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Objective(s): Iron oxide nanoparticles have found prevalent applications in various fields including 
drug delivery, cell separation and as contrast agents. Super paramagnetic iron oxide (SPIO) 
nanoparticles allow researchers and clinicians to enhance the tissue contrast of an area of interest by 
increasing the relaxation rate of water. In this study, we evaluate the dependency of hydrodynamic 
size of iron oxide nanoparticles coated with Polyethylene  glycol (PEG) on their relativities with 3 Tesla 
clinical MRI. 
Materials and Methods: We used three groups of nanoparticles with nominal sizes 20, 50 and 100 nm with a 
core size of 8.86 nm, 8.69 nm and 10.4 nm that they were covered with PEG 300 and 600 Da. A clinical 
magnetic resonance scanner determines the T1 and T2 relaxation times for various concentrations of PEG-
coated nanoparticles.  
Results: The size measurement by photon correlation spectroscopy showed the hydrodynamic sizes of 
MNPs with nominal 20, 50 and 100 nm with 70, 82 and 116 nm for particles with PEG 600 coating and 
74, 93 and 100 nm for  particles with PEG 300 coating, respectively. We foud that the relaxivity 
decreased with increasing overall particle size (via coating thickness). Magnetic resonance imaging 
showed that by increasing the size of the nanoparticles, r2/r1 increases linearly. 
Conclusion: According to the data obtained from this study it can be concluded that increments in 
coating thickness have more influence on relaxivities compared to the changes in core size of magnetic 
nanoparticles. 
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Introduction 
Superparamagnetic iron oxide nanoparticles are 
of special interest for various applications in 
biotechnology and biomedicine. One of the most 
important and rapidly growing fields is the use of 
iron oxide nanoparticles as negative contrast 
agents for magnetic resonance imaging (MRI) (1-
3). Magnetic nanoparticles (MNPs) are composed of 
an iron oxide core consisting of crystal magnetite or 
maghemite. Nowadays, these MNPs are used in 
different types of studies such as cell tracking, lymph 
node detection, drug deliveries, and hyperthermia 
(4-8). In the areas containing the MNPs contrast 
increases due to disturbance of the MRI signal by the 
magnetic properties of the iron oxide core (9). 
Polyethylene  glycol  (PEG)  is  a hydrophilic  polymer  
that  is  stable,  biocompatible,  and  used  in   drug 
delivery applications (10). PEG coatings have 

reduced interactions with the mononuclear phagocyte 
system and the complement system, and increased 
nanoparticle circulation time and subsequent 
accumulation in targeted tissue (11-14). 

The ability of a contrast agent to enhance the proton 
relaxation rate is defined in terms of its relaxivity. The 
relaxivities of nuclear spins in the aqueous suspension 
of MNPs can be expressed as: 

  

 

          
1

𝑇𝑖𝑚
=

1

𝑇𝑖
+ 𝑟𝑖. 𝐶                        Equation (1)                                    

 
Where i=1 or 2, and 1/Tim represents the relaxivity of 
nuclear spins with no nanoparticle contrast agent. ri is 
the relaxivity of nuclear spins per ppm of nanoparticles, 
and C represents the concentration of MNPs in the 
aqueous suspension.  

Relaxivity determines the ability of a fixed concentra-
tion of the agent to increase relaxation rates, which
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corresponds to a decrease in relaxation times. 
Relaxivity is expressed in units of ml, mg -1, sec -1 of 
nanoparticles. 

The values of the r1 and r2 relaxivities increase 
linearly with increasing particle core size (15). This is 
because larger iron oxide nanoparticles possess higher 
magnetization values and exhibit stronger MR contrast 
effects (16). Although there are several studies, which 
evaluate the relationship between hydrodynamic size 
of the MNPs and their relaxivities, there is still a lack of 
knowledge about effects of hydrodynamic size of 
PEGylated MNPs on their relaxivities (17-20). 

In this study, we evaluate the dependency of 
hydrodynamic size of PEG coated iron oxide 
nanoparticles on their relativities in the water phantom 
with 3 Tesla clinical MRI. 

 

Materials and Methods 
Nanomag®-CLD-spio MNPs with PEG, MW=600 Da 

(PEG 600) and nanomag®-D-spio MNPs with PEG, 
MW=300 Da (PEG 300) in different hydrodynamic sizes 
of 20, 50 and 100 nm were used for contrast-enhanced 
MRI. These nanoparticles were obtained from 
Micromod Partikeltechnologie GmbH (Germany). The 
characteristics of the NPs were represented in Table 1. 

The particle core size and structure of the PEG-
coated nanoparticles were checked with transmission 
electron microscopy (TEM), PHILIPS, CM 30 (21). 
Photon correlation spectroscopy (PCS) was used to 
determine the hydrodynamic particle diameter of the 
particle samples. The PCS measurements were 
performed with a Malvern Zeta sizer Nano ZS-90 
(Malvern Instruments Ltd., Worcestershire, UK). Iron 
concentration of suspensions was acquired with 
inductively coupled plasma atomic emission 
spectroscopy (ICP-AES, Varian-Liberty, 150 AX Turbo, 
USA) of digested samples with boiling HNO3 (5, 6). For 
the relaxivity measurements, aqueous suspensions of 
various nanoparticle concentrations were prepared in a 
water phantom. The T1 and T2 relaxation times of 
hydrogen protons in the aqueous suspension of the 
coated nanoparticles were measured using an MR 
scanner (3T Scanner, Siemens, Magnetom Trio). 

 
Relaxivity measurement 

Relaxivity is a measure of the ability of a MRI 
contrast agent to increase the relaxation of the 

surrounding nuclear spins (hydrogen protons), which 
can then be used to improve contrast in MR images. We 
used two groups of MNP samples with nominal sizes of 
20, 50 and 100 nm, with varying MNP concentrations of 
0.02, 0.01, 0.005, 0.0025, 0.00125 and 0.000625 mg/ml. 
The first group of MNPs was coated with PEG 600 and 
the second group was coated with PEG 300. MRI of 
samples (in test tubes) with various iron 
concentrations was performed using a 3T MR scanner 
and a standard circularly polarized head coil (Clinical 
MR Solutions, Brookfield, WI, USA). All MNPs were 
placed in a water-containing plastic container at room 
temperature to avoid susceptibility artifacts from the 
surrounding air in the scans. T1 images were attained 
using six spin echo (SE) images with a fixed echo time 
(TE=12 msec) and repetition time (TR) values of 200, 
400, 1000, 2000, 3000 and 4000 msec. For the T1 
calculation we used a non-linear least-square curve 
fitting on a pixel-by-pixel basis using MATLAB software 
(22). Signal intensity as expressed in equation 2: 

 

𝑆𝐼(pixel xy) = 𝑆0(pixel xy)[1 − 𝑒
TR

T1⁄ ] Equation 

(2) 
 

For T2 maps, four SE images with a fixed TR of 3000 
msec, and TE values of 24, 36, 48 and 60 msec were 
taken (23-25). The signal intensity for each pixel as a 
function of time is expressed in equation 3: 

 

 

𝑆𝐼(pixel xy) = 𝑆0(pixel xy)[𝑒
TE

𝑇2⁄ ]        Equation (3) 

 
Special care was taken to analyze only data points 

with signal intensities significantly above the noise 
level. Spin-spin or transverse relaxation time (T2)-
weighted spin echo (SE) images were acquired using 
variable repetition time (TR) and echo (TE) times of 
TR/TE= 256 msec/16msec, and TR/TE= 3000 msec/64 
msec, and then analyzed qualitatively. All sequences 
were acquired with a field of view of 160 × 160 mm, a 
matrix of 256×196 pixels, and slice thickness of 3 mm. 
Initially, the signal intensities of all test tubes with 
contrast medium at different iron concentrations were 
assessed visually (5, 26). For quantitative data analysis, 
the images were transferred to a local workstation, and 
the T1 and T2 maps were calculated assuming mono-
exponential signal decay (2, 27). 

 

 

Table 1. Core size and hydrodynamic size of nanoparticles 

 

1 Cross-linked dextran iron oxide composite particle suspension in water 
2 Dextran iron oxide composite particle suspension in water

Product name Surface 
Nominal particle 

diameter [nm] 
Measured hydrodynamic 

diameter [nm] 
Iron oxide crystal size [nm] 

nanomag®-CLD1-spio PEG 300 20 74, PdI: 0.161 8.86±1.61 
nanomag®-CLD-spio PEG 300 50 93, PdI: 0.172 8.69±1.73 
nanomag®-CLD-spio PEG 300 100 100, PdI: 0.311 10.4±1.98 
nanomag®-D2-spio PEG 600 20 70, PdI: 0.172 8.86±1.61 

nanomag®-D-spio PEG 600 50 82, PdI: 0.166 8.69±1.73 

nanomag®-D-spio PEG 600 100 116, PdI: 0.152 10.4±1.98 
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Figure 1. TEM image and histogram of PEGylated iron oxide nanoparticles. A. 20 nm, B. 50 nm and C. 100 nm. 

 

Results  
Figure 1 shows TEM images of the PEGylated 

magnetic nanoparticles. The nominal 20, 50 and             
100 nm PEG coated nanoparticles are spherical, with 
average iron oxide crystal diameters of 8.86 nm, 8.69 
nm, and 10.4 nm, respectively. 

The size measurement by photon correlation 
spectroscopy (PCS) showed the hydrodynamic sizes of 
MNPs of 70, 82 and 116 nm for particles with PEG 600      
coating and 74, 93 and 100 nm for  particles   with 
PEG 300 coating, respectively (Figure2).   

The trends of 1/T2 and 1/T1 of MNPs in presence 
of different iron concentrations were represented in 
Figure 2. 

Table 2. r1 and r2 value of iron oxide nanoparticles 
 

Samples r2 [mmol-1sec-1] r1[mmol-1sec-1] 

PEG 600, 100 nm 18.33 0.58 
PEG 600, 50 nm 27.76 0.67 
PEG 600, 20 nm 31.44 0.91 
PEG 300, 100 nm 10.69 0.16 
PEG 300, 50 nm 11.33 0.19 
PEG 300, 20 nm 13.12 0.22 

 
The longitudinal and transverse relaxivities were 

obtained by calculating the slope of the above 
graphs. The results of these calculations are 
presented in    Table 2. r1 and r2 relaxivity decreased 
by increasing particle size, in both groups (Figure 3). 

 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Plot of 1/T2 and 1/T1 versus Fe concentration. The slope of the line represents the longitudinal and transverse relaxivity
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Figure 3. Plots of (a) r2 and (b) r1 relaxivity versus particle size of PEGylated iron oxide nanoparticles

 

Discussion 
TEM studies showed a similar core size of 8–10±2 

nm independent of the chemical coating (Figure 1) and 
PCS showed that the hydrodynamic sizes of the 
particles increased with increasing coating thickness 
(Table 1). Figure 2 and Figure 3 clearly demonstrate the 
trends in r1 and r2 changes after increasing the 
hydrodynamic size by coating thickness. 

LaConte et al tried to evaluate the effect of coating 
thickness on the relaxivity of PEGylated mono 
crystalline super paramagnetic iron oxide nanoparticles 
(MIONs) (17). In their study, the r1 and r2 of MIONs 
were measured using a bench-top nuclear magnetic 
resonance (NMR) relaxometer. They also estimated the 
proton movement in a field with nanometer-sized 
magnetic particles in homogeneities via Monte Carlo 
simulations. They concluded that coating thickness 
could significantly influence the r2 and the r2/r1 ratio of 
a MION contrast agent. For example, their simulations 
showed that while coating thickness increased, the r2 
decreased and the r1 increased (17). However, as 
represented in our experimental data in Figure 2 and 
Figure 3 both r1, r2 and even r1 and r2 decreased when 
coating thickness increased. 

Ahmad et al. investigated the particle size 
dependence of the relaxivity of hydrogen protons in an 
aqueous suspension of silica coated iron oxide (Fe3O4) 
nanoparticles. They concluded that the relaxivity 
increased linearly with increasing particle size (15). In 
their study, they showed that by increasing the core 
size of MNPs with the magnitude of 17% the r1 and r2 
increased with the magnitude of 13% and 22%, 
respectively (15). On the other hand, in our study of 

the 20 nm and 50 nm NPs with a PEG 300 coating the 
MNPs have the same iron oxide core size (8.78 nm) and 
a different coating thickness (74 nm, 93 nm), but our 
results indicate that an increase in 26% in the coating 
thickness resulted in a decrease of r1 and r2 by the 
cofactor 13.64%. In addition, for the 20 and 50 nm NPs 
coated with PEG 600  with the same core size (8.78 nm) 
and different coating thickness of 70 and 82 nm our 
results show that an increasing coating thickness by 
17% led to a decrease of  r1 and r2 by factors of 26% 
and 12%, respectively. These results clearly indicate 
that a decrease of r1 and r2 is due to the increments in 
coating thickness. 

In terms of 20 and 100 nm NPs coated with PEG 
300, our size measurement revealed about 18.5% core 
size increments and 35% increments in coating 
thickness. However, the relaxivity studies showed that 
the r1 and r2 values decreased by 27.27% and 18.52%, 
respectively. These findings were in contrast to the 
results of Ahmad et al., which expect more than 17% 
and 25% increments in r1 and r2 values, respectively. 
This discrepancy is mainly due to coating thickness 
increments, which was not considered in previous 
studies. Our results indicate that changes in 
hydrodynamic size (coating thickness) influence the 
relaxivity more than core size alterations. The 
comparison of the relaxivity changes between 50 and 
100 nm NPs coated with PEG 300 demonstrated that 
while the core size was increased by 18.5% and the 
coating thickness by 8% again both r1 and r2 decreased 
by the magnitude of 15.79% and 5.65%, respectively. 
These data seem logical because the hydrodynamic size 
increments were less than in our previous studies 
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about nanoparticles with diameters of 20 and 100 
nm. Thus, for the particles used in our study, the 
decrease of r1 and r2 with increasing overall particle 
size (via coating thickness) can be attributed to the 
effect of hydrodynamic particle size. 

This study is the continuation of our previous 
study on the effect of functional group and surface 
charge of MNPs on their relaxivity constant (28). In 
that study, we concluded that particles with positive 
surface charges showed higher r2/r1 ratios (28). We 
examined the r1 for particles with same charge 
(negative charge) and functional group (COOH) with 
two different hydrodynamic sizes of  59.4 and 67.4 
and r1 values of 0.17 and 0.31 (mM-1 sec-1), 
respectively. This discrepancy in T1 (r1) can be 
justified with the fact that dependency of T1 on 
molecular rotation movements can be affected by 
hydrodynamic size. This is in accordance with the 
findings represented in Figure 3 (28). In summary, 
this study indicates an ignored factor in relaxivity 
and can be a trigger for more theoretical and 
experimental work on the effect of coating thickness 
on relaxivity. 
 

Conclusion  
In this study, we examined the effect of 

hydrodynamic size of the iron oxide nanoparticles 
coated with PEG on the relaxivity. In summary, based 
on the results of this study, the r1 and r2 value 
decrease with increasing hydrodynamic size. Our 
finding is in contrast to some other studies, which 
neglect the impact of coating thickness. As a result, 
by increasing hydrodynamic size (via coating 
thickness), the longitudinal and transverse relaxivity 
linearly decrease. This effect may be caused by the 
physical exclusion of protons from the magnetic 
field. 
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