this study, the prepared samples of the contrast agents were scanned by
different methods. Dynamic Light Scattering, Transmission Electron Micrographs
and Inductive Coupling Plasma/Optical Emission Spectrometry (ICP/OES) of the
prepared samples were performed by Brookhaven, CM30 and PerkinElmer (Optima
7300 dv) systems, respectively.

Inductive Coupling Plasma/Optical Emission Spectrometry was considered as the
gold standard method to determine the concentrations of gadolinium. Real
concentrations of gadolinium were determined by the ICP/OES method.

2.3 Image Acquisition

Different concentrations of the Gd-DTPA, Gd,O;-DEG and paramegnetoliposome
nanoparticles samples were prepared. The prepared samples were embedded in a
water phantom for MR imaging. A schematic picture of the scanning setup is shown
in Fig. 1. The T,-weighted images were recorded using 1.5 Tesla MR scanner (GE-
Signa Echospeed) with following parameters: Standard Spin Echo, Number of
Echoes = 4, TE = 15 mSec, TR = 100, 200, 400, 600, 1000, 2000 and 3000 mSec,
Matrix = 256 x 256, Slice Thickness = 4 mm, FOV = 25 cm, NEX = 1, Pixel
Bandwidth = 15.

2.4 Data Analyzing

Concentration of contrast agents could also be determined by MRI method. In this
method, concentration values were extracted by the following Eq. 1:

R (obs) = R (ing) + 71 [C] (1)

Fig. 1 Schematic picture of the
scanning setup
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where R (obs) and Ry ny are the longitudinal relaxation rate of the contrast agents
and water, respectively; r; is the longitudinal relaxivity and C is the gadolinium
concentration [19, 21-24].

The signal intensities were extracted from the 7;-weighted MRI images of each
sample [different concentration of the Gd-DTPA, Gd,O3-DEG and paramegnetoli-
posome (PML) nanoparticles]. The mean signal intensities (SI) were determined
using MATLAB software (ver. 2008a, The MathWorks TM). In the written
program, the mean pixel value from the 9 innermost pixels of each vial (ROI) was
measured as the mean SI. Signal intensities vs. related TR values were plotted using
Excel software (ver. 2010, Microsoft office). A linear line was fitted to these points
using Excel software. The slope of this fitted line is the R; value for each sample.

The relaxation rates and relaxivities were replaced in the Eq. 1 and gadolinium
concentrations were determined.

Determined concentrations by the experimental and ICP/OES methods were
compared and the standard errors (SD) of the results were determined for these
quantification methods.

3 Results and Discussion

Different concentrations of the Gd-DTPA, Gd,O3-DEG and paramagnetoliposome
(PML) nanoparticles were scanned by MRI system. A T)-weighted image of the
samples is shown in Fig. 2. The numbers 1, 2, and 3 were used for different
concentrations of the Gd-DTPA; 4, 5, 6 were used for different concentrations of the
Gd,O03;-DEG nanoparticles and 7, 8, 9 were used for different concentrations of the
PML nanoparticles.

Gd-DTPA
commercial

Gd203-DEG
nanoparticles

PML nanoparticles

Fig. 2 Images of the Gd-DTPA, Gd,03-DEG and PML nanoparticles samples by MRI (1.5 T) (7, 2, 3
were used for different concentrations of the Gd-DTPA; 4, 5, 6 were used for different concentrations of
the Gd,O3;-DEG nanoparticles and 7, 8, 9 were used for different concentrations of the PML
nanoparticles)
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Fig. 4 a DLS result of the Gd,O3-DEG nanoparticles with hydrodynamic diameter = 90 £ 7.2 nm.
b DLS result of the PML nanoparticles with hydrodynamic diameter = 96.8 £+ 6.5 nm

Morphology, dimension and diameter of the contrast agents (as the physical
characteristics) were investigated. The morphologies of the Gd,O3;-DEG and PML
nanoparticles were depicted by TEM method. The images of the Gd,O;-DEG and
PML morphologies (in 20 nm scale) are shown in Fig. 3.

The scanning results of the DLS method for the nanocontrast agents are indicated
in Fig. 4. According to the DLS results, the hydrodynamic diameter of Gd,O3;-DEG
and PML nanoparticles were 90 £ 7.2 nm (with Pdl = 0.328) and 96.8 + 6.5 nm
(with PdI = 0.299), respectively. Determined diameters of the Gd,O;-DEG and
PML nanoparticles were in good agreements with that of other studies [19, 21-24].

For each sample of the contrast agents, signal intensities vs. related TR values
were plotted by EXCEL software. The obtained graphs are called longitudinal
relaxation time or T, curve. T curves of the Gd-DTPA, Gd,03-DEG and PML
nanoparticles in different concentrations (the numbers 1-9) are plotted in Fig. 5.
The slope of the T; curve indicates longitudinal relaxation rate (R;) that the inverse
of longitudinal relaxation rate is longitudinal relaxation time (7). 7; value was
calculated by MATLAB software (ver. 2011) based on the Eq. 2 [26, 27]

S = PD(l - e—TR/Tl)e—TE/Tz )
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where S is signal intensity, PD is proton density, TR is time repetition and TE is
echo time. For each sample, the determined (MRI method) and measured (ICP/OES
method) concentrations were compared. Accuracy and standard deviation of the
results were also investigated and determined. The obtained concentrations for the
Gd-DTPA, Gd,0O3-DEG and PML nanoparticles are depicted in Fig. 6 (the numbers
1-9 were used for different concentrations of the contrast agents that was explained
before in Fig. 2).

Standard deviations of the experimental and ICP/OES data were ranged from
0.007 to 0.04. P values of all data points were higher than 0.05 that confirm there is
no significant difference between the experimental and ICP/OES measurements.
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Fig. 6 Experimental and ICP/OES results of the determined gadolinium concentrations for a Gd-DTPA
samples, b PML samples and ¢ Gd,O3;—DEG samples (along with £SD) (The numbers of / to 9 in the
figure were used for different concentrations of the contrast agents)

In the present study, different concentrations of gadolinium-based contrast agents
were evaluated in a water phantom, but it could also be used in ex vivo and in vivo
situations. Assessment of gadolinium concentrations in cells and live tissues could
be helpful for better understanding of lesions.
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4 Conclusion

Gadolinium-based nanomagnetic particles are extensively selected for the large
magnetic moment and fine magnetic features, due to their unpaired electrons. Thus,
selection of a suitable biocompatible coverage for magnetic nanoparticles could
improve relaxivity and half-life of the MR contrast agents. In this study, gadolinium
concentrations were estimated accurately (with high precision) for different
concentrations of the gadolinium-based MRI contrast agents in water solutions.
So, routine clinical MRI systems could be applied as an accurate, accessible and
practical procedure to estimate gadolinium concentrations in vitro.
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