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Abstract: Sterically stabilized superparamagnetic iron oxide nanoparticles (SPIONs) were 

incubated with fresh human erythrocytes (red blood cells [RBCs]) to explore their potential 

application as magnetic resonance imaging contrast agents. The chemical shift and linewidth 

of 133Cs+ resonances from inside and outside the RBCs in 133Cs nuclear magnetic resonance 

spectra were monitored as a function of time. Thus, we investigated whether SPIONs of two 

different core sizes and with three different types of polymeric stabilizers entered metaboli-

cally active RBCs, consuming glucose at 37°C. The SPIONs broadened the extracellular 133Cs+ 

nuclear magnetic resonance, and brought about a small change in its chemical shift to a higher 

frequency; while the intracellular resonance remained unchanged in both amplitude and chemical 

shift. This situation pertained over incubation times of up to 90 minutes. If the SPIONs had 

entered the RBCs, the intracellular resonance would have become broader and possibly even 

shifted. Therefore, we concluded that our SPIONs did not enter the RBCs. In addition, the T
2
 

relaxivity of the small and large particles was 368 and 953 mM-1 s-1, respectively (three and 

nine times that of the most effective commercially available samples). This suggests that these 

new SPIONs will provide a superior performance to any others reported thus far as magnetic 

resonance imaging contrast agents.

Keywords: 133Cs NMR spectroscopy, bulk magnetic susceptibility, fresh human erythrocyte, 

particle stability, paramagnetic shift, superparamagnetic iron oxide nanoparticles, SPIONs

Introduction
In the past decade, attention has been given to nanometer-sized colloidal particles 

(nanoparticles [NPs]) as tools for biomedical applications including diagnostic imaging 

and therapy.1,2 Among the various types of NPs used for these purposes, those with 

magnetic cores have been the most extensively studied.3–13 The range of applications 

of magnetic NPs includes magnetic drug targeting, induced hyperthermia, and as 

contrast agents (CAs) in magnetic resonance imaging (MRI).

It is well documented that iron oxide NPs enhance nuclear magnetic resonance 

(NMR) proton relaxation at their site of accumulation,14 making them a useful tool for 

contrast enhancement in MRI, particularly for non-invasive diagnosis of human soft 

tissue pathologies.15 In the past 2 decades, superparamagnetic iron oxide nanoparticles 

(SPIONs) and ultra-small SPIONs dispersed in an aqueous phase have been explored 

as contrast-enhancing probes in MRI.

Products such as Endorem™ (also called Feridex®; Guerbet, Villepinte, France), 

Feraheme® (ferumoxide-AMI-25) (AMAG Pharmaceuticals Inc., Cambridge, MA, 

USA), Primovist™ and Eovist™ (Bayer AG, Leverkusen, Germany), are currently 

used as CAs, while products such as Supravist™ (SHU555C) (Bayer AG) and VSOP-

C184 (Ferropharm GmbH, Teltow, Germany), may enter the market in the future.16 
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Much effort has been expended on designing iron oxide NPs 

that are effective at lower concentrations, and that have an 

increased circulation time in the blood, thus enhancing the 

probability of selective transport (endocytosis) of the NPs 

across plasma membranes.17–19

Some publications20 have reported studies on the inter-

action of targeted tissues or cells with NPs. However, it is 

unclear whether these particles exhibit non-specific reactions 

with various cell types; eg, NPs in the blood stream may 

adhere to the surface of red blood cells (RBCs), thus prevent-

ing them from targeting other cells, and from entering the 

target cells. The uptake of NPs by RBCs has been reported 

by Geiser et al21 and Rothen-Rutishauser et al.22 In both cases, 

the NPs were thought to affect the physiological properties of 

the cells; eg, iron oxide NPs increased the membrane perme-

ability of human microvascular endothelial cells.23

Surface modification of NPs imparts biocompatibility and 

specific functional groups for particular biological and medi-

cal applications. A common method for such modification is 

“steric stabilization” of magnetic NPs using biocompatible 

polymers.24–32 Surface coating of SPIONs with poly(ethylene 

glycol) (PEG) or dextran was proposed to prolong the 

circulation time of NPs by shielding the surface charge of 

the particles.24,33,34 A PEG coating also ensured a decreased 

uptake of the NPs by macrophages, leading to an increase in 

circulation time, and therefore an increase in the passive accu-

mulation in tumors.35–40 Dextran coated NPs were extensively 

studied and have US Food and Drug Administration approval 

for use in patients.41 However, high molecular weight dextran 

contributes significantly to the overall hydrodynamic size 

of the particle, and consequently the average density and 

composition of the metal in the particle is lowered. This may 

be disadvantageous for MRI.

Reversible addition fragmentation chain transfer (RAFT) 

polymerization is a versatile tool for synthesizing polymers 

of a defined size and composition with a narrow molecular 

weight distribution.42 Short chain block copolymers have 

been designed and synthesized using RAFT-mediated 

polymerization. These polymers have previously been 

used as steric stabilizers to produce iron oxide NPs that are 

stable in water and physiological solutions, even at high salt 

concentrations.30

In the present work, we studied SPIONs with two dif-

ferent core sizes viz, 10–15 and 20–25 nm. The particles 

were sterically stabilized with short chain block copolymers 

prepared by RAFT polymerization. The block copoly-

mers used in this study are methoxypolyethylene glycol-

block-poly(monoacryloxyethyl phosphate)
10

 macro-RAFT 

agent (RAFT-MAEP
10

-MPEG, with 17 units of ethylene 

oxide in the MPEG block), poly(monoacryloxyethyl 

phosphate)
10

-block-poly(acrylamide)
20

 macro-RAFT agent 

(RAFT-MAEP
10

-AAm
20

), and poly(monoacryloxyethyl 

phosphate)
10

-block-poly(acrylamide)
60

 macro-RAFT agent 

(RAFT-MAEP
10

-AAm
60

). The aim was to investigate if these 

sterically stabilized SPIONs entered metabolically active, fresh 

human RBCs. To do this non-invasively, we exploited 133Cs 

NMR and the known feature that populations of intra- and 

extracellular 133Cs+ have different resonance frequencies.43

Materials and methods
Chemicals
Fe(II) chloride tetrahydrate (99%) and Fe(III) chloride 

hexahydrate (98%) were purchased from Sigma-Aldrich Co. 

(St Louis, MO, USA) and used as supplied. Fe(III) nitrate 

nonahydrate (99%) was from EMD Millipore, Billerica, MA, 

USA and used as supplied. Ammonium hydroxide (28% 

NH
3
 in water, w/w) was purchased from Ajax Finechem 

(Thermo Fisher Scientific, Waltham, MA, USA). RAFT 

agents 2-{[(butylsulfanyl)carbonothioyl]sulfanyl}propanoic 

acid (RAFT-COOH) and methoxy polyethylene glycol modi-

fied 2-{[(butylsulfanyl)carbonothioyl]sulfanyl} propanoic 

acid (RAFT-MPEG) were provided by Dr Algi Serelis 

(DuluxGroup, Melbourne, Australia). Fluka – 1,4-dioxane 

was distilled under reduced pressure. MAEP (Sigma-Aldrich 

Co.) was passed through an inhibitor removal column 

(Sigma-Aldrich Co.). AAm (Sigma-Aldrich Co.), 4,4′-
azobis(4-cyanovaleric acid) (V-501; Sigma-Aldrich Co.), 

and sodium hydroxide (NaOH; Sigma-Aldrich Co.) were 

used as received. Milli-Q (MQ) water was used throughout 

the work. 2H
2
O was from the Australian Nuclear Science 

and Technology Organisation (ANSTO; Lucas Heights, 

NSW, Australia).

Synthesis of the sterically stabilized 
magnetic NPs
Magnetic NPs of two different core diameters, 10–15 nm 

(small) and 20–25 nm (large), were used in this work. The 

small NPs (10–15 nm core diameter) were produced as previ-

ously described using the Massart method.30 The large NPs 

(20–25 nm core diameter) were obtained from Sirtex Medical 

Limited, Sydney, NSW, Australia. Sterically stabilized iron 

oxide NPs SPIONs were prepared by coating the iron oxide 

cores with the desired steric stabilizers.30,31 Figure 1A shows 

the structures of the polymeric stabilizers used in this work.

Preparation of RAFT-MAEP10-MPEG
A solution of RAFT-MPEG (3.60 g, 3.5 mmol), 4,4′-
azobis(4-cyanovaleric acid) (0.20 g, 0.7 mmol), MAEP 
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(6.89 g, 35 mmol) in dioxane (45 g) and water (22.5 g) was 

prepared in a 250 mL round bottom flask. This was stirred 

magnetically and purged with nitrogen for 15 minutes. The 

reaction was carried out at 70°C for 12 hours. The copolymer 

solution contained 15.1% solids. The copolymer solution was 

then diluted with MQ water to 0.7 wt%, and the pH adjusted 

to 5 using 0.1 M NaOH. See Figure 1A for the structure.

Preparation of RAFT-MAEP10-AAm20 
using 2-{[(butylsulfanyl)-carbonothioyl]
sulfanyl}propanoic acid
A solution of RAFT-COOH (3.2 g, 13.6 mmol), 4,4′-azobis 

(4-cyanovaleric acid) (0.19 g, 0.7 mmol), AAm (19.27 g, 

271.1 mmol) in dioxane (45 g) and water (22.5 g) was 

prepared in a 250 mL round bottom flask. This was stirred 

magnetically, purged with nitrogen for 15 minutes, and the 

reaction carried out at 70°C for 4 hours. The homopolymer 

solution contained 32.0% solids. Fifteen grams of the 

obtained homopolymer solution, MAEP (4.50 g, 22.9 mmol), 

and 4,4′-azobis(4-cyanovaleric acid) (0.04 g, 0.2 mmol) were 

added to a 100 mL round bottom flask. The mixture was then 

deoxygenated by purging with nitrogen for 15 minutes and 

the flask stirred in a 70°C oil bath for 12 hours. The copoly-

mer solution, which contained 40.4% solids, was then diluted 

with MQ water to 1.2 wt%. The pH of the diluted copolymer 

solution was adjusted to 5 with 0.1 M NaOH. See Figure 1A 

for the structure.

Preparation of RAFT-MAEP10-AAm60 
using 2-{[(butylsulfanyl)-carbonothioyl]
sulfanyl}propanoic acid
A solution of RAFT-COOH (0.36 g, 1.5 mmol), 4,4′-
azobis(4-cyanovaleric acid) (0.08 g, 0.3 mmol), AAm (6.59 g,  

92.8 mmol) in dioxane (20 g) and water (20 g) was prepared 

in a 100 mL round bottom flask. This mixture was then stirred 

magnetically, purged with nitrogen for 15 minutes, and the 

reaction carried out at 70°C for 4 hours. The obtained homopo-

lymer solution, MAEP (3.03 g, 15.4 mmol), and 4,4′-azobis 

Figure 1 Representative structures of (A) Polymeric stabilizers used in this study. (B) A diagram of sterically stabilized SPIONs.
Abbreviations: SPION, superparamagnetic iron oxide nanoparticle; RAFT, reversible addition fragmentation chain transfer; MAEP, monoacryloxyethyl phosphate; 
AAm, acrylamide; MPEG, methoxypolyethylene glycol.
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(4-cyanovaleric acid) (0.08 g, 0.3 mmol) were added to a 

100 mL round bottom flask. The mixture was deoxygenated 

by purging with nitrogen for 15 minutes, and the flask stirred 

in a 70°C oil bath for 12 hours. The copolymer solution, which 

contained 26% solids, was then diluted with MQ water to 1.2 

wt%. The pH of the diluted copolymer solution was adjusted 

to 5 with 0.1 M NaOH. See Figure 1A for the structure.

Preparation of RBCs from fresh human 
blood
Blood was obtained under Human Ethics Committee Clearance 

at the University of Sydney, from a healthy donor (PWK), anti-

coagulated with heparin (~15 IU mL-1), and diluted 1:2 in a 

saline solution in which NaCl was largely substituted by CsCl, 

viz, 50 mM NaCl, 100 mM CsCl, 10 mM KCl, and 10 mM 

glucose. The diluted blood was centrifuged (10 minutes, 4°C, 

3,000× g), after which the supernatant and “buffy coat” were 

aspirated. This procedure was repeated once more, followed by 

re-suspension of the RBC pellet, and bubbling it with CO for 

5 minutes, to render the hemoglobin into a stable diamagnetic 

state that gives an optimal signal-to-noise ratio in the NMR 

spectra. The sample was centrifuged as above, and the pellet 

re-suspended in another saline solution using a 10% 2H
2
O/1H

2
O 

mixture. The tube containing the RBC suspension was placed 

on a sample rocker (~20 oscillations min-1) for ~16 hours. This 

was then centrifuged again as above to yield a pellet of RBCs. 

The hematocrit (Ht) of the pellet was measured with a capillary 

centrifuge (Clements, North Ryde, NSW, Australia), and the 

final value adjusted to 76%. Aliquots of the RBC suspension 

(3 mL each) were added to high-precision 10 mm glass NMR 

tubes (Wilmad-LabGlass, Vineland, NJ, USA).

Transmission electron microscopy (TEM)
The size and morphology of the NPs was investigated by 

TEM (Philips CM120 Biofilter, 120 kV; Philips, Amsterdam, 

the Netherlands). The ferrofluid dispersions were first diluted 

with deionized water to approximately 0.001 wt%, before 

being deposited on a carbon coated copper grid.

Dynamic light scattering
The size distribution of the NPs was measured by laser light 

scattering on a Zeta Sizer NanoS (Malvern Zeta, 173 scatter-

ing angle; Malvern Instruments, Malvern, UK) at 25°C. The 

ferrofluid dispersions were diluted to 0.1 wt%.

Thermal gravimetric analysis
The composition of the particles was determined by thermo-

gravimetric analysis (TGA) using a TA Instruments TGA 

apparatus (Eugene, OR, USA) under an inert atmosphere, at 

a heating rate of 5°C/min from 100°C to 800°C.

Vibration sample magnetometry
The magnetic properties of the samples were measured in 

the solid state at room temperature using a vibrating sample 

magnetometer (Lake Shore 7300, with a 2 T electromagnet; 

Westerville, OH, USA). The magnetic moment of each dried 

sample was measured over a range of applied magnetic 

fields from -20 to +20 kOe, with a sensitivity of 0.1 emu. 

The saturation magnetization was obtained by fitting the 

experimental data to the Langevin equation.

133Cs NMR and RBCs
While cesium has 40 known isotopes, only 133Cs is stable.  

It is NMR receptive, with a spin-quantum number of 7/2.44 

As an aside, this is an attribute that is well elicited in stretched 

gelatin gels.45 Although it is a quadrupolar nucleus, and may 

give broad NMR resonances as a result, this is not a major 

problem with modern high field NMR spectrometers. The 

fact that it is used as a potassium congener means that its 

concentration in cells is relatively high, second only to 23Na+, 

and as such, the NMR spectra are acquired rapidly, in a matter 

of seconds. As the 133Cs+ nucleus is orbited by 54 electrons 

that magnetically shield the nucleus, the nuclear magnetic 

environment (local magnetic induction) is very sensitive to 

the interactions of all these electrons with other ions, mol-

ecules in the solution (probing differences in the suspension 

medium and the cell’s cytoplasm), and with macromolecular 

and even macroscopic surfaces. In the case of RBCs, this 

leads to 133Cs+ having an intrinsic chemical shift difference 

between the inside and outside of the cells, which arises 

without the use of chemical shift reagents.43 It is because of 

its exquisite sensitivity to bulk magnetic susceptibility (BMS) 

variations,46,47 paramagnetic properties, and bulk-solution 

content, that 133Cs+ was chosen as a probe to investigate 

the possible entry of our SPIONs into RBCs. An amount 

of 7.2 μL of the SPION suspension (original concentration 

of 5 mg mL-1) was used to give a final concentration of 

50 μg mL-1 in the extracellular space; temperature, 37°C. 

NMR spectra were acquired by averaging four transients, 

using a spectral width of 1,000 Hz, 2,048 time domain points, 

a 90° radiofrequency pulse width of 10 μs, and a relaxation 

delay between transients of 5 seconds.

NMR
NMR spectra were recorded at 400.13 MHz for 1H, and 52.5 

MHz for 133Cs, on an Avance III spectrometer (Bruker Optik 
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GmbH, Ettlingen, Germany) with a 9.4 T vertical wide-

bore magnet (Oxford Instruments, Oxford, UK). A 10 mm 

broadband observe probe was used and the temperature was 

calibrated (Bruker script) using a sample of neat methanol, 

and set to 37°C for the time course experiments.

133Cs NMR data analysis
The NMR spectra were processed using TopSpin 3.0 

(Bruker), and the spectra were extracted as text files that were 

read in a Mathematica program for subsequent analysis. All 

spectra were phase corrected and baseline adjusted prior to 

analysis. A line broadening factor of 3.0 Hz was used for all 
133Cs NMR spectra.

Results and discussion
Characterization of the magnetic NPs
The small-core magnetic NPs (diameter 10–15 nm) were 

produced and characterized as reported in our previous 

work.30,48 These particles were coated with a diblock copoly-

mer containing either 20 units of AAm or 17 units of ethylene 

oxide (EO) in the stabilizing block, and 10 units of MAEP in 

the anchoring block. The MAEP block anchors onto the NP 

surface via complexing with the surface hydroxyl groups; 

whereas, the water soluble AAm or EO blocks stretch out 

into the disperse phase preventing their agglomeration in the 

aqueous dispersion. The coated particles demonstrate excel-

lent stability in salt solutions over a wide pH range.30

As the diameter of the superparamagnetic particles is 

increased beyond 10 nm,49 the generation of stable disper-

sions becomes problematic. The strong attractive magnetic 

interactions can overcome thermal energy fluctuations at 

room temperature. This is of concern in biomedical applica-

tions of large-core magnetic NPs. We overcame this problem 

by increasing the length of the stabilizing block polymer. 

Twenty AAm or 17 EO units in the stabilizing block were 

sufficient to impart good stability to the small-core magnetic 

NPs. However, the large cores (20–25 nm diameter) used in 

the present study required a minimum of 60 units of AAm 

in the stabilizing block (Figure 1A). Sixty units of AAm 

provided a thickness of approximately 14 nm to impart steric 

stabilization (Figure 2 and Table 1).

The coated NPs were characterized by TEM, dynamic 

light scattering, TGA, and magnetometry, as discussed in 

the Materials and methods section.

Figure 2 Hydrodynamic (Z-average) diameters of dilute dispersions of large-core SPIONs in MQ water, phosphate buffered saline (PBS), and 10% fetal calf serum (FCS) 
supplemented PBS.
Notes: At (A) t =0 h; (B) t =24 hours after NPs were dispersed in the media; (C) light micrograph of a dilute suspension of SPIONs at t =0 h; and (D) t =24 hours after 
NPs were dispersed in the media.
Abbreviations: SPIONs, superparamagnetic iron oxide nanoparticles; h, hour(s); MQ, Milli-Q; t, time; NP, nanoparticle.
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Figure 3A shows a typical TEM image of the large-core 

magnetic NPs, with a core diameter of 20–25 nm, and a very 

narrow size distribution. A small fraction of the magnetic 

NPs underwent aggregation during the stabilization process. 

This may have resulted from the attractive forces between 

the few large particles present in the initial dispersion of 

uncoated magnetic NPs. The suspension of coated magnetic 

NPs was centrifuged several times before use; this separated 

very small and large particles, producing the final suspen-

sion of SPIONs with a narrow size distribution, as shown 

in Figure 3. The TEM of small-core NPs (Figure 3B) is 

also included for comparison. These NPs are somewhat less 

monodisperse.

Figure 2A and B show the size distribution of the coated 

particles in various media measured by dynamic light scat-

tering. The average hydrodynamic diameter of the stabilized 

large particles in water was 48 nm. That of the stabilized NPs 

was increased by ~20–25 nm relative to the core particles. 

This is in good agreement with the expected size of the steric 

stabilizing polymers. Sixty units of AAm provides a coating 

of ~10–12 nm for steric stabilization. This increase was due 

to solvation and extension of the poly(AAm) stabilizing 

block into the aqueous phase, which is approximately the 

same length as the fully extended poly(AAm) block. Similar 

results were obtained in our previous work on poly(acrylic 

acid) stabilized latex particles.30,31

The size distribution of the coated particles (Figure 2A) 

remained unchanged in various media including MQ water, 

phosphate buffered saline (PBS), and fetal calf serum (10%) 

supplemented PBS at time t =0 hour. This highlights their 

high stability in different biological media. Figure 2B shows 

their size distribution after 24 hours. The measured hydrody-

namic diameters are shown in Table 1. The size distribution 

and average hydrodynamic diameter remained unchanged 

after 24 hours in all media (Table 1). Figure 2C and D are 

light micrographs of the NP dispersions in MQ water, PBS, 

and fetal calf serum supplemented PBS media taken at t =0 

and 24 hours. We concluded from these size distribution 

measurements that the coated particles are very stable in all 

media tested.

Table 1 Hydrodynamic diameters of large-core SPIONs in different media at t =0 and 24 hours

Solvent t =0 h t =24 h

Z-average diameter, nm PDI Z-average diameter, nm PDI
Milli-Q water 48.14 0.113 46.51 0.090
PBSa 44.63 0.073 44.42 0.067
FCSb 45.72 0.088 45.28 0.108

Notes: aNormal PBS; b10% FCS supplemented PBS.
Abbreviations: SPIONs, superparamagnetic iron oxide nanoparticles; PBS, phosphate buffered saline; FCS, fetal calf serum; h, hour(s); PDI, polydispersity index; t, time.

Figure 3 TEM image of sterically stabilized (A) large-core and (B) small-core SPIONs. The large-core SPIONs were stabilized by RAFT-MAEP10-AAm60 diblocks; the small-
core SPIONs were stabilized by either (RAFT-MAEP10-MPEG) or (RAFT-MAEP10-AAm20) diblocks.
Abbreviations: SPIONs, superparamagnetic iron oxide nanoparticles; TEM, transmission electron microscopy; RAFT, reversible addition fragmentation chain transfer; 
MAEP, monoacryloxyethyl phosphate; AAm, acrylamide; MPEG, methoxypolyethylene glycol.
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The percentage composition of polymer and iron metal in 

the final large-core NP was determined from thermogravimetric 

analysis (TGA). The TGA trace (Figure 4) shows a gradual 

and almost single-step weight loss profile. The weight loss that 

resulted from the polymer degradation was ~14%. This indicated 

that there was ~86 wt% of iron oxide in the polymer coated NPs, 

which exceeded the highest value of ~76% previously achieved 

by our group,30 and the ~70 wt% reported by Lee et al.50

Figure 5 shows the magnetization curves of aqueous dis-

persions of both the electrostatically and sterically stabilized 

large-core NPs determined by vibrating sample magnetom-

etry at room temperature. The variation in magnetization, 

M, with applied field, H, showed no hysteresis in each case. 

Thus, both the remanence and coercivity were zero. The 

absence of hysteresis was confirmed by measurements of the 

magnetization of both samples at relatively weaker magnetic 

field strengths. The saturation magnetization of both the 

electrostatically stabilized NPs and polymer coated SPIONs 

were almost identical (Ms =66 emu g-1). However, the satura-

tion magnetization was lower than that of pure maghemite 

(Ms =72 emu g-1)51 in both cases. This has been attributed 

elsewhere to the presence of nonmagnetic or “dead” surface 

layers resulting from a chemical reaction between the stabi-

lizing surfactant and the ferrite particles.52

The toxicity of both small-31 and large-core SPIONS have 

been tested in vitro in a number of cell lines using the standard 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-

mide assay. The cell viability was not significantly affected 

in the presence of SPIONs at concentrations up to 500 mg/L 

(data not shown).

Relaxometric properties
To examine the MRI potential of the large SPIONS, 1H 

NMR relaxometry measurements were carried out at room 

temperature by measuring the transverse relaxation time, T
2
, 

at 400 MHz. This corresponded to an external magnetic field 

B
0
=11.7 Tesla (T). Figure 6 shows R

2
, and the transverse relax-

ivity (1/relaxation time constant) of dilute dispersions of large-

core SPIONs within the concentration range 0–0.5 mM of Fe. 

In comparison to the R
2
 transverse relaxivity value in water, 

the negative contrast was observed to increase with increasing 

iron concentration. It can be seen from the data in Figure 6 

that the large-core SPIONs showed a transverse R
2
 relaxivity 

of 953 mM-1-s-1, which is nine times higher than the com-

mercial sample from Endorem™. Also, large-core SPIONs 

rendered a significantly higher relaxivity in comparison to the 

small particles (R
2
 relaxivity of 368 mM-1-s-1) reported by us 

in the past.48 An increase in R
2 
with an increase in the NP size 

has also been seen by Lartigue et al.53 This was attributed to 

a higher saturation magnetization of large-core SPIONs than 

°

Figure 4 Measurements of polymer coatings and core compositions for sterically 
stabilized large-core SPIONs by thermogravimetric analysis.
Abbreviation: SPIONs, superparamagnetic iron oxide nanoparticles.

Figure 5 Normalized magnetization (using a DC field coil, M-DC) versus applied 
field curves of electrostatically stabilized () and sterically stabilized () large-core 
SPIONs.
Abbreviation: SPIONs, superparamagnetic iron oxide nanoparticles.

Figure 6 NMR relaxation time as a function of large-core SPION concentration.
Notes: () 4.7 T; () 11.7 T; solid line is the fit to the experimental data.
Abbreviations: SPION, superparamagnetic iron oxide nanoparticle; NMR, nuclear 
magnetic resonance; T, Tesla.
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that of small-core SPIONs. A lower magnetic field of 4.7 T 

(Figure 6) was also used to investigate the effect of the external 

magnetic field on the measured relaxivity. The values were 

almost identical. Similar apparent field-strength independence 

has also been reported by Lartigue et al.53 The findings in this 

study demonstrate that our SPIONS are promising for use as 

MRI CAs (see further comments in the Discussion).

Interaction of magnetic NPs with RBCs
133Cs+ in RBCs
The black spectra obtained for the three series shown in 

Figure 7 indicate that the RBCs were successfully loaded with 

Cs+ over the previous 16 hours. The spectra show a marked 

separation of 63 Hz between the resonances from the popu-

lations of the cation inside and outside the RBCs. Sample 

dilution decreased the volume of RBCs in the sample, and 

further reduced the area of the smaller resonance; the smaller 

resonance was therefore assigned to the intracellular 133Cs+. 

All three spectra were essentially identical, demonstrating 

the high level of reproducibility in the sample preparation 

that is achievable with human RBCs and CsCl.

SPIONs addition
The green and red spectra in Figure 7A were acquired at 

5 and 90 minutes after the addition of SPIONs EP56 (NPs 

coated with RAFT-MAEP
10

-MPEG) to the RBC suspen-

sion, respectively. The immediate effect observed after the 

addition (green spectrum) was a decrease in the amplitude 

of the resonance from the extracellular 133Cs+, accompanied 

by an increase in its width. On the other hand, line broaden-

ing was not evident with the intracellular 133Cs+. There was 

a small amount of sharpening in the extracellular resonance 

over the subsequent 85 minutes, but no equivalent change 

for the intracellular resonance.

In comparison to the effect of EP56 (NPs coated with 

RAFT-MAEP10-MPEG) shown in Figure 8A, Figure 8B 

shows that the effect of the SPIONs EP48 (NPs coated with 

RAFT-MAEP
10

-AAm
20

) on the extracellular resonance was 

more dramatic. Not only did the resonance become signifi-

cantly broadened, accompanied by a ~threefold decrease in the 

peak amplitude, but also the signal was shifted to a higher fre-

quency by ~5 Hz. The broadening increased slightly (~1 Hz) 

in contrast with Figure 7A over the time course investigated, 

up to 90 minutes. However, only a slight broadening was 

observed for the intracellular resonance within this time.

As seen in Figure 8C, the effect of the addition of SPIONs 

NJ94 (NPs coated with RAFT-MAEP
10

-AAm
60

) on the extracel-

lular resonance was even more dramatic than for the other two 

SPIONs. The observed resonance broadening was significant, 

and this was also accompanied by a chemical shift of ~16 Hz.  

The broadened extracellular resonance encroached on the 

intracellular resonance, making it difficult to resolve the two 

peaks. However, the amplitude of the intracellular resonance 

did not change significantly over the 60-minute time course.

133Cs loading
The RBCs were successfully loaded with 133Cs+ under 

the conditions we employed, and the cells were kept in a 

Figure 7 133Cs NMR spectra of Cs+ in human RBCs before and after the addition of  
SPIONs to the suspension.
Notes: The black spectrum for each sample was acquired prior to the addition of the 
SPIONs; the green spectra were acquired 5 minutes after adding the SPIONs; and the 
red spectra were acquired after 90 minutes for A and B, and 60 minutes for C; other 
spectra over the time course were recorded at 15-minute intervals, and were the 
same within experimental error as those at 60 or 90 minutes as indicated. (A) EP56; 
(B) EP48; and (C) NJ94. Sample: 3 mL of RBC suspension; Ht 76% (therefore, the 
extracellular volume =0.72 mL); 7.2 µL of SPION suspension (original concentration 
5 mg mL-1) giving a final concentration of 50 µg mL-1 in the extracellular space; 
temperature, 37°C. NMR: spectra were acquired by averaging four transients, using 
a spectral width of 1,000 Hz, 2,048 time domain points, a 90° radiofrequency pulse 
width of 10 µs, and a relaxation delay between transients of 5 seconds.
Abbreviations: SPIONs, superparamagnetic iron oxide nanoparticles; NMR, nuclear 
magnetic resonance; RBCs, red blood cells; Ht, hematocrit.
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metabolically active state by the ample supply of glucose 

throughout the entire Cs-loading procedure, as well as 

during the subsequent NMR experiments. The chemical 

shift of 133Cs+ is very sensitive to its local ionic environ-

ment because it is a large multi-electron ion whose nucleus 

therefore “senses” any changes in the local (molecular-

scale) inhomogeneous electric field. Therefore, its chemi-

cal shift responds sensitively to changes in the electronic 

surroundings; consequently, a large transmembrane 

chemical shift difference of 63 Hz was observed in our 

experiments. Such a chemical shift difference has been 

seen in vivo.43,54–56 Therefore, the technical developments 

made in the present work are likely to be extendable to in 

vivo animal studies.

SPION effects
SPIONs, being Fe(III) complexes that are superparamagnetic, 

perturb the local magnetic field that arises from the differ-

ence in the BMS in various regions of an RBC suspension. 

As the SPIONs reside in the space between the RBCs, and 

perhaps on their surface, the BMS effect broadens the 133Cs+ 

resonance. On the other hand, the magnetic field perturba-

tion does not extend greatly into the cytoplasm (the effect 

dies off as 1/r3 from a magnetic dipole, where r is distance 

from the center of the dipole), and therefore the resonance 

of intracellular 133Cs+ was not significantly affected. 133Cs+ 

that is in the same compartment as the SPIONs encounters 

BMS-induced magnetic field inhomogeneity that causes 

spectral line broadening. 133Cs+ can also interact with the 

surface polymer of the SPIONs particle. The rapid relaxation 

of the electrons in the Fe(III) brings about rapid relaxation 

of the high energy nuclear-magnetic state of the 133Cs+. This 

hyperfine interaction also contributes to broadening of the 
133Cs+ line.

The first broadening mechanism produced by the BMS 

effect gives “inhomogeneous broadening”. This refers to 

the inhomogeneity of the magnetic field. The width-at-

half-height, Δν
1/2

, of the 133Cs+ resonance (or any NMR 

peak for that matter) is equal to 1/(πT
2
*), where T

2
 is the 

transverse relaxation time, and the * denotes that this is an 

apparent rather than an intrinsic value. The smaller value 

of T
2
* relative to the intrinsic spin-spin relaxation time 

constant is the result of inhomogeneous line broadening 

due to the paramagnetic effect. The envelope of the free 

induction decay (FID) acquired in the NMR experiment 

is characterized by the apparent relaxation time constant 

1/T
2
*; hence, the intrinsic T

2 
is generally measured by 

using the Hahn- or Carr-Purcell spin-echo pulse sequence. 

Thus, a comparison of the T
2
* and T

2
 values is used to 

estimate whether the line broadening is primarily due to a 

BMS effect, or if it arises from a direct ion-paramagnetic-

interaction effect.

Another effect associated with the SPIONs is to change 

the average magnetic field of all the 133Cs+ ions uniformly 

within the medium of a shared compartment. The ions will 

be in a rapid exchange between the bulk medium and being 

transiently bound to the surface of the SPIONs. This over-

all average change in the magnetic field will bring about a 

change in the NMR resonance frequency. This effect was 

evident with the EP8 and NJ94 SPIONs (Figure 7B and C, 

respectively), but not for EP56 SPIONs.

Uptake of SPIONs into RBCs?
The motivation behind the experiments reported here was to 

determine whether SPIONs would penetrate the RBC plasma 

membrane, and if they may differentially broaden the NMR 

resonances (spectral lines) from a cation. The separation of 

the 133Cs+ NMR signals from inside and outside the cells 

allowed the distribution of the SPIONs in the sample to be 

recorded. If SPIONs entered the cells, then the previously 

narrow peak would become broader and perhaps even 

undergo a chemical shift. This was not observed over the  

60- to 90-minute periods used. The system response, includ-

ing the shifting and broadening of the extracellular resonance, 

eventually stabilized after the addition of the SPIONs, while 

there were no significant changes observed in the resonance 

Figure 8 Comparison of the final 133Cs NMR spectra.
Notes: The various SPIONs, and the corresponding spectrum acquired at the specified 
time were: (A) EP56, 90 minutes; (B) EP48, 90 minutes; and (C) NJ94, 60 minutes.
Abbreviations: SPIONs, superparamagnetic iron oxide nanoparticles; NMR, nuclear 
magnetic resonance.
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associated with intracellular 133Cs+. The constant extracellular 

signals of 133Cs+ over the time course investigated strongly 

indicates that the SPIONs are highly stable in the biological 

environment.

Conclusion
The attractive magnetic interactions between the big-core 

(20–25 nm diameter) SPIONs were overcome by using larger 

block lengths of steric stabilizers to prevent aggregation. 

Sterically stabilized SPIONs showed excellent stability in 

all media. We also observed that the large-core SPIONs 

were efficient negative CAs, having a transverse relaxivity 

value of 958 mM-1s-1; this is nine times higher than any of 

the “best” commercially available reagents.

The three different samples of SPIONs (EP56, EP48, 

and NJ94) invoked a graded response from the extracellular 
133Cs+ resonance (EP56EP48NJ94), but had no effect on 

the intracellular 133Cs+ resonance over the 60- to 90-minute 

time courses investigated. This indicated that under our 

incubation conditions, the metabolically active RBCs were 

not penetrated by the studied SPIONs.

Because of their different NMR spectral effects, the 

three types of SPIONs could be used either experimentally 

or in in vivo studies to investigate cation transport, particu-

larly for 133Cs+, 23Na+, and other cations whose intra- and 

extracellular resonances are separated by a shift reagent, 

or to enhance MRI images based on their BMS and hence 

their enhancement of intrinsic transverse relaxation. If a 

suitable 133Cs model can be established for in vivo studies, 

with the stability of the SPIONs in the presence of RBCs as 

shown in this work, any changes in the observed intracel-

lular signal would reflect changes in the ion concentration 

and hence the diffusion and/or transportation of ions or 

small molecules across the RBC membrane. Furthermore, 

the SPIONs were shown to reduce the extracellular signal, 

which would enhance the signal-to-noise ratio in imaging. 

This suggests that these SPIONs will be potentially valuable 

CAs for MRI.
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