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Abstract

Superparamagnetic iron oxide nanoparticles (SPIONs) are used as imaging probes to provide 

contrast in magnetic resonance images. Successful use of SPIONs in targeted applications greatly 

depends on their ability to generate contrast, even at low levels of accumulation, in the tissue of 

interest. In the present study, we report that SPION nanoclusters packaged to a controlled size by a 

hyperbranched polyglycerol (HPG) can target tissue defects and have a high relaxivity of 719 

mM−1s−1, which was close to their theoretical maximal limit. The resulting nanoclusters were able 

to identify regions of defective vasculature in an ischemic murine hindlimb using MRI with iron 

doses that were 5–10 fold lower than those typically used in preclinical studies. Such high 

relaxivity was attributed to the molecular architecture of HPG, which mimics that of the water 

retentive polysaccharide, glycogen. The results of this study will be broadly useful in sensitive 

imaging applications.
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1. Introduction

Magnetic resonance imaging (MRI) generates high-resolution images non-invasively and 

therefore is used for diagnosis of various tissue defects1, 2 as well as evaluation of fluid 

flows within engineered materials and devices.3–5 The diagnostic capability of MRI has 

been greatly enhanced with the introduction of superparamagnetic iron oxide nanoparticles 

(SPIONs), which can provide negative contrast against surrounding tissues. To further 

enhance their utility, SPIONs that have increased relaxivity while localizing at sites of 

interest would be advantageous for improving the capabilities of MRI. An attractive method 

to accomplish this is to tailor particle size within a range for which relaxivity is maximized, 

known as the static dephasing regime (SDR).6 However, SPIONs with diameters 

approaching such an optimal size often become permanently magnetic,7 resulting in 

uncontrolled aggregation that diminishes relaxivity and substantially reduces the SPION’s 

ability to reach target sites. Assembling SPIONs in the form of clusters has emerged as a 

promising strategy to yield a desired size of metallic core while maintaining 

superparamagnetism and colloidal stability.8–14 A limitation of common approaches, 

however, lies in the SPION coating material used to induce clustering, as such materials 

may limit penetration of water near the metallic core or reduce hydrophilic interactions. 

Such factors are intrinsically detrimental since the effectiveness of an MR contrast agent is 

highly dependent on its ability to interact with surrounding water.15

In this study, we hypothesized that the globular nature of a hydrophilic, hyperbranched 

polymer would allow for maximal MR relaxivity of clustered SPIONs to improve the 

diagnostic capability of in vivo imaging of ischemic tissue. To test this hypothesis, SPIONs 

were coated by a hyperbranched polyglycerol substituted with a varying number of 

octadecyl chains (HPG-g-C18) to form the nanoclusters (Figure 1a). Hyperbranched 

polyglycerol was adopted to mimic the structure of glycogen, a natural, hyperbranched 

biopolymer that is able to hold 2–3 times its weight in water.16 The critical role of the 

polyglycerol molecular architecture in enhancing relaxivity of SPION clusters was 

addressed using the analogous linear polyglycerol substituted with octadecyl chains as a 

control. The ability of the resultant ultrasensitive nanocluster to identify ischemic tissue 

vascularized with leaky blood vessels was then evaluated in a murine model of hindlimb 

ischemia.17

2. Materials and Methods

All materials were purchased from Sigma-Aldrich unless otherwise noted.

2.1 General polyglycerol characterization methods

Mass spectral analysis was performed using ESI on a Waters Micromass Q-Tof 

spectrometer or MALDI-TOF on an Applied Biosystems Voyager-DE STR spectrometer. 

Nuclear magnetic resonance (NMR) spectra were recorded on a Varian U400, UI400, U500 

or VXR500 spectrometer. Additionally, the molecular weights of HPGs were evaluated by 

gel permeation chromatography (GPC, Waters Breeze 2) with a Styragel HT column. 20 

mM LiBr in N,N-dimethylformamide (DMF) was used as an eluent. Values were based on 

calibration against polyethylene glycol (PEG) standards.
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2.2 Synthesis of HPG

The overall synthetic scheme is shown in Figure S1 and generally follows the methods 

reported by Kong, Zimmerman, and coworkers.18 To prepare HPG, sodium hydride (NaH) 

was mixed with the alkyne initiator, 4-pentyn-1-ol at a 1:10 molar ratio. The mixture was 

stirred for 15 min followed by addition of doubly distilled glycidol by a syringe pump (1.2 

mL/h) while stirring at 70 °C. The molar ratio of glycidol to initiator was varied to achieve 

different molecular weights. After addition, the reaction continued for 3 h with constant 

stirring. For each 1 mL of glycidol used, 2 mL of methanol was added and ion exchange 

Amberlite IR 1200 H form prewashed resin was added to the polymer solution and stirred 

for 1 h at 50 °C. The resin was removed by vacuum filtration and the polymer was 

fractionally precipitated with cold ether and centrifuged at 4,000 rpm for 15 min at 4 °C. 

The supernatant was decanted and precipitation was repeated 2–3 more times. The resulting 

HPGs were characterized by mass spectrometry, 1H NMR, and 13C NMR.

2.3 Alkylation of HPG

HPG (40 mg, 0.005 mmol) was dissolved in anhydrous dimethylformamide (DMF, 2.5 mL) 

to which NaH in 60% mineral oil (7.6 mg, 0.19 mmol) was added. The solution was stirred 

for 15 min before addition of bromooctadecane (63.3 mg, 0.19 mmol). The average number 

of conjugated alkyl chains was controlled by varying the ratio of bromooctadecane to HPG. 

The reaction mixture was then placed in a preheated oil bath at 80 °C for 24 h. The mixture 

was extracted with hexane 3 times to remove unreacted bromide and the DMF was removed 

first by rotary evaporator and then by high vacuum. The material was characterized by 

MALDI-TOF, 1H NMR and 13C NMR.

The degree of substitution of alkyl chain (DSC18) on alkylated HPG was calculated from the 

integrated peaks of the 1H NMR spectra as follows in Eq. (1):

(1)

2.4 FITC-labeling of alkylated HPG

Fluorescently-labeled HPG was used for analysis of nanocluster transport in the transwell 

assay described in 2.14. To modify HPG for this experiment, alkylated HPG was dissolved 

in anhydrous DMF. NaH (0.17 mmol) was then added and stirred at room temperature for 5–

15 minutes. Fluorescein isothiocyanate (FITC, 0.17 mmol) was added to the flask and 

protected from light, and the mixture stirred for 24 h at room temperature. The material was 

purified by dissolving it in methanol, followed by precipitation in cold diethyl ether, and 

finally, dialysis in a 1000 MWCO membrane against a water/10% methanol/NaHCO3 

saturated solution and brine.

2.4 Synthesis of the LPG intermediate, ethyl glycidol ether (EEGE) (3 in Figure S1b)

Freshly distilled glycidol was added to ethyl vinyl ether at a molar ratio of 0.8:3 and cooled 

to 0 °C. p-Toluene sulfonic acid monohydrate (pTSA) was added slowly while keeping the 

temperature below 20 °C. The mixture was then warmed to room temperature and stirred for 
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3 h. Saturated NaHCO3 was added and the organic layer was dried over Na2SO4. Solvent 

was removed under vacuum and the product was stored with CaH and vacuum distilled at 50 

°C. The product was characterized by 1H NMR, 13C NMR, and electrospray ionization 

(ESI) mass spectrometry on a Waters Micromass Q-Tof spectrometer.

2.5 Synthesis of the LPG intermediate, poly(EEGE) (5 in Figure S1b)

Using a slightly modified literature procedure,19, 20 2.1 mmol of 4-pentyn-1-ol (0.2 mL) was 

added to 15 mL freshly distilled diglyme, followed by 0.2 mL of a 1 M solution of 

potassium tert-butoxide in THF and stirred for 10 min. The flask was then cooled to −50 °C 

prior to dropwise addition of EEGE (92 mL, 725 mmol). The reaction continued for 48 h at 

120 °C. Diglyme was removed by vacuum distillation at 80 °C, and the remaining product 

was dissolved in dichloromethane (DCM) and washed with water. The organic phase was 

dried over anhydrous sodium carbonate, and the solvent was removed using a rotary 

evaporator. The product was characterized by MALDI-TOF, 1H NMR, and 13C NMR.

2.6 Synthesis and alkylation of LPG

First, poly(EEGE) was dissolved in THF, followed by addition of 32% HCl aqueous 

solution, which resulted in precipitation of LPG. The reaction continued for 2 h before the 

solvent was decanted and the residue was washed twice with THF, followed by solvent 

removal under vacuum. Next, as in the alkylation of HPG, LPG was dissolved in anhydrous 

DMF and reacted with bromooctadecane in the presence of NaH to yield LGP3k-g-C18(2). 

The products were characterized by MALDI-TOF, 1H NMR and 13C NMR. DSC18 was 

determined with Eq. (1), as in the case of alkylated HPG.

2.7 Contact angle measurement of HPG and LPG

HPG3k or LPG3k was dissolved in a 1:1 water and acetone mixture and spin coated on glass 

cover slides to make a thin, even film using a VTC-100 vacuum spin coater (MTI 

Corporation). A droplet of deionized water was placed on the film, and the contact angle 

was measured by a contact angle goniometer (Rame-Hart). The surface energies of the 

polyglycerol films, W, were calculated from the contact angle, θ, using the Young-Dupre 

equation and the surface tension of water, γ:

(2)

2.8 Synthesis of oleic acid-capped SPIONs

5 nm-diameter oleic acid-capped SPIONs were synthesized by thermal decomposition of 

iron acetylacetonate, as previously described.21, 22 Briefly, iron acetylacetonate (2 g), 

oleylamine (660 µL), oleic acid (660 µL), and 1,2 dodecanediol (0.7 g) were dissolved in 6.7 

mL of benzyl ether. The mixture was heated under nitrogen to 200 °C for 2 h, followed by 

reflux at 300 °C for 1 h. SPIONs were purified by precipitation in ethanol, magnetic 

separation, and finally redispersion in chloroform at a concentration of 10 mg/mL.
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2.9 Analysis of magnetization of SPIONs

The field-dependent magnetization of the SPIONs was evaluated with a vibrating sample 

magnetometer (MPMS, Quantum Design). Iron concentration was determined by digestion 

of SPIONs in concentrated nitric acid followed by analysis with inductively coupled plasma 

optical emission spectroscopy (ICP-OES, Perkin-Elmer Optima 2000 DV). The saturation 

magnetization acquired with the MPMS was used to estimate the theoretical maximum 

relaxivity within the static dephasing regime (SDR) using Eq. (3):

(3)

where γ is here defined as the proton gyromagnetic ratio, µ0 is the permeability of free 

space, υ is the molar volume, and Ms is the saturation magnetization. With a saturation 

magnetization of 71 emu/g, the maximum relaxivity for such SPIONs yielded the value of 

742 mM−1s−1.

2.10 Fabrication of polyglycerol-coated SPION nanoclusters

SPION clusters were fabricated by emulsification. The aqueous phase was prepared by 

dissolving HPG-g-C18 or LPG-g-C18 in deionized water at varying concentrations. SPIONs 

dispersed in chloroform were added to the PG aqueous solution, and the mixtures were 

immediately sonicated (Fisher Scientific Sonic Dismembrator, Model 100). Chloroform was 

then removed by rotary evaporation (Heidolph Hei-VAP), and any excess material was 

removed by centrifugation. For the transwell assay described in section 2.14, the FITC-

labeled HPG-g-C18 was used to induce SPION clustering.

2.11 Size determination of nanoclusters

The Z-average hydrodynamic diameters of the nanoclusters were determined by dynamic 

light scattering (DLS, Malvern Zetasizer Nano ZS). TEM micrographs were obtained by 

JEOL 2100 cryo TEM at 200 kV, with samples dried on holey carbon-coated copper grids. 

To demonstrate stability in serum, HPG-SPIONs were incubated for 2 h at 37 °C in 

phosphate buffered saline (PBS) supplemented with 50% type AB human serum off the clot 

(PAA Laboratories Inc.) prior to grid preparation. For certain experiments, the cryo-TEM 

sample was applied to a lacey carbon-coated copper grid and prepared by cryo plunge (FEI 

vitrobot) into liquid ethane (~90 K) in a controlled environment at 23 °C and 100% 

humidity. The images were acquired using JEOL 2100 cryo TEM with a cryogenic sample 

holder (Gatan 626) at 60 kV with digital imaging. Cluster core size was determined from a 

minimum of 50 clusters using ImageJ software.

2.12 T2 relaxivity measurement of SPION contrast agents

MR phantoms of SPIONs were prepared in borosilicate culture tubes, which were 

immobilized in an agar gel. Imaging was performed with a 3 T Siemens Magnetom Trio 

scanner equipped with head coil. Images were acquired using a spin echo sequence with 

repetition time (TR) of 1200 ms and echo time (TE) varied from 12 to 490 ms to determine 

spin-spin relaxation time (T2) by nonlinear least-squares curve fitting to Eq. (4):
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(4)

where S(TE) is the average signal intensity for echo time (TE) taken over the coronal section 

area of the MR phantom by ImageJ software, S0 represents the steady state signal intensity, 

and b is an offset due to the background noise level. Transverse molar relaxivity (r2) was 

then determined by linear regression of Eq. (5):

(5)

in which 1/T2,water is the relaxation rate of water and [Fe] is the iron concentration within 

the phantom sample. Iron concentration was determined by ICP-OES (Perkin-Elmer Optima 

2000 DV) after digestion in concentrated nitric acid. Performance of HPG-SPIONs was 

compared to the unclustered SPION, FeREX (BioPAL, Inc.), with a 5 nm diameter core. 

FeREX is a preparation similar to the commercial product, Feridex, which has a T2 

relaxivity of 120 mM−1s−1.23

2.13 MTT assay for cellular metabolic activity

C166 endothelial cells were seeded at a density of 5×103 cells per well in a 96-well plate. 

Cells were incubated for 24 h with SPION clusters coated with HPG50k-g-C18(2). MTT 

reagent ((3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, ATCC) was then 

added, followed by addition of MTT detergent, and absorbance at 570 nm was measured 

with a plate reader (Tecan Infinite 200 PRO) as an indicator of metabolic activity.

2.14 Transwell migration assay

The setup consisted of an HTS Transwell 96-well plate with 8 µm diameter pores in a 

polyester membrane (Corning). C166 endothelial cells were seeded on the transwell insert at 

a density of 1×105 cells per well to form an endothelial layer according to the 

manufacturer’s protocol. To compare physiological to inflamed states, cells were incubated 

overnight with a 10 ng/mL solution of tumor necrosis factor alpha (TNF-α, GenScript 

Corporation) to induce an inflammatory condition. Cells were then incubated for 1 h with 

FITC-labeled HPG-SPIONs, and fluorescence intensity of the receiver well was measured 

with a plate reader (Tecan Infinite 200 PRO) at excitation of 458 nm and emission at 535 nm 

as an indication of the clusters’ ability to permeate the endothelial layer.

2.15 Hindlimb ischemia model

Hindlimb ischemia was induced in male BALB/c mice (Jackson Laboratories, ME) in 

accordance with the protocol approved by the Illinois Institutional Animal Care and Use 

Committee. Mice were anesthetized by intraperitoneal injection of a mixture of xylazine (10 

mg/kg) and ketamine hydrochloride (100 mg/kg). A small incision was made on the upper 

thigh of the left hindlimb and the femoral artery was ligated in two regions with 5-0 Ethilon 

sutures (Johnson and Johnson, NJ). The artery was then severed between the proximal and 

distal sutures. The ischemic injury developed over 24 h, at which point HPG-SPIONs or 

FeREX were injected via tail vein at a dose of 2 mg Fe/kg. 2 mice were evaluated per 

condition.
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2.16 In vivo MRI

Mice were imaged 3 h after contrast agent injection and compared to a mouse that received 

the ischemic injury but no contrast agent. Imaging was performed with a Varian 14.1 T 

microimager consisting of a Unity/Inova 600 MHz NMR spectrometer and adjustable 

radiofrequency coil. Coronal images were acquired using a spin-echo multislice (SEMS) 

pulse sequence with TR = 500 ms, TE = 20 ms, and slice thickness = 0.5 mm.

The contrast-to-noise ratio (CNR) was calculated from Eq. (6):

(6)

where S is the grayscale signal intensity value of the region of interest (ROI) or surrounding 

muscle, and σ is standard deviation.

2.17 Histological analysis

The mouse thigh was split into 4 sections between hip and knee, fixed in 10% buffered 

formalin, and embedded in paraffin. Tissues were cut at a 4 µm thickness using a Leica RM 

2255 rotary microtome and the cross-sections were stained with Hematoxylin and Eosin or 

Prussian blue stain to analyze tissue morphology and locate SPIONs, respectively. Tissue 

sections were visualized with a NanoZoomer Slider Scanner/Digital Pathology System 

(Hamamatsu).

3. Results and Discussion

3.1 Synthesis and characterization of polyglycerol-coated SPION nanoclusters

First, hyperbranched polyglycerol (HPG) was synthesized by one-step anionic ringopening 

polymerization of glycidol (Figure S1a). Further reaction of HPG with octadecyl bromide 

yielded HPG with a molecular weight of 3 kg/mol substituted with an average of 5 alkyl 

chains per polymer, termed HPG3k-g-C18(5), according to NMR and mass spectrometry 

(Figures 1a and S2–S3). The control, linear polyglycerol (LPG) with a molecular weight of 

3 kg/mol was synthesized through a three-step process in which glycidol was reacted with 

ethyl vinyl ether to form ethoxy ethyl glycidyl ether, which was then polymerized and 

finally hydrolyzed to yield LPG (Figure S1b). Subsequent alkylation of the resultant LPG3k 

yielded LPG3k-g-C18(2), with an average of 2 octadecyl chains per polymer (Figures 1a and 

S4–S7). Despite having similar molecular weights and chemical functionalities, the 

hyperbranched architecture of HPG resulted in a smaller contact angle than the LPG (Figure 

S8). The corresponding surface energy of the HPG film was more than 30% greater. The 

result indicates that coating of SPION clusters with HPG would be advantageous in 

facilitating interaction with surrounding water.

Emulsification of 5 nm-diameter oleic acid-capped SPIONs initially dispersed in chloroform 

and polyglycerol dissolved in water resulted in spherical SPION clusters that were stable in 

water (Figures 1b and 1c), as confirmed with transmission electron microscopy (TEM) 

(Figure 1d). While the Z-average hydrodynamic diameter determined by dynamic light 

scattering (DLS) was 80 nm regardless of polyglycerol molecular architecture, the average 
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core size of the HPG3k-g-C18(5) clusters measured with TEM was 42±9 nm, and that of the 

LPG3k-C18(2)-induced clusters was 60±13 nm. This indicates that HPG3k-g-C18(5) provides 

a thicker hydrated polymer coating layer. In both cases, SPION clusters remained dispersed 

for over one year. Relaxivity measurements were performed on the nanoclusters to 

determine effects of the hyperbranched structure on T2 relaxation (Figure 1e). Despite 

having the same hydrodynamic size, nanoclusters coated by HPG3k-g-C18(5) had a 

relaxivity 30% higher than clusters made with LPG3k-g-C18(2), due to differences in 

hydrophilicity and coating thickness as a result of the globular, branched structure.

3.2 Tuning cluster size for relaxivity enhancement

Next, the size of the nanoclusters was tuned within the SDR, commonly centered on a 

diameter of 120 nm.24 Size has been shown to vary with polymer content during 

fabrication,25–28 however, clusters made with HPG3k-g-C18(5) or LPG3k-g-C18(2) remained 

80 nm, regardless of concentration (Figure S9), with core diameters of approximately 40 nm 

and 60 nm respectively. To strengthen potential HPG-mediated inter-droplet interactions,29 

a larger HPG with a molecular weight of 50 kg/mol, termed HPG50k, was synthesized by 

increasing the ratio of glycidol-to-initiator in the polymerization reaction (Figure S1a).

The resulting HPG was alkylated at two levels to yield HPG50k-g-C18(2) and HPG50k-g-

C18(10), in which two and ten alkyl chains were conjugated to the HPG50k respectively 

(Figures S10–S13). For these polymers, the hydrodynamic diameter of the nanoclusters was 

indeed tunable with HPG content (Figure 2a), with average diameters increasing to a critical 

size of approximately 145 nm. In most cases, the system was well controlled, with a 

polydispersity index (PDI) below 0.2 (Figure S14). However, for the larger clusters 

approaching a 140 nm diameter, the PDI was between 0.2–0.3, indicating a wider size 

distribution in such samples. TEM images of SPION clusters also verified that the diameter 

of the clustered metallic core was tailored with HPG50k-g-C18, following the same trends as 

the hydrodynamic diameter measured with DLS (Figure 2b).

MR relaxivity of nanoclusters coated by alkylated HPG50k displayed the size-dependent 

behavior, characterized by an initial increase in relaxivity followed by decrease with larger 

sizes (Figure 3a). Additionally, for any given size, the more highly alkylated HPG (i.e., 

HPG50k-g-C18 (10)) led to reduced relaxivity (Figure 3a(i)), which is likely due to 

differences in hydrophilicity as a result of the alkylation. As such, tuning the diameter of 

SPION nanoclusters coated with HPG50k-g-C18(2) led to a relaxivity of 719 mM−1s−1 

(Figure 3a(ii)). This relaxivity was close to the theoretical maximum for the SPIONs used, 

which was determined to be 742 mM−1s−1 based on magnetic saturation (Figure S15). The 

low PDI may also have assisted in the tuning of clusters within the appropriate size regime 

for relaxivity optimization. On the contrary, the larger clusters with diameters above 135 nm 

had high PDIs, which may have further contributed to their reduced relaxivities.

According to phantom images, the HPG-SPIONs with a relaxivity of 719 mM−1s−1 provided 

high contrast against background at low iron levels, unlike unclustered SPIONs with 

measured relaxivity of 122 mM−1s−1 (Figure 3b). The nanoclusters completely dephased the 

water proton signal at an iron concentration of 0.14 mM, whereas unclustered SPIONs at the 

same concentration provided no noticeable contrast. Clinically-used formulations of iron 
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oxide nanoparticles, such as Feridex, Sinerem, and ferumoxytol, would be expected to 

perform similarly to the unclustered SPIONs shown, as they have reported T2 relaxivities of 

120, 65, and 89 mM−1s−1 respectively.23

3.3 In vitro characterization and in vivo evaluation of nanoclusters

The SPION nanoclusters minimally influenced metabolic activity of C166 endothelial cells, 

even at high doses of 580 µg Fe/mL (Figure S16). Furthermore, the ability of the clusters to 

penetrate an inflamed endothelium as a method of passive targeting was simulated using a 

transwell system (Figure S17). The migration of clusters through an endothelial monolayer 

was greatly enhanced after incubating the cells with tumor necrosis factor (TNF)-α, a 

proinflammatory cytokine.30 SPION nanoclusters also remained intact during incubation in 

serum, thus supporting their stable structural integrity in blood circulation (Figure S18).

Finally, the engineered HPG-SPIONs were used to evaluate their capacity to accumulate in 

and identify ischemic tissue in vivo following systemic injection. Ligation of the femoral 

artery resulted in inflammation and local tissue damage typical of ischemic wounds (Figure 

S19a). HPG-SPIONs injected systemically via tail vein were able to dramatically reduce MR 

signal in the injured region of the thigh at a dose of 2 mg Fe/kg, which is 5 to 10 fold lower 

than those used in similar studies31–33 (Figure 4). In contrast, the unclustered SPIONs 

provided minimal enhancement and a correspondingly lower contrast-to-noise ratio (CNR). 

This was despite having a comparable amount of iron accumulated in the target tissue as 

verified with Prussian blue staining (Figure S19b).

In summary, this study demonstrates that HPG creates SPION clusters with very high 

relaxivity due to control of cluster size coupled with optimization of hydrophilicity at the 

surface. We propose that the thick, hydrophilic HPG coating layer serves to enhance 

relaxivity by absorbing water and reducing its diffusivity,34 analogous to the way the multi-

branched polysaccharide, glycogen, interacts with and retains water via its molecular 

architecture and extensive hydrogen bonding. While others have examined the effects of 

SPION composition, or of clustering to attain a desired aggregate size, this study has 

focused on the effects of the coating material of the cluster to further optimize relaxivity. 

Specifically, this study distinguishes itself as a first time investigation into the effects of 

molecular architecture of the packaging material on performance of the SPIONs. Such 

hydrophilic coatings may also be applied to improving nanoparticles of varying size and 

composition, and is thus broadly applicable in contrast agent design.

4. Conclusions

The formulated HPG-SPION nanoclusters can identify tissue defects using MRI, and 

therefore have potential to diagnose a wide variety of vascular diseases, which remain a 

leading cause of death worldwide. For further improvement, the HPG could easily be 

modified with targeting moieties to actively bind nanoclusters to sites of interest. 

Furthermore, as the inflammation that induces leaky vasculature occurs during initial stages 

of diseases, the HPG-coated SPION clusters may represent an early detection system for 

some of the most significant diseases, not only for vascular diseases, but also cancer.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
HPG-coated SPION clusters. (a) Overall scheme of hyperbranched polyglycerolcoated 

SPION nanoclusters and representative chemical structures of HPG3k-g-C18(5) and LPG3k-

g-C18(2). (b) Schematic of the emulsification process to create polyglycerol-coated SPIONs. 

(c) Oleic acid-capped SPIONs were dispersed in (i) chloroform before emulsification and in 

(ii) water after emulsification. (d) TEM micrographs of SPIONs coated with (i) HPG3k-g-

C18(5) and (ii) LPG3k-g-C18(2). Scale bars represent 50 nm. A minimum of 50 clusters were 
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examined per condition. (e) Effect of molecular architecture on T2 relaxivity. Error bars 

represent standard deviation of the fit parameter.
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Figure 2. 
Controlling size of SPION nanoclusters with high molecular weight HPG. (a) Control of Z-

average hydrodynamic diameter (DH) by varying the concentration of HPG50k-g-C18(2) (●) 

and HPG50k-g-C18(10) (□) per SPION, where HPG50k-g-C18(2) and HPG50k-g-C18(10) 

represent HPG50k substituted with 2 and 10 C18 chains, respectively. Data are the average of 

three replicate measurements, with error bars representing standard deviation obscured by 

data point markers. (b) Representative TEM micrographs of SPION nanoclusters with 
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corresponding hydrodynamic diameter (DH) determined from DLS and average core 

diameter (D) measured from a minimum of 50 clusters by TEM. Scale bars represent 50 nm.
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Figure 3. 
Tuning relaxivity with cluster size. (a) Dependence of T2 relaxivity (r2) on the 

hydrodynamic diameter (DH) of SPION clusters coated with (i) HPG50k-g-C18(10) and (ii) 

HPG50k-g-C18(2). The upper limit red dashed line represents the maximum theoretical 

relaxivity of the SPIONs at 742 mM−1s−1, while the lower blue dotted line at 122 mM−1s−1 

is the relaxivity of unclustered, commercial SPIONs. All error bars represent standard 

deviation of the fit parameter and are partially obscured by data markers. (b) MR phantom 

images comparing nanoclusters with relaxivity of 719 mM−1s−1 to unclustered SPIONs with 

relaxivity of 122 mM−1s−1.
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Figure 4. 
In vivo evaluation of the ability of SPION nanoclusters to highlight damaged tissue in MR 

images. (a) Hindlimb ischemia was induced by ligation of the left femoral artery. A control 

mouse receiving no injection of contrast agent (b) is compared in coronal images to mice 

injected systemically with unclustered SPIONs (c) or the HPG-SPIONs with relaxivity of 

719 mM−1s−1 (d). White arrows indicate negative contrast in the injured region of the thigh. 

(e) The contrast-to-noise ratio (CNR) in the region of interest compared to surrounding 
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muscle for HPG-SPION nanoclusters and unclustered SPIONs. Error bars are the standard 

deviation of 2 replicate mice per condition.
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