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ABSTRACT 28 

Nanostructured contrast agents are promising alternatives to Gd(III)-based chelates in 29 

magnetic resonance (MR) imaging techniques. A novel ultrasmall paramagnetic nanoparticle 30 

(UPN) was strategically designed to maximize the number of exposed paramagnetic sites and 31 

r1 while minimizing r2, by decorating 3 nm large titanium dioxide nanoparticles with suitable 32 

amounts of iron oxide. Its relaxometric parameters are comparable to that of gadoteric acid 33 

(GA) in agar phantoms, and the r2/r1 ratio of 1.38 at 3T is close to the ideal unitary value. The 34 

good contrast effect was confirmed by T1-weighted MR images of Wistar rats after 35 

intravenous bolus injection of UPN. Those results associated with good biocompatibility and 36 

a much longer contrast effect before renal excretion indicate its high potential as alternative 37 

blood-pool contrast agent to the GA gold standard for MR angiography, especially for 38 

patients with severe renal impairment. 39 
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Magnetic resonance imaging (MRI) is a noninvasive diagnosis technique that provide 42 

detailed anatomic information of soft tissues whose image resolution to detect injuries is 43 

further improved by contrast agents (CAs). Their effect is based on the shortening of the 44 

longitudinal (spin-lattice, T1) and transverse (spin-spin, T2) relaxation times, and can be 45 

classified as T1-/positive or T2-/negative CAs depending on the contrast efficiency measured 46 

by their longitudinal (r1) and transverse (r2) relaxivities. The overall relaxation time is given 47 

by the sum of both phenomena but tend to be more strongly associated with the dephasing 48 

rate in the xy plane than the decay to the magnetic ground state. Hence, the positive CAs are 49 

those presenting a r2/r1 ratio closer to 1, the ideal value, whereas negative CAs typically 50 

exhibit ratios larger than about 5.1,2 51 

The current FDA-approved CAs are based on Gd3+or Mn2+ chelates, and iron oxide 52 

nanoparticles (IONPs).3–5 In the 1980s, Gd3+ was evaluated as the most effective 53 

paramagnetic ion for T1-weighted images3, thus making it the most preferred in clinical 54 

practices for increasing the brightness of blood vessels and surrounding tissues in the MR 55 

images.  It is administered as chelated compounds, and recently as more stable macrocyclic 56 

compounds, to avoid adverse effects of toxic free Gd3+ ion. However, recent studies 57 

associated the development of nephrogenic systemic fibrosis to such Gd3+-based contrast 58 

agents (GBCAs), especially in patients with renal impairment.6–8 Furthermore, repeated 59 



exposure to GBCAs can lead to deposition of Gd3+ in organs such as bones, skin, kidneys and 60 

even in the brain, igniting a warning alert on the possible associated threats.7–9 61 

Nanomaterials have been studied as more versatile and promising alternatives since 62 

their properties can be modulated by controlling their physico-chemical characteristics10,11. 63 

Three are the main types: 1) those whose core material (Fe2O3, Gd2O3, MnO) is 64 

paramagnetic;12–14 2) those doped with paramagnetic ions;15,16 and 3) those 65 

conjugated/coordinated to paramagnetic ions such as Gd3+, Dy3+, Fe3+, Mn2+.17–19 Among 66 

these, the most explored as potential nanocontrast agents are the superparamagnetic iron 67 

oxide nanoparticles (SPIONs), due to their high biodegradability and non-toxicity in 68 

biological systems when compared to GBCAs.20–24 However, despite their much larger 69 

intrinsic magnetic moments, those materials still are behind conventional GBCAs and deliver 70 

inferior contrast performance. SPIONs have high r2/r1 values (typically above 10) which 71 

imply in hyposignal (darkening of the surrounding region) in T2-weighted images in routine 72 

MRI which may be mistaken with other hypointense areas caused by bleeding, calcification, 73 

and metal deposits, as well as the blooming effect.1,2 74 

The recent development of CAs based on ultrasmall IONPs (USIONs < 5 nm) brought 75 

a significant improvement since they can behave as T1-CAs.25–29 It was shown that their r1 76 

and r2/r1 ratio are strongly dependent on nanoparticles size, shape and core crystallinity, as 77 

well as surface interactions and aggregation state in the biological environment.1,2,30,31 78 

Therefore, USIONs with relevant parameters approaching the ideal ones, especially lower 79 

r2/r1 ratios, have been  reported.1  Yet, the translation to clinical use is still a challenge as 80 

other issues also need to be overcome, such as scaling up process improving production cost, 81 

colloidal stability, application protocol and pharmacological parameters. Interestingly, 82 

Ferumoxytol, an USION-based formulation registered for treatment of anemia administered 83 

by slow infusion, is being explored as off-label alternative to GBCAs.32 Hence, many efforts 84 

are underway in the quest of safer CAs, but no alternative product to GBCAs with 85 

comparable clinical performance and similar clinical practice protocol has been consolidated 86 

in the market yet. 87 

Accordingly, herein is presented a novel class of ultrasmall paramagnetic 88 

nanoparticles (UPNs) with adjustable magnetic and MRI-contrast properties by decorating 89 

biocompatible ultrasmall titanium dioxide nanoparticles (usTiO2NPs) with suitable amounts 90 

of iron oxide. The properties of such novel engineered nanomaterials were carefully adjusted 91 

to overcome the key issues faced by GBCAs and SPION-based products, including no toxic 92 

elements and no significant toxicity, thus avoiding nephrotoxicity and metal accumulation. 93 



The safety issues were further assessed by carrying out careful systematic stability studies in 94 

biological medium and toxicological assays based on cell viability tests. In addition, r2/r1 95 

values was adjusted to be lower than 2 to overcome the limitation of SPIONs as typical T2-96 

CAs, thus enabling T1-contrast images with quality as high as using GBCAs as demonstrated 97 

in vivo. In addition, UPNs are fully compatible with the currently used clinical imaging 98 

protocols while providing extended vascular contrast for a period up to 20 minutes, which 99 

can be convenient in most cases. 100 

The NPs were produced by non-hydrolytic method and stabilized with selected 101 

functionalizing ligands. The size and morphology were determined by dynamic light 102 

scattering (DLS) and transmission electron microscopy (TEM) images, complementary 103 

techniques that provide information in aqueous dispersion and in the solid state, respectively. 104 

TEM image revealed monodisperse and non-agglomerated spherical UPNs with an average 105 

core size of 3 nm (dark spots, Figure 1a). Its high dispersibility in water was confirmed by 106 

DLS that provided an average size of 3.8 nm (Figure 1b) with no additional peak in the 107 

volume-weighted histograms, as expected for monodisperse NPs. The slightly larger diameter 108 

by DLS is expected since it measures the hydrodynamic diameter which includes the 109 

functionalizing molecular layer and the hydration layer. Finally, given the very small size and 110 

high concentration of surface defects, the NPs must exhibit low crystallinity, as demonstrated 111 

by a X-ray diffractogram (XRD) showing only a broad halo characteristic of amorphous 112 

materials around 20º 2 (Figure 1c), revealing unexpectedly higher structural disorder. This 113 

can be better evaluated by comparison with the XRD pattern of SPIONs, that typically 114 

exhibits characteristic diffraction peaks.33 115 

Moreover, nanomaterials intended to biomedical applications need to be colloidally 116 

stable in biological systems, but NPs tend to agglomerate/aggregate, as the ionic strength 117 

increases, or when in the presence of other substances.34 Accordingly, their colloidal stability 118 

in biological media, such as cell culture media, need to be evaluated since aggregated 119 

nanoparticles often show negative biological responses (inflammation, ROS, loss of 120 

functionality),35–38 and also can induce the coupling of their magnetic moments influencing 121 

the r2/r1 ratio value.31,39,40 Hence, the size distribution of the UPN functionalized with 122 

different ligands (citrate (Cit), glycerol-3-phosphate (Gly), o-phosphorylethanolamine (PEA) 123 

or tiron (Tir)) (0.25 mM Fe) in RPMI-1640 cell culture medium supplemented with fetal 124 

bovine serum (FBS) 10% (v/v) was monitored by DLS. The volume-weighted histogram 125 

showed no change after 24h and 48h of incubation (Figure 1d) indicating no aggregation. 126 



When administered by intravenous (i.v.) injection, NPs will interact with all blood 127 

components (biomolecules, salts, circulating blood cells) and vessel walls (endothelial cells). 128 

Their permanence in circulation will depend on these interactions and the clearance systems 129 

of the body, such as the mononuclear phagocyte system. The blood clearance can be 130 

performed by specialized cells such as tissue macrophages, especially if their size is 131 

> 5.5 nm.41–43 Hence, the in vitro toxicity of UPNs functionalized with the same ligands 132 

series was assessed by the MTT and resazurin methods using HUVEC and RAW 264.7 cell 133 

lines as relevant models of endothelial cells and macrophages, respectively, by comparing the 134 

cell viability after 24h of exposure to UPN (0.25 mM Fe) with controls (culture medium). 135 

There was no significative reduction on HUVEC cells viability treated with UPN as 136 

compared with controls (p < 0.05) (Figure 1e). In contrast, the treatment with UPNs caused a 137 

small reduction on the RAW 264.7 cells viability (Figure 1f) in comparison with control in 138 

both, MTT and resazurin assays (p > 0.05), but the cell viability remained above 70% in both 139 

cases, and could not be considered potentially cytotoxic.44 140 

The volume- and intensity-weighted size distribution histograms were compared to 141 

make clear the DLS pattern associated with UPNs (Figures 1d and 1Sa, respectively) and 142 

proteins present in the culture medium supplemented with FBS (Figure 1Sc).45,46 Since 143 

UPNs and proteins have similar sizes (3 and 10 nm), it is reasonable evaluating the size 144 

distribution by volume and by intensity rather than by number to assess the colloidal stability 145 

and the eventual formation of a biomolecular corona. Interestingly, the NPs seems to be 146 

found in two states, a dissociated one (~10 nm) and a much larger associated state (~100 nm) 147 

(Figure 1Sa). The shift of the peak from about 10 nm (time zero) to 100 nm after 24 and 48h 148 

with a contrasting size distribution pattern relative to control (Figure 1Sa), clearly indicates 149 

the UPNs interaction with protein particles favoring the associated state, which can be related 150 

to a corona layer but not to aggregation.45,47 Such process is reproducible and seems to be 151 

controlled by specific NPs/protein interactions, given their similar negative zeta potentials 152 

(ZPs) (Figure 1Sd). The similar size distribution patterns (Figure 1Sa) with absence of 153 

further precipitation (Figure 1Sb) indicates they are suitable for biological application. 154 

The UPNs functionalized with different ligands presented negative ZPs, with the 155 

citrate derivative presenting the lowest ZP. Thus, a formulation with 25 mM of Fe and 156 

150 mM of propylene glycerol, to adjust the osmolarity to 1600 mOsm/kg H2O, was 157 

prepared, filtered through 0.22 µm filter and sealed in 2 mL sterile amber glass ampoules, in 158 

good practice conditions, for use in the biological assays. The formulated UPNs has a ZP of   159 

-34.7 ± 5.5 mV and formed a nanofluid containing individually dispersed nanoparticles. 160 



 161 

Figure 1. Characterization and in vitro toxicity studies of UPN: (a) TEM image showing the well-162 

dispersed nanoparticles, (b) hydrodynamic size distribution histogram by volume-weighted DLS, and 163 



(c) X-ray diffractogram of the UPN showing the amorphous structure. (d) UPNs colloidal stability in 164 

RPMI-1640 cell culture medium supplemented with FBS 10% (v/v) evaluated by DLS (volume-165 

weighted size distribution) after 0 min, 24h and 48h of incubation. MTT and resazurin cytotoxicity 166 

assay of UPNs (0.25 mM Fe) functionalized with citrate (Cit), glycerol-3-phosphate (Gly), o-167 

phosphorylethanolamine (PEA) and tiron (Tir) against (e) HUVEC and (f) RAW 264.7 cell lines after 168 

24h of incubation. ANOVA: * p < 0.05; *** p < 0.0005; **** p < 0.0001. 169 

The transversal spin relaxivity and magnetization are two related key parameters that 170 

are sensitive to the size and degree of crystallinity of SPIONs, that are typical T2-CAs since 171 

their much higher magnetization is very effective in generating more extended magnetic 172 

inhomogeneities responsible for spin-spin relaxation processes (high r2 and r2/r1 values). In 173 

contrast, the longitudinal spin relaxivity responsible for the T1-contrast, is strongly dependent 174 

on the direct interaction of the water molecules with the CAs paramagnetic sites.1 Thus, 175 

GBCAs have a labile coordination site for interaction with water molecules to optimize r1.
7 176 

This implies that smaller nanoparticles with larger surface areas tend to be better suited as 177 

alternatives since increasingly larger amounts of the paramagnetic ion will be exposed at the 178 

surface promoting the spin-lattice relaxation.1 Additionally, paramagnetic ions in 179 

nanoparticles induce the lowest as possible disturbance on the local magnetic field (lower r2) 180 

due to surface spin-canting effect.1,2 This reduces their saturation magnetization since the 181 

magnetically dead surface volume relative to its inner core tend to increase as the size 182 

decreases.26 Hence, the sum of effects leads to a higher r1, while r2 decreases and the r2/r1 183 

ratio tends to 1.  Shen et al. (2017) found that 3.6 nm diameter poly(acrylic acid) stabilized 184 

IONPs presented low r2/r1 ratio (2.6 at 1.5T, and 10.5 at 7T),27 whereas Kim et al. (2011) 185 

showed that 1.5 nm large IONPs exhibit a magnetization behavior similar to paramagnetic 186 

materials.26 The herein described UPNs are usTiO2NPs decorated with paramagnetic iron 187 

oxide that fulfills the requirements for application as MRI CAs. 188 

The gadoteric acid (GA) is the gold standard T1-CAs in clinical MRI diagnostics, 189 

hence its MR relaxometric properties were compared with that of the novel UPNs in agar 190 

phantoms. Its r1 and r2 were determined to be 1.76 mM-1 s-1 and 2.43 mM-1 s-1 at 3T, and 1.32 191 

mM-1 s-1 and 2.35 mM-1 s-1 at 7T, as compared to 7.32 mM-1 s-1 and 4.84 mM-1 s-1 at 3T and 192 

3.80 mM-1 s-1 and 3.53 mM-1 s-1 at 7T of GA (Figure 2a and 2b). Thus, the r2/r1 ratio for the 193 

UPN is 1.38 (3T) and 1.78 (7T), in comparison with 0.66 (3T) and 0.93 (7T) for GA, typical 194 

parameters of T1-contrast agents. Interestingly, the relaxivity of UPN is much less sensitive to 195 

the magnetic field than GA, being promising as CAs in high field equipments. 196 



  197 

Figure 2. MR relaxometry of UPNs and GA. Comparison of (a) r1 and (b) r2 curves obtained at 3T 198 

and 7T magnetic fields in agar phantoms with increasing concentrations of the paramagnetic ions. (c) 199 

T2 and (d) Inversion Recovery curves at 5 mM of paramagnetic ion and 7T magnetic field showing the 200 

shortening of T2 and T1, respectively. (e) Spin Echo images for UPN and GA in agar as compared to 201 



agar control acquired in different TR times emphasizing the hypersignal at low TRs (red square). CPI: 202 

concentration of paramagnetic ion (mM). 203 

Furthermore, the T2 and inversion recovery curves determined for 5 mM of 204 

paramagnetic ions in agar at 7T, indicates that UPNs shortens T2 (Figure 2c) and T1 as well 205 

(Figure 2d) but less effectively than GA. This is expected considering that Gd3+ (7e-) has a 206 

larger number of unpaired electrons than Fe3+ (5e-), but the difference persists even after 207 

normalization using such parameter. The effectiveness of T1 shortening can be seen in Figure 208 

2e, where low TR times results in hypersignal in spin echo sequence when compared with 209 

control, showing that the new UPNs also are T1-CAs. 210 

 The UPNs presented a much lower r2/r1 ratios at 3 and 7T (1.38 and 1.78) than 211 

SPIONs reported in the literature (Table 1), clearly evidencing the success of our strategy 212 

and nanostructure design based on iron oxide decorated usTiO2NPs. Ferumoxytol has r2/r1 213 

ratio 4.5 times larger than UPNs, while Feridex exhibits an even larger value (r2/r1 = 22.7). In 214 

short, the controlled deposition of iron oxide on usTiO2NPs can generate CAs with T1 and T2 215 

relaxation characteristics similar to GBCAs. The presence of iron oxide only at the surface of 216 

usTiO2NPs maximizes the number of paramagnetic sites that can interact directly with water 217 

molecules in the medium promoting spin relaxation by the spin-lattice mechanism, while 218 

minimizing the spin-spin relaxation. 219 

Table 1. Relaxivities of commercial MRI contrast media based on superparamagnetic iron oxide 220 

nanoparticles (SPIONs) in comparison with UPN and gadoteric acid (mM-1 s-1). 221 

Contrast Agent r1 r2 r2/r1 Magnetic field Reference 

Supravist (SHU 555C) 7.3 57 7.8 3T 48 

Feridex/Endorem 4.1 93 22.7 3T 48 

Resovist (SHU 555A) 4.6 143 31.1 3T 48 

Ferumoxytol 10 a 62.3 a 6.2 3T 49 

Sinerem 6.58 b 127.8 b 19.4 3T 50 

UPN 1.76 2.43 1.38 3T this work 

Gadoteric Acid (GA) 7.32 4.84 0.66 3T this work 

UPN 1.32 2.35 1.78 7T this work 

Gadoteric Acid (GA) 3.80 3.53 0.93 7T this work 

a Measured in saline solution 222 

b Measured in Ficoll solution 223 



After careful evaluation of the stability of UPNs in biological media, in vitro 224 

cytotoxicity and efficacy, the potential of the novel UPNs as T1-contrast agent was further 225 

evaluated in vivo using Wistar rats (4 males, 2 GA and 2 UPNs) as animal models, using a 7T 226 

MR scanner. The images were acquired before and after 20 seconds i.v. bolus injection of GA 227 

(0.1 mmol/kg of body weight, 25 mM of GA), or UPN (0.1 mmol/kg of body weight, 25 mM 228 

Fe) following a protocol approved by the FMUSP Animal Ethics Committee (#966/2018). 229 

The time dependent T1-weighted MR images (Figure 3, Movies S1 and S2) obtained post-230 

injection of the CAs show the enhancement of the brightness in the heart, liver, blood vessels 231 

and kidneys (yellow arrows), in comparison to the images obtained before the injection, as 232 

expected. In addition, a dynamic study was also performed. Sequences of MR images were 233 

obtained along 5 minutes after i.v. injection through penile vein, with temporal resolution of 234 

1.6 seconds. The average signal for 2 animals per group was plotted as a function of time 235 

generating time-signal intensity curves (TIC), whose regions of interest (ROI) were manually 236 

segmented as shown in the insets. The baseline was corrected considering the signal before 237 

the injection of the CAs. The raw signal vs time plots (Figure 4) suggest the similarity of GA 238 

and UPN responses in enhancing the T1-signal intensity in heart and kidneys soon after the 239 

injection of the CAs, in agreement with the MR images shown in Figure 3. In the case of 240 

heart, the signal increases until peaking and then decreases, as expected for the dilution 241 

induced by the heartbeat, indicating that both CAs present similar TIC pattens in heart and 242 

kidneys. 243 



 244 

Figure 3. T1-weighted MR images of Wistar rats before (pre contrast) and 3 min, 11 min, 16 min and 245 

21 min after i.v. bolus injection of (top line) UPN and GA (bottom line) contrast agent. Yellow arrows 246 

indicate regions of contrast enhancement after injection of contrast agents: heart, liver, kidneys, and 247 

blood vessels. Red arrows show the arrival and accumulation of the contrast agent on the renal calyx 248 

at different times. Blue arrow indicates the region of bladder. Ref.: phantom reference prepared by 249 

dissolving UPNs in agar. 250 

A more detailed analysis of the time series of T1-weighted MR images obtained 251 

before and after bolus injection of GA and UPN contrast agents shown in Figure 3 indicates 252 

the progressive accumulation of GA in the renal pelvis after 11 min of injection (red arrow), 253 

as expected for its preferential elimination by urinary excretion pathway.51 There is a sharp 254 

signal increase at renal pelvis followed by a late and slower intensity enhancement at renal 255 

calyx (Figures 3 and 4) probably reflecting their molecular and nanoparticulate nature, 256 

respectively, on the filtration process by nephrons. Accordingly, the UPN also showed a 257 

tendency of renal accumulation and excretion but took a much longer time (21 min) after the 258 

injection to start appearing in the kidneys (red arrow in Figure 3) and finally in the bladder 259 

(blue arrow in Figure 3). MR images obtained at longer times suggest the brightness of blood 260 

vessels progressively decreases, whilst the brightness of bladder was enhanced (Figure S2). 261 

The glomerular filtration barrier has a cutoff size of 5-6 nm, thus smaller particles are 262 

expected to be filtered from the blood into the kidneys,52 and been eliminated by urinary 263 



excretion. Therefore, its late accumulation in the renal pelvis may be attributed to the 264 

negative surface charge and possible electrostatic repulsion when reaching the glomerular 265 

filtration membrane (GFM).52 Another possibility is due to the biomolecular corona effect, 266 

which can increase the hydrodynamic size of UPNs consequently slowing down the crossing 267 

rate through the GFM.52,53 On the other hand, this result also suggests that UPN may have a 268 

longer circulation time than GA. This is interesting since it could be used as a blood-pool 269 

contrast agent for MR angiography, a technique in which the vasculature structures are 270 

imaged.54–56 In fact it is possible to clearly see the blood vessels of the rat even after more 271 

than ten minutes of acquisition of MR images, as shown in Figure 3. A more biocompatible 272 

material57 could reduce the nephrotoxicity in patients with renal deficiency while avoiding 273 

systemic nephrogenic fibrosis since titanium and iron do not undergo transmetallation in vivo 274 

in contrast with Gd3+.58 275 

 276 

Figure 4. Average of T1-signal intensity of 2 rats as a function of time in the (top) heart and (bottom) 277 

kidneys, as indicated by the respective ROIs, 20-second after i.v. bolus injection of GA and UPN. 278 

 Summarizing, the novel ultrasmall paramagnetic nanoparticle designed as T1-279 

weighted MR contrast agent is fully compatible with the conventional clinical administration 280 

protocol and presented relaxometric parameters comparable to the gadoteric acid in agar 281 



phantoms, as well as similar image quality after i.v. bolus injection in Wistar rats. The renal 282 

elimination rate of UPN was about half of GA, assuring an exceptional contrast effect for 283 

twice as longer time, which can be quite advantageous as blood-pool contrast agent for MR 284 

angiography. Furthermore, the UPN exhibited low cytotoxicity against vascular endothelial 285 

cells and macrophages used as model cell lines, and a good colloidal stability in biological 286 

medium. Those combined features indicate UPN has great potential as alternative to GBCAs 287 

in MR imaging and angiography, especially for patients with severe renal impairment, using 288 

a similar clinical application protocol. 289 
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