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ABSTRACT

Purpose: The aim of this study was to investigate two clinically approved plasma volume expanders
(dextran70 and voluven) as macromolecular MRI-CEST contrast agents to assess tumor vascular

properties.

Methods: CEST contrast efficiency of both molecules (6% w/v) was in vitro measured at various
irradiation saturation powers (1-6 uT for 5 seconds) and pH values (range 5.5-7.9) and the exchange
rate of hydroxyl protons was calculated. /n vivo studies in a murine adenocarcinoma model (n = 4
mice for each contrast agent) upon intravenous injection provided CEST-derived perfusion tumor
properties that were compared with those obtained with a Gadolinium-based blood-pool agent (Gd-

AAZTA-Madec).

Results: /n vitro measurements demonstrated a marked CEST contrast dependency to pH, with higher
CEST contrast at lower pH values for both molecules. The measured prototropic exchange rates
confirmed a base-catalyzed exchange rate that was faster for dextran70 in comparison to voluven.
Both molecules showed similar CEST contrast increase (AST% > 3%) in the tumor tissue up to 30
min post-injection, with heterogeneous accumulation. In tumors receiving both CEST and T1w agents,
voxel-by-voxel analysis indicate moderate spatial correlation of perfusion properties between
voluven/dextran70 and Gd-AAZTA-Madec, suggesting different distribution patterns according to

their molecular size.

Conclusions: The obtained results demonstrated that both voluven and dextran70 can be exploited
as MRI-CEST contrast agents for evaluating tumor enhancement properties. Their increased
accumulation in tumors and prolonged contrast enhancement indicate their use as blood-pool MRI-

CEST agents to interrogate tumor vascularization.

Keywords (max 6)
Magnetic Resonance Imaging - MRI; Chemical Exchange Saturation Transfer - CEST,;

macromolecular agent; Gadolinium; plasma volume expander



1. INTRODUCTION

Dextrans and hydroxyethyl starches (HES) are synthetic colloids of macromolecular size generally
used in the clinical setting as plasma volume expanders to restore blood volume deficit after surgical
hemorrhages or trauma (1-4). In addition to the post-operative practice, the capability of plasma
volume expanders to remain confined in the vascular compartment has been widely exploited for
several preclinical applications, mainly to improve vascular perfusion and assess the vascular
integrity/permeability of angiogenic vessels (5-7). In oncology, monitoring the extravasation of
dextran molecules with increasing molecular weight indicated the ideal cutoff for optimal tissue
penetration and accumulation, with significant improvement for therapeutic treatments (8).

Current imaging techniques require the chemical modification (usually the conjugation with a proper
imaging reporter) of these molecules, with the subsequent generation of new chemical entities that
need a new Food and Drug Administration (FDA) approval for their use in patients or have been
applied for visualizing not clinically approved dextrans for in vivo applications (9-11).
Macromolecular systems (10* to 10° Da) are advantageous over small molecules due to their
increased tumor selectivity (12). Tumors present a heterogeneous and aberrant vascular network that
facilitates the extravasation of macromolecular systems (based on the “enhanced permeability and
retention”- EPR - effect) and determines their passive accumulation in tumors over healthy tissues.
This effect has been exploited to improve the selective visualization of tumor angiogenesis by
prompting the design of novel nanoprobes that exhibit increased plasma long-life retention, protection
from enzymatic degradation and controlled released (13,14). In this particular framework, magnetic
resonance imaging (MRI) counts a wide range of nanosized probes able to provide accurate functional
properties in combination with high spatio-temporal resolution (15). An important class of perfusion
Gd-based molecules are indeed the blood-pool agents that non-covalently bind to the serum albumin
and are able to report antiangiogenic therapies responses, mainly in association with the Dynamic
Contrast Enhanced (DCE)-MRI (16-25). Recent developments have exploited nanosized systems

based on different platforms to increase further both contrast efficiency and vascular retention (26-
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34). However, the selective advantage of Gd-based macromolecular contrast agents is
counterbalanced by their longer elimination time from the plasma circulation and by safety issues
related to the suspected Gd accumulation in normal tissue, with consequent implications for clinical
approval (35,36).

In the last two decades, a new MRI approach able to detect molecules possessing exchangeable
protons has been proposed, based on the chemical exchange saturation transfer (CEST) technique
(37). Low-molecular weight iodinated agents, clinically approved for X-ray investigations, have been
exploited as perfusion agents for MRI-CEST application. (38,39). In addition, CEST agents based on
polymers or liposomes have been designed as vascular agents, exhibiting good CEST contrast, despite
some of them have not been tested in vivo yet (40-46). Also molecules that possess exchangeable
hydroxyl groups (-OH), as dextrans, can be detected by MRI-CEST without extra labelling
procedures (47-53). Recently, it was demonstrated that dextran molecules with different molecular
weights are able to provide a size-dependent CEST contrast (54). However, most of the reported
dextrans are not FDA-approved for clinical use, limiting their potential application to the clinical
settings.

The aim of this work was to investigate the capability of two clinically approved plasma volume
expanders, voluven (hydroxyethyl starch, 130 kDa) and dextran70 (70 kDa) to generate MRI-CEST
contrast. Therefore, CEST properties were firstly in vitro characterized and then in vivo assessed in a
preclinical murine model of breast cancer. In addition, the distribution in the tumor tissue of these
macromolecules has been compared to a preclinical Gd-based blood-pool contrast agent, to validate

their ability for assessing tumor vasculature properties.



2. METHODS

2.1 Chemicals
Dextran70 was purchased from Sigma-Aldrich. Voluven® (Hydroxyethyl starch 130/0.4) was
purchased by Fresenius Kabi Italia SpA. Gd-AAZTA-Madec was generously provided by Cage

Chemicals (Novara, Italy). All other chemicals were purchased from Sigma—Aldrich.

2.2 Size distribution profiles
The mean diameter of dextran70, voluven and bovine serum albumin (BSA) was determined using
a dynamic light scattering (DLS) Malvern Zetasizer 3000HS (Malvern, U.K.) at a concentration of

6% w/v.

2.3 In vitro MRI CEST acquisition

Seven phantoms containing 10 mM phosphate buffer solution of dextran70 and voluven were
prepared at a concentration of 6% w/v and titrated over a range of 5.5-7.9 pH units. In vitro MRI-
CEST images were acquired on a vertical 7T scanner (Bruker, Ettlingen, Germany) using a fast spin-
echo sequence with centric encoding. Presaturation pulses varying in power (B1=1, 2, 3,4, 5 and 6.0
uT) were applied for 5 s at 37 °C. A modified RARE sequence including a magnetization transfer
module was used to acquire CEST-weighted images from -10 to +10 ppm with increments of 0.1 ppm
around the water resonance with following parameters: TR=10 s; TE: 3.5 ms; FOV: 30 mm; MTX:

64.

2.4 Animal studies
Male 8 to 10 weeks old BALB/C mice (Charles River Laboratories Italia S.r.l., Calco, Italy) were
used. Mice were maintained at the animal facility and treated in accordance with the university’s

ethical committee and European guidelines (Directive 2010/63). Murine breast cancer HER2+ TS/A



cell line were used for in vivo experiment. This cell line derives from a spontaneous mammary
adenocarcinoma in a BALB/c female mouse (36). Cells were grown in RPMI medium containing 10 %
(v/v) fetal bovine serum (FBS), 100 U/mL penicillin and 100 mg/mL streptomycin. RPMI, FBS and
Trypsin were purchased from Lonza (Lonza Sales AG, Verviers, Belgium). The penicillin—
streptomycin mixture was purchased from Sigma Chemical Co., St. Louis, MO, USA. Cells were
incubated in 75-cm? flasks in a humidified 5% CO2 incubator at 37 °C. At confluence, TS/A cells
were detached by adding 1 mL of Trypsin-EDTA solution [0.25 % (w/v) Trypsin- 0.53 mM EDTA].
2.5x 10° TS/A cells resuspended in PBS were subcutaneously inoculated into both flanks of BALB/c
mice. For the MRI-CEST experiments (n=4, 8 tumors in total), mice intravenously received 250 pL
of voluven or dextran70 through a catheter inserted in the lateral vein of mice tail. For the MRI-CEST
study combined with Tiw Gd-enhanced experiments (n=4, 8 tumors in total), mice received voluven
or dextran70, followed 20 minutes later by a 0.05 mmol Gd/ kg body weight injection of Gd-AAZTA-

Madec, slowly injected through the same catheter without removing the animal from the MRI scanner.

2.5 In vivo MR imaging

MR images were acquired on a Bruker Avance 7T MRI scanner (Bruker BioSpin MRI). BALB/c
mice bearing mammary adenocarcinoma tumors (inoculated subcutaneously in both flanks with
murine TS/A HER2+ cancer cells) were anaesthetized with a mixture of tiletamine/zolazepam (Zoletil
100; Vibac) 20 mg/kg and xylazine (Rompun; Bayer) 5 mg/kg and their breath rate was monitored
during the acquisition by a respiratory air pillow (SA Instruments,). After the scout images acquisition,
Tow anatomical image in the central part of the tumor was set up as a reference image using a RARE
sequence (TR = 4000 ms; TE = 35.5 ms; number of slices = 1; slice thickness = 1.5 mm; FOV = 30
mm; MTX =256 x 256; NEX = 2; acquisition time = 2 m 8 s). MRI-CEST experiments (n=4 mice,
8 tumors in total) were performed before and after voluven or dextran70 injection (dose: 0.6 g/kg
b.w.) by acquiring Z-spectra in the frequency offset range £10 ppm with a centric encoded single-

shot RARE sequence (TR = 6000 ms; TE = 4 ms; number of slices = 1; slice thickness = 1.5 mm;
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FOV =30 mm; MTX = 96 x 96; NEX = 1; acquisition time = 8 m 12 s) preceded by a 1.5 uT CW
block presaturation pulse for 5s. For the MRI-CEST acquisition combined with Tiw Gd-enhanced
experiments, Ti-weighted images before and after GAd-AAZTA Madec injection (dose 0.05 mmol Gd/
kg b.w.) were acquired 20 minutes after the last CEST Z-spectrum acquisition by maintaining the
same geometry, orientation and spatial resolution of the MRI-CEST images. An axial 2D fast low
angle shot (FLASH) gradient echo sequence with the following parameters was used: TR = 70 ms;
TE = 1.5 ms; flip angle = 45°; number of slices = 1; FOV = 30 mm; MTX = 96 x 96; NEX = 6;

acquisition time =42 s.

2.6 Data analysis

Home-made scripts implemented in MATLAB R2015 (The Mathworks, Inc., Natick, MA, USA)
were used for analyzing all MRI-CEST and T images.

In vitro Z-spectra were fitted by simultaneous multiple Z-spectra Bloch-McConnell fit as previously
reported (55,56). A two-pools exchange models was exploited, with one pool (pool A) that describes
the proton pool of bulk water molecules (with chemical shift set at 0 ppm) and only one pool (pool
B) describing the hydroxyl protons, with chemical shift & = 1.0 ppm (57). We only considered the
direct proton exchange rate (ky) between hydroxyl groups and water pool. The fraction of the mobile
protons (fp) relative to exchangeable water protons was fixed and directly given by the concentration
fraction of the two molecules; (f, = number of protons per glucose moiety x [Glc] / (2[H20] ) =3 x
0.332 M/ 111 M), was set to 0.0089 and 0.0087 for voluven and dextran70 protons, respectively.
According to experimental T, the water pool relaxation value provided to the fit was Ria =0.34-0.38
Hz for both voluven and dextran70. In addition, the pH-dependence of the calculated exchange rate
can be described by the following equation, including only the base- and water-catalyzed exchange:

kp = {ky * ki /[H307 ] + k2}(1 — f) eq. (1)

from which the base (ki) and water (k) exchange catalyzed terms were calculated (58).



For in vivo images, both CEST and Tiw images were analyzed on a voxel-by-voxel basis. The Z-
spectra were Bo-shift corrected after interpolation by smoothing splines, noisy Z-spectra removed
when R2 < 0.999 and saturation transfer efficiency (ST%) was measured by punctual analysis (59).
Difference CEST contrast maps (AST%) and signal intensities enhancement (Slenh%) were
calculated between pre- and post-injection images of voluven/dextran70 and Gd-AAZTA-Madec,
respectively. Post- to pre-injection ST% contrast subtraction was performed to reduce confounding
effect related to endogenous CEST contributions. Time-averaged tumor to muscle (T/M) ratio for
AST% contrast was calculated for the four time points. In addition, the extravasation fraction
estimates were calculated for each agent as the percentage of pixels showing a AST% or a Slenh%
above the threshold of 2% and 15% for CEST and T\ images, respectively (49,60,61). Enhancement
and extravasation values have been calculated after 8 minutes post-injection for voluven, dextran70
and for Gd-AAZTA Madec.

For voxelwise spatial correlation, the two-dimensional correlation coefficient was calculated in the
same tumor region in both enhanced and extravasation parametric maps obtained from CEST and
Gd-based images. Spatial similarity maps have been color-coded as blue pixels where both contrast
agents have been detected, whereas red and green colors have been assigned to pixels with only CEST

and Gd-based contrast, respectively.

2.7 Statistical analysis

All results were expressed as mean + standard deviation (SD). The statistical significance of the
differences between the means of contrast enhancement and extravasation values was calculated
using a Student’s t-test. P values less than 0.05 were considered statistically significant. The

calculations were performed with GraphPad Prism (GraphPad Software, La Jolla, CA).



3. RESULTS

3.1 Characterization of in vitro CEST contrast

Figure 1 shows the chemical structure of voluven and dextran70 that possess several hydroxyl groups
with mobile exchangeable protons (Figure 1A). These macromolecules have a molecular weight of
130 kDa and 70 kDa, respectively. To further evaluate their distribution in vivo in comparison to an
albumin-binding blood pool agent (Gd-AAZTA Madec), the hydrodynamic diameters of voluven,
dextran70 and of BSA were calculated by DLS measurements (Figure 1B). The investigated
molecules show similar size distribution profiles, with a diameter of 11 &+ 2 nm (voluven) and 14 + 3
nm (dextran70). Although BSA (60 kDa) and dextran70 have similar molecular weight, the
hydrodynamic diameter of BSA (6 + 2 nm) is more than two-fold smaller in comparison to dextran70.
Their capability to generate CEST contrast can be observed by plotting the normalized water signal
intensity as a function of the irradiated chemical shift, or Z-spectra (Figure 2A). The CEST contrast
peaks at approximately 1 ppm (0.9 and 1.1 ppm for voluven and dextran70, respectively) that
corresponds to the expected resonance frequency of the hydroxyl protons embedded in glucose
polymers (Figure 2B). The measured ST% contrast is affected by multiple factors, including
concentration, magnetic field strength, saturation power/duration and the exchange rate of the mobile
protons (37). Considering that the exchange rate of mobile protons is strongly affected by the pH, the
dependency of CEST contrast on pH was measured for both molecules in phantoms titrated at
different pH (5.5-7.9). Figure 2C shows that both voluven and dextran70 exhibit a pH-dependent
CEST contrast. In particular, the hydroxyl protons of both molecules shows a slight increase in CEST
contrast (ST%) from pH 5.5 to pH 6.3 and a drop in ST% starting at pH 6.3-6.7 in a pH-dependent
manner when a saturation pulse of 2uT is applied. We observed statistically higher ST% contrast for
dextran70 at more acidic pH, conversely, voluven showed higher ST at more neutral pH values

(Figure 2C).



3.2 Determination of hydroxyl exchange rate

To calculate the exchange rate (ky) for the hydroxyls protons, multi-Bi-Z-spectra for each pH value
were simultaneously fitted by the numerical Bloch-McConnell equations. Figure 3A shows
representative fitted Z-spectra at pH 7.4 for the two macromolecules. The exchange rates have been
calculated as a function of pH in the range of 6.0-7.4 units (Figure 3B, Table 1). Voluven and
dextran70 showed similar ky at low pH, whereas at higher pH values the exchange rates appear
consistently different, with dextran70 showing a two-fold faster exchange rate in comparison to
voluven (k, = 5000 180 Hz and 2300 £50 Hz for dextran70 and voluven, respectively, at pH 7.4).
From these curves, the calculated catalyzed exchange terms were 6.24-10° dm? mol™! s! (ki) and 908
s (k2) for voluven and 1.69-10'° dm? mol! s! (ki) and 891 s™! (kz) for dextran70, respectively. The
faster exchange rates when moving from acidic to neutral pH values reduce the labelling efficiency

at a specified saturation power, hence resulting in a lower CEST contrast at higher pH values.

3.3 In vivo CEST contrast enhancement and comparison with Gd-based blood pool agent in
tumors

To further evaluate their CEST properties, voluven and dextran70 were injected in BALB/c mice
bearing breast cancer tumors and CEST contrast was evaluated along time. Figure 4 shows a marked
increase of the CEST signal inside the tumor regions following voluven or dextran70 injection.
Additional regions, such as bowel and kidneys, reported also an increase in contrast along time,
because of the presence of CEST artifacts related to movement of the intestinal tracts or following
the accumulation in the kidneys of these molecules by renal filtration. To better characterize the
increase of the CEST contrast, we calculated the difference in CEST contrast between pre- and post-
injection CEST images. Figures SA and B report that voluven and dextran70, respectively, were able
to provide prolonged CEST contrast into the tumor tissue up to 32 minutes post injection, although a
statistical significant difference between tumor and control muscle regions was observed only at 8

minutes post injection. The average increase in contrast from baseline values (AST%) for both the
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molecules was ca. 3%, whereas values obtained in control muscle tissue where below or equal to 2%.
Time-averaged tumor-muscle (T/M) ratios of voluven and dextran70 AST% were 1.2 0.2 and 1.3
+0.3 for dextran70 and voluven, respectively (Figure 5C).

Representative AST% maps of the tumor and control muscle regions overimposed on Tow images are
shown in Figure 5D. Color-coded pixels reported heterogeneous distribution of the contrast in the
tumor region, with some areas showing poor contrast enhancement and other showing similar CEST
contrast along time.

Moreover, the capability of these macromolecules to accumulate into the tumor tissue and to generate
contrast enhancement was compared to that provided by Gd-AAZTA-Madec, a Gd-based blood pool
agent with comparable size. Gd-AAZTA-Madec was injected 20 minutes after voluven or dextran70
by sequential injection through the same catheter. This approach ensured the maintenance of the same
anatomical position to compare CEST and Gd-derived estimates on a voxel-by-voxel basis. As
previously observed, similar contrast was provided by both voluven and dextran70 in MRI-CEST
images of TS/A tumors (Figure 6A). The mean contrast enhancement values measured in tumor ROIs
were AST% equal to 4.5 = 0.3 and 4.8 + 0.4 for voluven and dextran70, respectively. Gd-AAZTA-
Madec provided a similar Tiw contrast enhancement in the tumors of the two groups, with a signal
intensity enhancement (ASI1%) of 31+ 2 for voluven and 26 + 2 for dextran70 (Figure 6C). Figures
6B and 6D report the mean extravasation fractions of the investigated molecules. These results
indicated that a similar percentage of pixels showed CEST and Tiw contrast enhancement, resulting
in similar mean extravasation fraction for all these molecules (45 = 3, 39 + 3 for voluven and
dextran70, respectively; 56 = 5 and 44 + 4 for Gd-AAZTA-Madec injected in the same mice after

voluven and dextran70, respectively).

To further investigate their distribution pattern into the tumor tissue, a voxelwise comparison was
performed. Representative parametric maps of the investigated molecules overimposed on Taw

anatomical images are shown in Figure 7, as CEST (Figure 7A) and Tiw-contrast enhancement maps
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(Figure 7B), showing only pixels with AST% or ASI% values greater than zero, to better highlight
the detection of the contrast agents inside the tumor. Voluven showed a significant higher spatial
correlation for the enhancement maps with Gd-AAZTA-Madec in comparison to dextran70 (0.52 +
0.03 and 0.40 + 0.03, for voluven and dextran70, respectively, Figure 8A). A similar trend was
reported for the spatial correlation of the extravasation maps, where voluven showed higher
correlation with Gd-AAZTA-Madec in comparison to dextran70 (spatial correlation of 0.47 £+ 0.05
and 0.39 £ 0.03 for voluven and dextran70, respectively, Figure 8B). Representative similarity maps
with color-coded pixels (Figure 7C) showed that CEST molecules differently distributed in tumor

tissue in comparison to Gd-AAZTA-Madec.

4. DISCUSSION

Macromolecular systems able to accurately map tumor vascularity and permeability properties are
currently missing in the MRI-CEST setting, although the recent exploitation of low-molecular weight
iodinated contrast media as innovative perfusion agents for MRI-CEST visualization (38). Here we
propose two macromolecules, voluven and dextran70, with high translational potential due to their
clinical approval as plasma volume expanders. Our results demonstrated that dextran70 and voluven
can generate moderate and prolonged MRI-CEST contrast in vivo upon the extravasation and
retention in the extravascular-extracellular space. Furthermore, despite the amount of extravasation
of these molecules was comparable to that of a Gd-based blood-pool agent, they showed a slightly
different spatial distribution within the tumor region, suggesting their potential for visualizing tumor
regions with different vascularization and permeability levels.

In the conventional MRI context, dextran-based nanoparticles conjugated to Gd-complexes have
already shown promising results for the in vivo monitoring of vascular properties, however a clear
limitation in clinical translation relies in their increased retention times of Gadolinium within the

body (9,62). Conversely, MRI-CEST technique can provide an indirect visualization of these
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molecules without the need of additional imaging moiety that may strongly affect their
pharmacokinetic and clearance properties. Recently, Li et al. demonstrated that dextran molecules
can be visualized by MRI without the need for the labelling with a dedicated imaging reporter (54).
We further extended this concept, by investigating FDA-approved plasma volume expanders as novel
macromolecular CEST agents for characterizing tumor vascular properties.

Both molecules showed in vitro a pH-dependent CEST contrast due to a base-catalyzed prototropic
exchange rate in the investigated pH range. Interestingly, a slightly higher CEST contrast efficiency
was reported for voluven at more neutral pH values, whereas dextran70 showed higher CEST contrast
at more acidic pH values. A plausible explanation might be related to the different structures: linear
for dextran70 and more ramified for voluven, that may affect the exchange rates of the hydroxylic
protons differently responding to pH changes. In fact, the investigated voluven shows a molar
substitution degree of 0.4 that results in a high degree of branching in comparison to dextran70, likely
resulting in a reduced solvent exposure for those protons in the inner region of the molecule due to a
more compact conformation of voluven in respect to dextran70 (63).

In vivo results showed that both voluven and dextran70 molecules exhibit similar properties in tumors
in terms of CEST contrast enhancement (3-4%) and extravasation fraction (~40%), despite owing
different molecular weights. These findings are in contrast with those reported by Li et al., who
showed that the uptake of dextrans is size-dependent and that the CEST contrast generated in tumors
decrease for molecules with bigger size (54). Considering that the molecular weight of voluven (130
kDa) is almost two-times bigger than that of dextran70 (70 kDa), one may expect a size-dependent
extravasation according to the EPR effect (13). However, previous studies showed that HES with
middle molecular weight and low substitution degree remains in blood as long as large-sized HES,
reporting that their chemical structure and composition strongly drive their permeability properties
and contribute to their intravascular retention rate (2). These observations are in accordance with our
DLS measurements that show comparable dimensions for both voluven and dextran70 (11 and 14 nm,

respectively), indicating that they can possess similar pharmacokinetic properties despite differences
13



in molecular weight. Moreover, due to their macromolecular size, both voluven and dextran70 exhibit
two- to three-fold reduced extravasation fraction in comparison to lopamidol, a small molecular
weight contrast agent (39).

Quantitative analysis in tumor and control muscle regions of AST% CEST contrast provided an
average tumor/muscle ratio for the two investigated agents of ca. 1.2-1.3, a value comparable with
that observed by several Gd-based nanosized systems in murine tumor models (64-66). We could
consider that the longer circulating time of voluven and dextran70 in the vascular compartment, as
for other nanosystems, might contribute to an increased contrast in well perfused and vascularized
regions, such as the muscles. This effect might explain the reduced CEST contrast ratio between
tumor and control muscle regions at longer time points, hence reducing the calculated T/M ratio (67).
A large interest has been devoted by the MRI community to develop Gd-based agents able to bind to
serum albumin. Firstly, they present enhanced contrast efficiency at low magnetic field compared to
small molecular weight one. Secondly, they are exploited for a better characterization of tumor vessel
permeability (23,68). To extend the concept to voluven and dextran70, we aimed to compare on a
voxel-by-voxel basis their perfusion properties upon a sequential injection in the same mouse of a
preclinical blood-pool agent, Gd-AAZTA-Madec (17). Although similar mean extravasation
fractions values might suggest comparable permeability to the leaky tumor vessels, the three
investigated molecules showed different spatial distribution within the tumor extravascular space.
The irregular and hyperpermeable nature of tumor microvasculature might strongly determine the
distribution pattern of macromolecules, in terms of penetration and tumor uptake (69). In addition,
several studies demonstrated that the nanoparticle distribution strongly depends also on multiple
factors such as shape, chemical composition and surface charge (70,71). These findings are consistent
with our in vitro measurements showing different size and distribution profile for molecules with
similar molecular weight, as for BSA and dextran70. These properties suggest that different

size/shape may be relevant for the distribution pattern and extravasation in tissues. Moreover,
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different rates of enzymatic degradation for voluven and dextran that occurs via a-amylase and
dextranase, respectively, may also affect their extravasation and accumulation (72,73).

Additionally, the use of voluven and dextran70 as perfusion MRI-CEST agents could arise interesting
perspectives in the monitoring of tumor angiogenesis. Recently, Chen et al. investigated the capability
of dextrans to report vessels permeability changes in tumors upon the administration of a disrupting
vascular agent (74). However, the high molecular weight (150 kDa) of the exploited dextran molecule
did not provide any CEST contrast before the administration of the vascular disrupting agent, hence
limiting its applicability in contrast to the presented molecules.

This study presents some limitations. Although both voluven and dextran70 can provide moderate
CEST contrast in tumor tissue (3-5%), Gd-based agents are still superior in their contrast
enhancement capabilities (26-31%). However, similar information in terms of extravasation and
permeability can be achieved when exploiting molecules with comparable size.

In conclusion, we showed that voluven and dextran70 can be successfully visualized by MRI-CEST
both in vitro and in vivo. In tumor tissue, both molecules exhibit good MRI-CEST contrast in a
preclinical model of breast cancer, showing different distribution pattern based on their
physical/chemical properties. Therefore, voluven and dextran70 can be considered as alternative
perfusion molecules with comparable size of standard macromolecular Gd-based agents to assess
tumor vascularization. In addition, the exploitation of clinical-approved plasma volume expanders as

MRI contrast agents might have a relevant translational potential in the clinical setting.

ACKNOWLEDGEMENTS

This study has received funding from Associazione Italiana Ricerca Cancro (AIRC under MFAG
2017 -1D. 20153 project — P.I. Longo Dario Livio), Compagnia San Paolo project (Regione Piemonte,
grant #CSTO165925) and from the European Union’s Horizon 2020 research and innovation

programme (Grant Agreement No. 667510). Lorena Consolino was supported by the Fondazione

15



Umberto Veronesi fellowship program and by the AIRC fellowship for abroad Monica Broggi. The

Italian Ministry for Education and Research (MIUR) is gratefully acknowledged for yearly FOE

funding to the Euro-Biolmaging Multi-Modal Molecular Imaging Italian Node (MMMI). We thank

Prof. Giovanni Battista Giovenzana for generously providing Gd-AAZTA-Madec.

DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding author upon

reasonable request.

REFERENCES

1.

10.

I11.

Farrugia A. Safety of plasma volume expanders. J Clin Pharmacol 2011;51(3):292-300.
Hitosugi T, Saito T, Suzuki S, Kubota I, Shoda E, Shimizu T, Oi Y. Hydroxyethyl starch: the
effect of molecular weight and degree of substitution on intravascular retention in vivo.
Anesth Analg 2007;105(3):724-728.

Dubniks M, Persson J, Grande PO. Comparison of the plasma volume-expanding effects of
6% dextran 70, 5% albumin, and 6% HES 130/0.4 after hemorrhage in the guinea pig. J
Trauma 2009;67(6):1200-1204.

Bunn F, Trivedi D. Colloid solutions for fluid resuscitation. Cochrane Database Syst Rev
2012(7):CD001319.

Bennett J, Basivireddy J, Kollar A, Biron KE, Reickmann P, Jefferies WA, McQuaid S.
Blood-brain barrier disruption and enhanced vascular permeability in the multiple sclerosis
model EAE. J Neuroimmunol 2010;229(1-2):180-191.

Hoffmann A, Bredno J, Wendland M, Derugin N, Ohara P, Wintermark M. High and Low
Molecular Weight Fluorescein Isothiocyanate (FITC)-Dextrans to Assess Blood-Brain Barrier
Disruption: Technical Considerations. Translational stroke research 2011;2(1):106-111.
Pauty J, Usuba R, Takahashi H, Suehiro J, Fujisawa K, Yano K, Nishizawa T, Matsunaga YT.
A Vascular Permeability Assay Using an In Vitro Human Microvessel Model Mimicking the
Inflammatory Condition. Nanotheranostics 2017;1(1):103-113.

Dreher MR, Liu W, Michelich CR, Dewhirst MW, Yuan F, Chilkoti A. Tumor vascular
permeability, accumulation, and penetration of macromolecular drug carriers. J Natl Cancer
Inst 2006;98(5):335-344.

Jo J, Lin X, Nakahara T, Aoki I, Saga T, Tabata Y. Preparation of polymer-based magnetic
resonance imaging contrast agent to visualize therapeutic angiogenesis. Tissue engineering
Part A 2013;19(1-2):30-39.

Hifumi H, Yamaoka S, Tanimoto A, Citterio D, Suzuki K. Gadolinium-based hybrid
nanoparticles as a positive MR contrast agent. ] Am Chem Soc 2006;128(47):15090-15091.
Zhang Z, He R, Yan K, Guo QN, Lu YG, Wang XX, Lei H, Li ZY. Synthesis and in vitro and
in vivo evaluation of manganese(IIl) porphyrin-dextran as a novel MRI contrast agent. Bioorg
Med Chem Lett 2009;19(23):6675-6678.

16



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Jain RK, Stylianopoulos T. Delivering nanomedicine to solid tumors. Nat Rev Clin Oncol
2010;7(11):653-664.

Maeda H, Nakamura H, Fang J. The EPR effect for macromolecular drug delivery to solid
tumors: Improvement of tumor uptake, lowering of systemic toxicity, and distinct tumor
imaging in vivo. Advanced drug delivery reviews 2013;65(1):71-79.

Miller MA, Gadde S, Pfirschke C, Engblom C, Sprachman MM, Kohler RH, Yang KS,
Laughney AM, Wojtkiewicz G, Kamaly N, Bhonagiri S, Pittet MJ, Farokhzad OC, Weissleder
R. Predicting therapeutic nanomedicine efficacy using a companion magnetic resonance
imaging nanoparticle. Sci Transl Med 2015;7(314):314ral83.

Turetschek K, Preda A, Novikov V, Brasch RC, Weinmann HJ, Wunderbaldinger P, Roberts
TP. Tumor microvascular changes in antiangiogenic treatment: assessment by magnetic
resonance contrast media of different molecular weights. Journal of magnetic resonance
imaging : JMRI 2004;20(1):138-144.

Gianolio E, Cabella C, Colombo Serra S, Valbusa G, Arena F, Maiocchi A, Miragoli L,
Tedoldi F, Uggeri F, Visigalli M, Bardini P, Aime S. B25716/1: a novel albumin-binding Gd-
AAZTA MRI contrast agent with improved properties in tumor imaging. J Biol Inorg Chem
2014;19(4-5):715-726.

Longo DL, Arena F, Consolino L, Minazzi P, Geninatti-Crich S, Giovenzana GB, Aime S.
Gd-AAZTA-MADEC, an improved blood pool agent for DCE-MRI studies on mice on 1 T
scanners. Biomaterials 2016;75:47-57.

Lauffer RB, Parmelee DJ, Dunham SU, Ouellet HS, Dolan RP, Witte S, McMurry TJ,
Walovitch RC. MS-325: Albumin-targeted contrast agent for MR angiography. Radiology
1998;207(2):529-538.

La Noce A, Stoelben S, Scheffler K, Hennig J, Lenz HM, La Ferla R, Lorusso V, Maggioni
F, Cavagna F. B22956/1, a new intravascular contrast agent for MRI: First administration to
humans - Preliminary results. Acad Radiol 2002;9:S404-S406.

Henrotte V, Vander Elst L, Laurent S, Muller RN. Comprehensive investigation of the non-
covalent binding of MRI contrast agents with human serum albumin. J Biol Inorg Chem
2007;12(6):929-937.

Avedano S, Botta M, Haigh JS, Longo DL, Woods M. Coupling fast water exchange to slow
molecular tumbling in Gd3+ chelates: why faster is not always better. Inorg Chem
2013;52(15):8436-8450.

O'Connor JP, Jackson A, Parker GJ, Jayson GC. DCE-MRI biomarkers in the clinical
evaluation of antiangiogenic and vascular disrupting agents. Br J Cancer 2007;96(2):189-195.
Kiessling F, Morgenstern B, Zhang C. Contrast agents and applications to assess tumor
angiogenesis in vivo by magnetic resonance imaging. Curr Med Chem 2007;14(1):77-91.
Consolino L, Longo DL, Dastru W, Cutrin JC, Dettori D, Lanzardo S, Oliviero S, Cavallo F,
Aime S. Functional imaging of the angiogenic switch in a transgenic mouse model of human
breast cancer by dynamic contrast enhanced magnetic resonance imaging. Int J Cancer
2016;139(2):404-413.

Longo DL, Dastru W, Consolino L, Espak M, Arigoni M, Cavallo F, Aime S. Cluster analysis
of quantitative parametric maps from DCE-MRI: application in evaluating heterogeneity of
tumor response to antiangiogenic treatment. Magn Reson Imaging 2015;33(6):725-736.
Plush SE, Woods M, Zhou YF, Kadali SB, Wong MS, Sherry AD. Nanoassembled capsules
as delivery vehicles for large payloads of high relaxivity Gd3+ agents. ] Am Chem Soc
2009;131(43):15918-15923.

Ferrauto G, Di Gregorio E, Dastru W, Lanzardo S, Aime S. Gd-loaded-RBCs for the
assessment of tumor vascular volume by contrast-enhanced-MRI. Biomaterials 2015;58:82-
92.

Botta M, Tei L. Relaxivity Enhancement in Macromolecular and Nanosized GdIII-Based MRI
Contrast Agents. Eur J Inorg Chem 2012(12):1945-1960.

17



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Granato L, Longo D, Boutry S, Vander Elst L, Henoumont C, Aime S, Muller RN, Laurent S.
Synthesis and Relaxometric Characterization of New Poly[N,N-bis(3-aminopropyl)glycine]
(PAPGIly) Dendrons Gd-Based Contrast Agents and Their in Vivo Study by Using the
Dynamic Contrast-Enhanced MRI Technique at Low Field (I T). Chem Biodivers
2019;16(11):1900322.

Pereira MIA, Pereira G, Monteiro CAP, Geraldes CFGC, Cabral PE, Cesar CL, de Thomaz
AA, Santos BS, Pereira GAL, Fontes A. Hydrophilic Quantum Dots Functionalized with
Gd(IIT)-DO3A Monoamide Chelates as Bright and Effective T-1-weighted Bimodal
Nanoprobes. Sci Rep-Uk 2019;9.

Pinho SLC, Sereno J, Abrunhosa AJ, Delville MH, Rocha J, Carlos LD, Geraldes CFGC. Gd-
and Eu-Loaded Iron Oxide@Silica Core-Shell Nanocomposites as Trimodal Contrast Agents
for Magnetic Resonance Imaging and Optical Imaging. Inorganic Chemistry
2019;58(24):16618-16628.

Garello F, Gunduz S, Vibhute S, Angelovski G, Terreno E. Dendrimeric calcium-sensitive
MRI probes: the first low-field relaxometric study. J] Mater Chem B 2020;8(5):969-979.
Angelovski G. Heading toward Macromolecular and Nanosized Bioresponsive MRI Probes
for Successful Functional Imaging. Acc Chem Res 2017;50(9):2215-2224.

McMahon MT, Bulte JWM. Two decades of dendrimers as versatile MRI agents: a tale with
and without metals. Wiley Interdiscip Rev Nanomed Nanobiotechnol 2018;10(3):e1496.
Quattrocchi CC, Mallio CA, Errante Y, Cirimele V, Carideo L, Ax A, Zobel BB. Gadodiamide
and Dentate Nucleus T1 Hyperintensity in Patients With Meningioma Evaluated by Multiple
Follow-Up Contrast-Enhanced Magnetic Resonance Examinations With No Systemic Interval
Therapy. Invest Radiol 2015;50(7):470-472.

Kanda T, Ishii K, Kawaguchi H, Kitajima K, Takenaka D. High signal intensity in the dentate
nucleus and globus pallidus on unenhanced T1-weighted MR images: relationship with
increasing cumulative dose of a gadolinium-based contrast material. Radiology
2014;270(3):834-841.

Liu G, Song X, Chan KW, McMahon MT. Nuts and bolts of chemical exchange saturation
transfer MRI. NMR Biomed 2013;26(7):810-828.

Longo DL, Michelotti F, Consolino L, Bardini P, Digilio G, Xiao G, Sun PZ, Aime S. In Vitro
and In Vivo Assessment of Nonionic lodinated Radiographic Molecules as Chemical
Exchange Saturation Transfer Magnetic Resonance Imaging Tumor Perfusion Agents. Invest
Radiol 2016;51(3):155-162.

Anemone A, Consolino L, Longo DL. MRI-CEST assessment of tumour perfusion using X-
ray iodinated agents: comparison with a conventional Gd-based agent. Eur Radiol
2017;27(5):2170-2179.

Aime S, Delli Castelli D, Lawson D, Terreno E. Gd-loaded liposomes as T1, susceptibility,
and CEST agents, all in one. J] Am Chem Soc 2007;129(9):2430-2431.

Lesniak WG, Oskolkov N, Song X, Lal B, Yang X, Pomper M, Laterra J, Nimmagadda S,
McMahon MT. Salicylic Acid Conjugated Dendrimers Are a Tunable, High Performance
CEST MRI NanoPlatform. Nano Lett 2016;16(4):2248-2253.

Castelli DD, Terreno E, Longo D, Aime S. Nanoparticle-based chemical exchange saturation
transfer (CEST) agents. NMR Biomed 2013;26(7):839-849.

Wu Y, Zhou Y, Ouari O, Woods M, Zhao P, Soesbe TC, Kiefer GE, Sherry AD. Polymeric
PARACEST agents for enhancing MRI contrast sensitivity. J Am Chem Soc
2008;130(42):13854-13855.

Ali MM, Woods M, Suh EH, Kovacs Z, Tircso G, Zhao P, Kodibagkar VD, Sherry AD.
Albumin-binding PARACEST agents. J Biol Inorg Chem 2007;12(6):855-865.

Farashishiko A, Slack JR, Botta M, Woods M. ParaCEST Agents Encapsulated in Reverse
Nano-Assembled Capsules (RACs): How Slow Molecular Tumbling Can Quench CEST
Contrast. Front Chem 2018;6:96.

18



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Zhao JM, Har-el YE, McMahon MT, Zhou J, Sherry AD, Sgouros G, Bulte JW, van Zijl PC.
Size-induced enhancement of chemical exchange saturation transfer (CEST) contrast in
liposomes. J Am Chem Soc 2008;130(15):5178-5184.

Xu X, Chan KW, Knutsson L, Artemov D, Xu J, Liu G, Kato Y, Lal B, Laterra J, McMahon
MT, van Zijl PC. Dynamic glucose enhanced (DGE) MRI for combined imaging of blood-
brain barrier break down and increased blood volume in brain cancer. Magn Reson Med
2015;74(6):1556-1563.

Song X, Walczak P, He X, Yang X, Pearl M, Bulte JWM, Pomper MG, McMahon MT,
Janowski M. Salicylic acid analogues as chemical exchange saturation transfer MRI contrast
agents for the assessment of brain perfusion territory and blood-brain barrier opening after
intra-arterial infusion. J Cereb Blood Flow Metab 2016;36(7):1186-1194.

Longo DL, Moustaghfir FZ, Zerbo A, Consolino L, Anemone A, Bracesco M, Aime S. EXCI-
CEST: Exploiting pharmaceutical excipients as MRI-CEST contrast agents for tumor imaging.
Int J Pharm 2017;525(1):275-281.

Rivlin M, Tsarfaty I, Navon G. Functional molecular imaging of tumors by chemical
exchange saturation transfer MRI of 3-O-Methyl-D-glucose. Magn Reson Med
2014;72(5):1375-1380.

Nasrallah FA, Pages G, Kuchel PW, Golay X, Chuang KH. Imaging brain deoxyglucose
uptake and metabolism by glucoCEST MRI. J Cereb Blood Flow Metab 2013;33(8):1270-
1278.

Han Z, Liu GS. Sugar-based biopolymers as novel imaging agents for molecular magnetic
resonance imaging. Wires Nanomed Nanobi 2019;11(4).

Consolino L, Anemone A, Capozza M, Carella A, Irrera P, Corrado A, Dhakan C, Bracesco
M, Longo DL. Non-invasive Investigation of Tumor Metabolism and Acidosis by MRI-CEST
Imaging. Front Oncol 2020;10:161.

Li Y, Qiao Y, Chen H, Bai R, Staedtke V, Han Z, Xu J, Chan KWY, Yadav N, Bulte JWM,
Zhou S, van Zijl PCM, Liu G. Characterization of tumor vascular permeability using natural
dextrans and CEST MRI. Magnetic resonance in medicine 2018;79(2):1001-1009.

Zaiss M, Angelovski G, Demetriou E, McMahon MT, Golay X, Scheffler K. QUESP and
QUEST revisited - fast and accurate quantitative CEST experiments. Magnetic resonance in
medicine 2018;79(3):1708-1721.

Zaiss M, Anemone A, Goerke S, Longo DL, Herz K, Pohmann R, Aime S, Rivlin M, Navon
G, Golay X, Scheffler K. Quantification of hydroxyl exchange of D-Glucose at physiological
conditions for optimization of glucoCEST MRI at 3, 7 and 9.4 Tesla. NMR Biomed
2019;32(9):e4113.

Sun PZ. Simplified and scalable numerical solution for describing multi-pool chemical
exchange saturation transfer (CEST) MRI contrast. ] Magn Reson 2010;205(2):235-241.
Hills BP. Multinuclear NMR studies of water in solutions of simple carbohydrates. Molecular
Physics 1991;72(5):1099-1121.

Terreno E, Stancanello J, Longo D, Castelli DD, Milone L, Sanders HM, Kok MB, Uggeri F,
Aime S. Methods for an improved detection of the MRI-CEST effect. Contrast Media Mol
Imaging 2009;4(5):237-247.

Dilauro M, Quon M, Mclnnes MD, Vakili M, Chung A, Flood TA, Schieda N. Comparison
of Contrast-Enhanced Multiphase Renal Protocol CT Versus MRI for Diagnosis of Papillary
Renal Cell Carcinoma. AJR Am J Roentgenol 2016;206(2):319-325.

Anemone A, Consolino L, Longo DL. MRI-CEST assessment of tumour perfusion using X-
ray iodinated agents: comparison with a conventional Gd-based agent. Eur Radiol
2017;27(5):2170-2179.

Wang SC, Wikstrom MG, White DL, Klaveness J, Holtz E, Rongved P, Moseley ME, Brasch
RC. Evaluation of Gd-DTPA-labeled dextran as an intravascular MR contrast agent: imaging
characteristics in normal rat tissues. Radiology 1990;175(2):483-488.

19



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Wittgren B, Wahlund K-G, Andersson M, Arfvidsson C. Polysaccharide Characterization by
Flow Field-Flow Fractionation-Multiangle Light Scattering: Initial Studies of Modified
Starches. International Journal of Polymer Analysis and Characterization 2002;7(1-2):19-40.
Affram K, Smith T, Helsper S, Rosenberg JT, Han B, Trevino J, Agyare E. Comparative study
on contrast enhancement of Magnevist and Magnevist-loaded nanoparticles in pancreatic
cancer PDX model monitored by MRI. Cancer Nanotechnol 2020;11.

Mi P, Cabral H, Kokuryo D, Rafi M, Terada Y, Aoki I, Saga T, Takehiko I, Nishiyama N,
Kataoka K. Gd-DTPA-loaded polymer-metal complex micelles with high relaxivity for MR
cancer imaging. Biomaterials 2013;34(2):492-500.

Wen S, Zhao Q, An X, Zhu J, Hou W, Li K, Huang Y, Shen M, Zhu W, Shi X. Multifunctional
PEGylated multiwalled carbon nanotubes for enhanced blood pool and tumor MR imaging.
Adv Healthc Mater 2014;3(10):1568-1577, 1525.

Reeves KJ, Brookes ZL, Reed MW, Brown NJ. Evaluation of fluorescent plasma markers for
in vivo microscopy of the microcirculation. J Vasc Res 2012;49(2):132-143.

Botta M, Avedano S, Giovenzana GB, Lombardi A, Longo D, Cassino C, Tei L, Aime S.
Relaxometric Study of a Series of Monoaqua Gd-III Complexes of Rigidified EGTA-Like
Chelators and Their Noncovalent Interaction with Human Serum Albumin. Eur J Inorg Chem
2011(6):802-810.

Nakamura Y, Mochida A, Choyke PL, Kobayashi H. Nanodrug Delivery: Is the Enhanced
Permeability and Retention Effect Sufficient for Curing Cancer? Bioconjug Chem
2016;27(10):2225-2238.

Jain RK, Baxter LT. Mechanisms of heterogeneous distribution of monoclonal antibodies and
other macromolecules in tumors: significance of elevated interstitial pressure. Cancer Res
1988;48(24 Pt 1):7022-7032.

Tan J, Shah S, Thomas A, Ou-Yang HD, Liu Y. The influence of size, shape and vessel
geometry on nanoparticle distribution. Microfluidics and nanofluidics 2013;14(1-2):77-87.
Vercueil A, Grocott MP, Mythen MG. Physiology, pharmacology, and rationale for colloid
administration for the maintenance of effective hemodynamic stability in critically ill patients.
Transfus Med Rev 2005;19(2):93-109.

Waitzinger J, Bepperling F, Pabst G, Opitz J. Hydroxyethyl starch (HES) [130/0.4], a new
HES specification: pharmacokinetics and safety after multiple infusions of 10% solution in
healthy volunteers. Drugs in R&D 2003;4(3):149-157.

Chen H, Liu D, Li Y, Xu X, Xu J, Yadav NN, Zhou S, van Zijl PCM, Liu G. CEST MRI
monitoring of tumor response to vascular disrupting therapy using high molecular weight
dextrans. Magn Reson Med 2019;82(4):1471-1479.

20



TABLES

Table 1. Measured hydroxyl exchange rates
Voluven Dextran70
pH kv (Hz) Error (Hz) kv (Hz) Error (Hz)
6.0 730 20 780 20
6.3 970 20 1150 20
6.7 1480 30 1890 30
7.0 1800 40 2800 70
7.4 2300 50 5000 180

Table 1. Exchange rate ki (Hz) and corresponding error (Hz) at each investigated pH value calculated
for voluven and dextran70 6% w/v solutions from the simultaneous fitting of Z-spectra at multiple B1

values.

FIGURE LEGENDS

Figure 1. A) Chemical structure and molecular weight of the investigated molecules voluven and
dextran70. B) Size distribution profiles of bovine serum albumin (BSA, green), dextran70 (blue) and

voluven (red) measured by dynamic light scattering.

Figure 2. Representative CEST Z-spectra (A) reporting Normalized Intensity Values (NIV) at pH 7,
calculated ST% curves at pH 7 (B) and CEST contrast dependence with pH measured in the range of
5.5-7.9 pH units (C) in phantoms containing 6% w/v of voluven and dextran70 solutions (saturation

pulse power of 2 uT applied for 5 s at 37 °C).

Figure 3. Representative results of (A) Multi-B; fitting of Z-spectra for dextran70 (left) and
voluven (right) at pH 7.4 (7T, 37°C) and (B) calculated proton exchange rates for the hydroxylic
protons at several pH values for dextran70 (left) and voluven (right); solid lines show the best fits

using eq. 1.

Figure 4. Representative tumor bearing mouse injected with voluven (top) or dextran70 (bottom) and,
from left to right, T>w images with tumor (green) and muscle (red) ROIs and CEST contrast (ST%)

maps for the whole images before and 8, 16, 24 and 32 minutes after voluven or dextran70 injection.
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Figure 5. A-B) Bar graphs indicate AST% contrast (ST% post injection — ST% pre injection)
calculated in TS/A tumor (n=4 mice) and control muscle regions at different time points (8, 16, 24
and 32 min post injection) for voluven (A) and dextran (B) by applying B = 1.5 uT for 5sona 7T
MRI scanner. C) Time-averaged tumor/muscle (T/M) ratio of AST% contrast calculated for both
voluven and dextran70. D) Representative Tow images and AST% parametric maps overimposed on
Tow anatomical images for voluven (top) and dextran70 (bottom) at different time points (8, 16, 24

and 32 min post injection) and corresponding tumor (green) and muscle (red) ROIs.

Figure 6. Descriptive statistics of the contrast enhancement (A) and extravasation fraction (B) upon
the sequential i.v. injection of one of the two investigated agents with the MRI-CEST approach
(voluven: grey bars; dextran70: white bars) and of the contrast enhancement (C) and extravasation
fraction (D) after Gd-AAZTA-Madec injection with the MRI-T;w approach measured in the same

ROIs encompassing the tumor regions (n=4, 8 tumors in total for each molecule).

Figure 7. Representative (A) MRI-CEST contrast enhanced maps upon i.v. injection of voluven (left
panel) and dextran70 (right panel) as AST% maps (calculated as ST% post injection — ST% pre
injection) followed by i.v. injection of Gd-AAZTA-Madec (B) as ASI% maps (calculated as

(SI post injection — SI pre injection) / SI pre injection) overimposed on T2y anatomical images in
TS/A breast tumors. Corresponding similarity maps (C) shows pixels where both voluven or
dextran70 and Gd-AAZTA-Madec molecules have been detected (blue pixels), whereas red pixels

(CEST agents) and green pixels (Gd-based agent) indicate the presence of only one contrast agent.

Figure 8. Box-plots for spatial voxelwise correlation comparing parametric maps derived using
CEST agents (voluven: grey; dextran70: white) with those from Gd-AAZTA-Madec for contrast
enhancement estimates (A) and extravasation fraction (B). The central mark is the median, the edges
of the boxes are the 25th and 75th percentiles and the range of the whiskers includes 5 to 95

percentiles of the data.
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