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Abstract

Purpose—To investigate the use of natural dextrans as nano-sized Chemical Exchange 

Saturation Transfer (CEST) MRI probes for characterizing size-dependent tumor vascular 

permeability.

Methods—Dextrans of different molecular weight (MW) = 10, 70, 150 and 2000 kD were 

characterized for their CEST contrast. Mice (n=5) bearing CT26 subcutaneous colon tumors were 

injected i.v. with 10 kD (D10, 6 nm) and 70 kD (D70, 12 nm) dextran at a dose of 375 mg/kg. The 

CEST MRI signal in the tumors were assessed before and ~40 minutes after each injection using a 

dynamic CEST imaging scheme.

Results—All dextrans of different MWs have a strong CEST signal with an apparent maximum 

around 0.9 ppm. The detectability and the effects of pH and saturation conditions (B1 and Tsat) 

were investigated. When applied to CT26 tumors, the injection of D10 could produce a significant 

dexCEST enhancement in the majority of the tumor area, while the injection of D70 only resulted 

in an increase in the tumor periphery. Quantitative analysis revealed the differential permeability 

of CT26 tumors to different size particles, which was validated by fluorescence imaging and 

immunohistochemistry.

*Corresponding author: Guanshu Liu, Ph.D., 707 N. Broadway, Baltimore, MD 21205, Phone (office): 443-923-9500; Fax: 
410-614-3147, guanshu@mri.jhu.edu. 

Competing financial interest statement
J.W.M.B and P.C.M.v.Z are co-founders of and hold an equity ownership in the startup company SenCEST, LLC. Some of the 
methodologies presented in this paper may ultimately become part of a SenCEST product. This arrangement has been reviewed and 
approved by the Johns Hopkins University in accordance with its conflict of interest policies.

HHS Public Access
Author manuscript
Magn Reson Med. Author manuscript; available in PMC 2019 February 01.

Published in final edited form as:
Magn Reson Med. 2018 February ; 79(2): 1001–1009. doi:10.1002/mrm.27014.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Conclusions—As a first application, we used 10 kD and 70 kD dextrans to visualize the 

spatially variable, size-dependent permeability in the tumor, indicating that nano-sized dextrans 

can be used for characterizing tumor vascular permeability with “dexCEST” MRI and, potentially, 

for developing dextran-based theranostic drug delivery systems.
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Introduction

Nanomedicine has emerged as a promising means for improving therapeutic indices and 

reducing the systemic toxicity of traditional chemotherapy. The consequent increase in drug 

efficacy has led to FDA approval of over 20 nanoparticle therapeutics (1–3). Particles with a 

molecular weight (MW) larger than 40 kD (the threshold of renal clearance (4)) can, over a 

period of time, selectively accumulate in the tumor via the enhanced permeability and 

retention (EPR) effect (4–7). However, there are still several challenges that impede further 

clinical applications of nanomedicine. One is the highly heterogeneous vascular anatomy in 

human tumors, resulting in a great spatial variation in particle delivery between different 

patients or between different parts of the same tumor (8,9). In addition, vessel permeability 

may differ between different tumor areas. Recent studies have shown that size is the 

dominant determinant for the pharmacokinetics and biodistribution of nanoparticles (10–16). 

It is therefore of great interest to develop a non-invasive means to characterize size-

dependent vascular permeability and to choose the optimal particle size range for efficient 

nanoparticle drug delivery. Such a capability may also aid the development of effective 

vascular targeting therapies, which have been proven to improve the efficacy of 

(nano)chemotherapy (17). A number of Gd-based macromolecular contrast media (MMCM) 

(18) with intermediate MW (10–30 kD) and high MW (>30 kD) values have demonstrated 

improved cancer diagnosis (19) over smaller agents (e.g., Gd-DTPA, MW = 547 D) used in 

the clinic currently. However, clinical translation of these macromolecular complexes is 

often impeded by safety concerns related to their slow excretion and possible tissue 

accumulation, with the potential risk of release of toxic Gd(III) ions (20,21). In the present 

study, in order to achieve a high clinical translatability, we sought to develop nano-sized 

dextrans for MR imaging using their hydroxyl groups as a natural ‘magnetic label’ for 

Chemical Exchange Saturation Transfer (CEST) MRI (22–27).

Several studies by us (28,29) and others (30–36), have shown that the hydroxyl (OH) 

protons of glucose analogues and glycogen can be imaged via water protons using CEST 

MRI. Because dextran is composed of multiple glucose units, abundant in hydroxyl (OH) 

protons (Fig. 1a), native dextran can be detected by CEST MRI directly. This constitutes a 

natural labeling approach, as no synthetic (radioactive, optical, heteronuclear, or 

paramagnetic- or super-paramagnetic-based) labels are required, facilitating clinical 

translation. As a first proof-of-concept study, we demonstrate the use of dextrans of different 

molecular sizes as nano-sized imaging probes to characterize tumor vascular permeability.
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Methods

Chemicals

Unless otherwise noted, dextrans of MW = 10, 70, 150, and 2,000 kD and D-glucose 

(Sigma) were prepared at a concentration of 3.6 mg/ml (20 mM per glucose unit) in PBS 

buffer (pH=7.3). Fluorescein-labeled 10 kD and 70 kD dextrans (FITC-dextran) were 

purchased from Sigma. The mean size (z-average) and size heterogeneity (polydispersity 

index, PDI) of the purchased dextran particles were measured in PBS at room temperature 

by dynamic light scattering using a Nanosizer ZS90 (Malvern Instruments, Southborough, 

MA).

Tumor model

All animal studies were approved by our Institutional Animal Care and Use Committee. 

Mice bearing subcutaneous murine CT26 colon tumors were prepared as described 

previously (37,38). In brief, 5×105 CT26 cells were injected subcutaneously into the right 

flank of BALB/c mice (female, six weeks old, Harlan Breeders) and grown for ~14 days. At 

that time the tumors were approximately 350 mm3 or larger, with noticeable necrotic cores.

MRI

The in vitro CEST contrast of dextran was assessed using a vertical bore Bruker 11.7 T MRI 

scanner equipped with a 15 mm volume coil (39–41). In vivo MR studies were carried out 

on a Bruker Biospec 11.7 T horizontal MRI scanner equipped with a 23 mm mouse brain 

volume coil (40,41). Dynamic MR images were acquired according to the diagram shown in 

Figure 2 to monitor the changes in CEST contrast upon tail vein injection of dextran (375 

mg/kg bw). Each CEST scan was acquired using a segmented CEST acquisition scheme of 

seven pairs of offsets ranging from (±) 0.4 to (±) 1.6 ppm (step=0.2 ppm, ~5 minutes per 

CEST acquisition). Mice (n=5) were injected i.v. with 300 µL 10 kD dextran in PBS (25 

mg/mL, size ~6 nm, 375 mg/kg bw), followed by eight repeated segmented CEST 

acquisitions. Then, 300 µL 70 kD dextran solution (25 mg/mL, size ~12 nm) was injected at 

the same dose and another eight CEST acquisitions were acquired. A fat-suppressed RARE 

sequence with a continuous wave pre-saturation pulse of B1=1.8 µT and 3 seconds (TR/

TE=5000/5 ms, RARE factor=10) was used. To correct B0 inhomogeneity, WASSR-based B0 

maps (42) were acquired before and after CEST acquisition. Contrast-enhanced images were 

then acquired using a T1w spin echo sequence (TR/TE=18/3 ms) before and 15 minutes 

after i.v. injection of Gd-DTPA (0.05 mL bolus of 0.5 mmol/mL Magnevist over about 3 s).

Data were processed using custom-written MATLAB scripts. CEST effects are detected by 

measuring the ratio of the water signal intensity with (S) and without (S0) saturation as a 

function of irradiation frequency and quantified by the magnetization transfer ratio 

asymmetry, MTRasym=(S−Δω − S+Δω)/S0, where S+Δω and S−Δω are the MRI signals with 

RF irradiation at particular offsets +Δω and −Δω, respectively, and S0 is the signal acquired 

without RF saturation. After correcting for B0 inhomogeneity using the WASSR method, the 

in vivo CEST contrast was quantified by averaging the MTRasym=(S−Δω − S+Δω)/S0 from 

0.8 to 1.2 ppm (28). To visualize only the enhancement due to the dextran uptake in the 

tumor, we calculated the ΔMTRasym map at each post-injection time point (t), i.e. 
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ΔMTRasym(t)= MTRasym (t)− MTRasym (t=0), with respect to the MTRasym before injection 

(t=0). This was used for calculating the area under the curve (AUC) pixel-by-pixel over a 

period of 40 min after the injection of each dextran (43). Intratumoral distributions were 

quantified using the Enhancing Fraction (f%) — the fraction of the tumor volume with non-

zero enhancement (i.e., AUC >0) voxels (43). The DCE-MRI data was processed using a 

linear algorithm of the reference region model (44) and Ktrans maps were calculated 

(Supporting information).

Fluorescence imaging

In vivo and ex vivo fluorescence imaging was performed and analyzed with a Spectrum/CT 

IVIS® in vivo imaging system using Living Image® software (PerkinElmer, Waltham, MA). 

Briefly, mice were injected with a single FITC-dextran (375 mg/kg bw) of either 10 kD 

(n=3) or 70 kD (n=3) and imaged for one hour. Fluorescence signal (exc/emi = 492/518 nm) 

was quantified as radiance efficiency.

Immunohistochemistry

Tumors were excised at 30 minutes after a single injection of FITC-10KD dextran (375 

mg/kg bw, n=1) or at 1 hour after a single injection FITC-10KD dextran (375 mg/kg bw, 

n=1) were fixed in PFA and processed for histology. For immunofluorescent staining of 

CD31 and CD31 rat anti-rabbit mAb (Life Technologies, Inc.) and Alexa Fluor® 594 goat 

anti-rabbit IgG (H+L chain) antibody (Life Technologies, Inc.) were used as primary and 

secondary antibodies, respectively. Sections were blocked with 10% goat bovine serum 

albumin for 30 min, followed by overnight incubation at 4 °C with the primary antibody and 

45 min at 4 °C with the secondary antibody. After each step, slides were washed with PBS. 

Fluorescent images were taken with a Zeiss Axiovert 200 base microscope.

Statistical analysis

Data were expressed as means ± SD and analyzed by unpaired, two-tailed Student's t test 

assuming equal variances. Differences were considered significant at P<0.05.

Results

Characterization of the CEST MRI properties of dextran in vitro

The sizes of dextrans are measured using DLS to be 5.9, 12.9, 27.3, and 77.0 nm for MW = 

10, 70, 200, and 2000 kD, respectively (Supporting Information, Table S1). Figures 1b–d 

show that dextrans in the MW range from 10 kD to 2,000 kD have a strong CEST signal 

with an apparent maximum around 0.9 ppm (B1=3.6 µT), ranging from 0.196±0.019 to 

0.224±0.031 in MTRasym. The CEST signal at 0.9 ppm is similar for the different MW 

dextrans as compared to that of D-glucose (MTRasym = 0.213±0.016), the monomer 

composing dextran, with all dissolved at the same glucose unit concentration (Supporting 

Information, Fig. S1). Higher MW dextrans exhibit a slightly lower CEST contrast than 

those of smaller size, likely due to the reduced water accessibility of a small portion of 

hydroxyl protons shielded within larger molecules. However, this effect was not statistically 

significant. At higher frequency offset (>2 ppm), in contrast, the CEST signals of dextran 

and glucose are significantly different, attributable to the depletion of α-1C-OH when 
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glucoses polymerize via α-1,3 linking to form dextran (Fig. 1a). As shown in Figure 1d, the 

CEST contrast at ~0.9 ppm allows the MRI detection and quantification of dextrans of 

different MWs.

Similar to D-glucose, the CEST signal of dextrans exhibits a strong pH dependence (Figures 

3a&b). At pH=6.5, the CEST contrast (0.385±0.006) was almost three-fold higher than that 

at pH=7.5 (0.141±0.015), which is advantageous for the detection of dextran in the 

extravascular extracellular space (EES) of tumors where the pH is often acidic. At 

physiological pH (~7.3) and an RF irradiation field of 3.6 µT, a detectability of 5% MTRasym 

(45) of dexCEST MRI is achieved for 3 mM glucose unit concentration (Fig. 1c). This 

corresponds to concentrations of 54.0, 7.7, 3.6, and 0.3 µM dextran for sizes of 10, 70, 150, 

and 2,000 kD, respectively. Similar to glucose, dextran also exhibits a highly B1- and Tsat- 

dependent CEST pattern (Figures. 3c&d). Note that due to the coalescence of OH signal 

with that of water protons, the maximum of 0.9 ppm is only an apparent one. It becomes 

visible due to an asymmetry in the water resonance that appears as a peak when performing 

an asymmetry analysis and removing the direct water saturation contribution that is 

symmetric. When using higher B1 or longer Tsat, this maximum will shift to higher 

frequency.

Size-dependent uptake of nano-sized dextrans in tumors

To study the size-dependent dextran uptake in tumors, we designed an imaging scheme as 

shown in Figure 2. First, a small size dextran was injected and its dexCEST contrast 

monitored dynamically during a waiting time window (with the length depending on the 

clearance rate of the dextran injected). Subsequently, a large size dextran was injected and 

monitored. This design allows the detection of the tumor uptake of two sizes of dextrans in 

the same tumor within a single MRI session. Such a long scan time under anesthesia could 

affect for instance tissue hydration and vessel dilation, so the data interpretation has the 

inherent assumption that tumor physiology remains unchanged. As a simple check for 

overall physiology, we monitored the respiration rate, which was consistent throughout the 

experiments. In this first example, we studied the tumor uptake of 10 kD dextran (D10, ~6 

nm) and 70 kD dextran (D70, ~13 nm) in CT26 colon tumors. As early as five minutes after 

the injection of D10 (375 mg/kg body weight), conspicuous dexCEST enhancement 

appeared, which reached its maximum (average ΔMTRasym=0.017 for the whole tumor) at 

around 17 minutes post-injection (Fig. 4a). At that time, significant dexCEST enhancement 

was observed in the majority of the tumor area. However, the washout of D10 was very 

quick, and most of the dexCEST signal in the tumor disappeared within 33 minutes post-

injection. Approximately 40 minutes after the first injection, a time window that allowed the 

clearance of the majority of D10 from the tumor (46), a second injection was performed 

with D70. The maximal dexCEST enhancement in the average ΔMTRasym of the whole 

tumor was only about 0.006, much lower than that induced by D10, as dextrans could not 

penetrate a large part of the tumor body at this time point. Instead, an increase in dexCEST 

signal was observed predominantly in the tumor periphery. As expected, the rate of 

clearance of D70 from the tumor was much slower than that of D10. Fig. 4b also shows the 

Gd-DTPA contrast enhanced image. Interestingly, the area of uptake appeared smaller, while 

that of the calculated Ktrans appears comparable in area to the dextrans.
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To study the dynamics of dextran uptake and clearance in different regions, we manually 

drew two regions of interest (ROI), with ROI 1 showing strong dexCEST signal increase for 

both D10 and D70, and ROI 2 showing strong CEST signal increase for D10 but not D70 

(Fig. 4c). In ROI 1, the injection of D10 led to a maximum ΔMTRasym of 0.064±0.015 at 

~22 minutes post-injection, while the injection of D70 resulted in a maximum ΔMTRasym of 

0.090±0.013 at ~11 minutes post the injection of D70 (51 minutes post the first injection), 

indicating that the cut-off value of the vascular pore size must be >12 nm (the diameter of 

D70) in these regions. As expected, the decay of dexCEST enhancement by D10 was much 

quicker than that of D70. Conversely, ROI 2 was only permeable to D10, indicating vascular 

pore sizes smaller than 12 nm, the size of 70 kD dextran, but larger than 6 nm, the size of 10 

kD dextran. The maximal D10 dexCEST enhancement in ROI 1 was about three-fold larger 

than that of ROI 2 (MTRasym=0.064 ±0.015 vs 0.021±0.014), indicating a higher 

permeability. To assess the differential permeability to different size particles of the same 

tumor, we calculated the AUC (Fig. 5a) and enhancing fraction (f%, Fig. 5b) of 10 kD and 

70 kD dextrans in each tumor (n=5). The results showed significant differences between the 

10 and 70 kD dextrans (i.e., P<0.05 for both AUC and f%), indicative of size-dependent 

vascular permeability.

We also conducted in vivo fluorescence imaging to validate the MRI findings, which is 

feasible for superficial subcutaneous tumors when fluorescence-tagged dextrans are used 

(i.e., FITC-dextran). The fluorescence imaging results (Fig. 6) confirm the MRI data in that 

the fluorescence intensity in D10-injected mice disappeared faster than that in D70 mice. We 

further confirmed extravasation of the dextrans by performing immunohistochemistry of the 

tumors. i.e., dextran (green, FITC-tagged) and blood vessels (red, CD31 staining) as shown 

in Figure 7. Interestingly, a difference in the spatial distribution of dextran molecules was 

found between D10 and D70 (Fig. 7, and Supporting information Figure S2), indicating a 

different penetration depth for dextrans of different sizes after extravasation.

Discussion

Dextran is a family of natural polysaccharides that has been used widely in clinical and in 

pre-clinical studies, with a well-characterized safety profile. Medical dextran is available in a 

range of molecular sizes, i.e., from 5.9 to 77.0 nm. The availability of a broad size range, 

together with being neutrally charged, makes dextran an ideal marker for assessing the size-

dependent permeability of membranes and biological compartments. Fluorescence-labeled 

dextran (MW=2.3 kD) has a long history of measuring tissue permeability since the 1970s 

(47), for example, to assess blood-brain barrier permeability (48,49) and solid tumor 

permeability (50). For MRI, dextran has been considered a versatile polymer platform to 

create paramagnetic macromolecular MRI contrast agents (51,52). However, none of these 

metallic agents have yet gained clinical acceptance primarily due to the possible toxicity 

related to their prolonged retention time in the body and the risk of free metal release (53). 

The use of inherent CEST contrast carried naturally by dextran molecules eliminates the 

requirement of chemical labels. Our study clearly shows that our dexCEST approach is an 

effective imaging tool, allowing the study of delivery kinetics and spatial distribution of 

dextrans of different sizes in tumors.
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It is known that the rate for molecules to extravasate into the interstitial space is highly 

dependent on their size and shape, with a nonlinear relationship (21,54). Because of that, 

traditional small molecule-based (e.g., Gd-DTPA, MW=547) dynamic contrast-enhanced 

(DCE) MRI is unable to accurately predict permeability in the macro- and nano- size range, 

a size range more suitable for the characterization of microvessels (55). Actually, our results 

are interesting in that respect. While the Ktrans map appears very similar to the dextran 

enhancement, the pattern in the static Gd-CE enhancement appears to indicate a smaller area 

than the dextran. This seems unexpected as the Gd molecular weight (547D, < 1 nm (56)) is 

much smaller than that of the dextrans. This confirms expectations of Gd-DTPA not being 

reflective of nanoparticle properties. We suggest that it is difficult to directly compare Gd-

enhancement and dexCEST-enhancement quantitatively for three reasons: 1) the doses of 

dextrans are much larger than that of the Gd-DTPA; 2) the shape and surface properties of 

dextrans and Gd-DTPA are different; and 3) the time points of imaging are different. It is 

well known that larger molecules have a slower pharmacokinetics than smaller ones, hence 

the dextrans are cleared from tissues at a slower rate. This may be one explanation why Gd-

DTPA shows relatively smaller enhancement (at 15 minutes) than dextrans.

Moreover, the clinical translation of Gd-based macromolecular complexes is limited by 

safety concerns. Our approach employs native dextrans that are commercially available over 

a size range from intermediate to high MW (up to 2 MD dextran). This offers a simple but 

effective means by which to assess tissue permeability to nanometer particles of different 

sizes ranging from a few nm to about 77 nm (50). Our findings are consistent with previous 

studies obtained using intravital imaging of FITC-dextran of different sizes (57). We expect 

that size-dependent tumor uptake of dextran can provide useful insight into the 

characteristics of the targeted tumors, which is ultimately important for designing the 

appropriate nanoparticle chemotherapy. It should be noted that our current approach focuses 

on the tumor uptake of dextran in the very early phase (i.e., <1 hour), which mainly reflects 

the cut-off range of the tumor vessel pore size (58). It should also be noted that both vascular 

permeability and tissue penetration can contribute to the intratumoral accumulation of an 

agent, which can’t be completely separated in our CEST MRI results. However, as reported 

previously by Dreher et al using intravital microscope (46), the tumor penetration distances 

were estimated to be ~35 µm and ~15 µm for 10 kD and 70 kD dextrans respectively. 

Considering the spatial resolution of our CEST MRI was ~ 200 µm, we conclude that 

vascular permeability most likely is the predominant contributor to the dexCEST contrast 

enhancement. It should also be noted that the cut-off used in this work is not a single 

threshold of the physical size permeable to the tumor, but a reflection of distributions of 

dextran sizes and tumor permeabilities (12). It should also be noted that the validation using 

in vivo fluorescence imaging is not quantitative because it was performed separately on 

different animals, not sequentially on the same animal as dexCEST MRI. The reason was 

that both 10kD and 70 kD dextrans were labeled with FITC, making the differentiation of 

tumor uptake of different dextrans difficult. Also, because FITC emits green light (exc/emi = 

492/518 nm), quantitation of in vivo fluorescence in different parts of the tumor is also 

difficult. Comprehensive quantitative in vivo fluorescence imaging validation requires 

synthesized dextrans with different NIR dyes, which will be pursued in our future studies. 

One potentially confounding effect for time dependent CEST studies is a change in B0 
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homogeneity during the study. To monitor for this, we acquired WASSR field maps during 

these studies (See Supporting information Figure S3), which showed insufficient changes to 

affect the quantification of the results.

The use of simple dextrans as imaging agents is expected to provide a great advantage over 

labeled dextrans, in that native dextran has been widely used in the clinic as an injectable 

agent for more than five decades, with a proven safety profile even at very high doses (59). 

The dose used in this study (375 mg/kg) falls well within the clinical dose of 70 KD dextran 

as plasma expander (1.5 g/kg) (60). While dextrans, like other intravenously administered 

colloids, may induce anaphylactoid/ic reactions (61,62), the possibility of severe dextran-

induced allergic reactions can be reduced substantially by pretreating with small size dextran 

1 (1 kD), making dextran at least as safe as albumin and starches (63,64). This is expected to 

greatly accelerate translation of the proposed technology to the clinic. Although we 

demonstrated our technique using an 11.7T high-field small-animal MRI scanner, it has been 

shown that CEST technologies can be quickly translated from pre-clinical scanners (e.g., 

4.7, 9.4, or 11.7T) to clinical scanners (i.e., 3T) (29,65,66), and from rodent models to 

patients (66,67). Hence, the clinical translation of dexCEST MRI, after being fully validated 

in preclinical studies, can be relatively fast.

Conclusion

In summary, we characterized the CEST properties of natural dextran of different sizes and 

developed a new natural labeling MRI approach in which nano-sized dextrans can be used as 

MRI contrast agents. We then demonstrated the usefulness of these dextrans in 

characterizing the size-dependent vascular permeability of solid tumors. Our results reveal 

that dexCEST can be used to monitor the dynamics as well as the spatial distribution of the 

changes in tumor vascular permeability.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CEST MRI detection of dextrans
a) Chemical structure of dextran. b) Z spectra. c) MTRasym plots. d) CEST parametric maps 

(quantified by MTRasym at 0.9 ppm) of PBS, 20 mM glucose, and dextrans of 10, 70, 150, 

and 2,000 KD (20 mM on a glucose unit basis). All samples were prepared at pH=7.3 in 10 

mM PBS, and the CEST MRI was acquired using a 4-second long CW RF pulse (B1=3.6 

µT) at 37 °C.
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Figure 2. Illustration diagram of the dynamic imaging protocol
dexCEST signals were acquired sequentially after the injection of 10 kD dextran (~6 nm, 

375 mg/kg bw) and after the injection of 70 kD dextran (~12 nm, 375 mg/kg bw), followed 

by the contrast-enhanced MRI (Gd-DTPA, 0.5 mmol/kg bw).
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Figure 3. Characterization of CEST MRI signal for 70 kD dextran
a) MTRasym plots of 20 mM D70 at different pH (top) and pH-dependence of dexCEST 

contrast quantified by MTRasym at 0.9 ppm (bottom). b) MTRasym plots of D70 at different 

concentrations (top) and concentration-dependence of dexCEST contrast quantified by 

MTRasym at 0.9 ppm (bottom). c) MTRasym plots of 20 mM D70 acquired using different B1 

(top) and the B1-dependence of dexCEST contrast of both D10 and D70 as quantified by 

MTRasym at 0.9 ppm. d) MTRasym plots of 20 mM D70 acquired using different Tsat (top) 

and the Tsat- dependence of dexCEST contrast of both D10 and D70 as quantified by 

MTRasym at 0.9 ppm (bottom). Unless otherwise stated, all samples were prepared in 10 mM 

PBS pH=7.3, and the CEST MRI was acquired using a 4-second long CW RF pulse (B1=3.6 

µT) at 37 °C.
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Figure 4. Size-dependent tumor uptake of 10 and 70 kD dextrans detected by CEST MRI
a) Anatomical T2w images and dynamic dexCEST MRI showing distinctive tumor uptake of 

10 kD and 70 kD dextran in terms of spatial distribution and pharmacokinetics. b) Zoomed 

view of the Gd contrast-enhanced image, permeability (Ktrans) map, and corresponding 

ΔMTRasym maps at 17 and 79 minutes, respectively. c) Dynamic change of the dexCEST 

signal in the two ROIs (marked in zoomed view of T2w image on the left).
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Figure 5. Quantitative comparison of the size-dependent tumor uptake of 10 and 70 kD dextrans 
detected by CEST MRI in five animals
a) Bar plot of mean values (left) and comparison in each tumor (right) of the area under 

curve (AUC) after the injection of 10kD and 70 kD dextrans (P<0.05, n=5). b) Bar plot of 

mean values (left) and comparison in each tumor (right) of the enhancing fraction (f%) after 

the injection of 10 kD and 70 kD dextrans (P<0.05, n=5).
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Figure 6. In vivo Fluorescence imaging
Fluorescence images of FITC-dextran of 10 kD (a) and 70 kD (b) and the corresponding 

dynamic change in the average fluorescence intensity in the tumor region after the injection 

of FITC-dextran.
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Figure 7. Immunohistochemical validation
Immunohistochemistry of the tumor (DAPI=tumor cells (blue), CD31=endothelial cells 

(red), and FITC-dextran (green)) at 30 minutes after the injection of D10 (a) or 1 hour after 

the injection of D70 (b). The overlaid images of DAPI, CD31, and dextran-FITC show the 

extravasation of dextran of both MWs. Scale bar=200 µm.
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