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Nanocarrier-based chemotherapy allows preferential delivery of therapeutics to tumors and has been found to
improve the efficacy of cancer treatment. However, difficulties in tracking nanocarriers and evaluating their
pharmacological fates in patients have limited judicious selection of patients to those who might most benefit
from nanotherapeutics. To enable the monitoring of nanocarriers in vivo, we developed MRI-traceable diamag-
netic Chemical Exchange Saturation Transfer (diaCEST) liposomes. The diaCEST liposomes were based on the
clinical formulation of liposomal doxorubicin (i.e. DOXIL®) and were loaded with barbituric acid (BA), a small,
organic, biocompatible diaCEST contrast agent. The optimized diaCEST liposomal formulation with a BA-to-
lipid ratio of 25% exhibited 30% contrast enhancement at B1 = 4.7 μT in vitro. The contrast was stable, with
~80% of the initial CEST signal sustained over 8 h in vitro.We used the diaCEST liposomes tomonitor the response
to tumor necrosis factor-alpha (TNF-α), an agent in clinical trials that increases vascular permeability and uptake
of nanocarriers into tumors. After systemic administration of diaCEST liposomes tomice bearing CT26 tumors,we
found an average diaCEST contrast at the BA frequency (5 ppm) of 0.4% at B1 = 4.7 μT while if TNF-α was co-
administered the contrast increased to 1.5%. This novel approach provides a non-radioactive, non-metallic,
biocompatible, semi-quantitative, and clinically translatable approach to evaluate the tumor targeting of stealth
liposomes in vivo, which may enable personalized nanomedicine.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Nanocarrier-based delivery systems are being increasingly used for
treating cancer and improving the therapeutic index of chemothera-
peutic agents [1–3]. Their uses allow the optimization of biodistribution
and pharmacokinetics of therapeutics with minimal disruption of the
drug itself, and hence can reduce adverse effects on normal tissue
while enhancing drug efficacy. Nanocarriers of an appropriate size
(e.g. ~50–200 nm) and surface coating (e.g. with polyethylene glycol
T, chemical exchange saturation
or necrosis factor-alpha; HPLC,
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[PEG]) circulate for prolonged periods and preferentially accumulate
in tumors through the enhanced permeability and retention effect
(EPR) [4–6]. However, the complexity of the tumor microenvironment,
including its abnormal vasculature [7], slow and variable blood flow,
and low extracellular pH [8,9] can affect the accumulation, distribution,
and retention of nanocarriers in tumors [8], and complicates studies to
measure these parameters. In fact, previous work has shown that the
outcome of nanocarrier-based chemotherapy varies among patients
[8]. Whether this is due to differences in tumor uptake and retention
of the nanocarriers, differences in drug metabolism in the host or
tumor, or resistance mechanisms within the tumor, are not known
[8]. It is therefore important to develop improved methods to track
nanocarriers in vivo after administration to patients; in particular,
imaging the accumulation of nanocarriers in tumors allows a more
comprehensive evaluation of their delivery and distribution in vivo.

Combination treatments employing molecular factors, such as
tumor necrosis factor-alpha (TNF-α), have been developed to improve
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the delivery of nanotherapeutics during chemotherapy. TNF-α is a
proinflammatory cytokine known to augment the permeability of
tumor vasculature [6,10–14]. The combination of TNF-α and chemo-
therapeutics, such as doxorubicin (DOX), can increase treatment poten-
cy through synergistic effects [10,11,14]. It has been demonstrated that
co-administration of TNF-α and liposomal doxorubicin (i.e. DOXIL®)
suppressed solid tumors in animal models more effectively than treat-
ment with DOXIL® alone [12,13]. This combined therapy has now ad-
vanced into a clinical trial (clinical trial number: NCT01490047) for
solid tumors. A non-invasive method for tracking the delivery of the
nanocarriers to tumors in patients will help identify those who are
more likely to benefit from the treatment.

Magnetic resonance imaging (MRI), a clinical modality with excel-
lent spatial resolution, has shown great potential as a non-invasive
way tomonitor the distribution of nanocarriers in vivo [15–19]. Diamag-
netic chemical exchange saturation transfer (diaCEST) is a “switchable”
contrastmechanism that enables the detection of relatively low concen-
trations of exchangeable protons (at millimolar levels) present on non-
metallic contrast agents [20–24]. Another advantage of this contrast
mechanism is that it allows discrimination of different types of diaCEST
contrast agents through their specific frequencies of exchangeable pro-
tons, which allows “multi-color” diaCEST imaging [25]. The sensitivity
for detecting liposomal contrast agents can be improved by increasing
the local concentration of exchangeable protons via their loading into li-
posomes [26]. It is thus possible to extend CEST technology to the nano-
technology realm through integrating CEST contrast agents into the
nanocarriers [26–30].

Here, we designed diaCEST stealth liposomes and evaluated their
accumulation in tumors in vivo via non-invasive MRI. diaCEST
liposomes are lipid based-nanocarriers loaded with diaCEST contrast
agents. They have been shown to allow liposomedetection at picomolar
levels in vitro and “multi-color” imaging of lymphatic drainage in vivo
[28], but have not heretofore been shown to be useful for imaging tu-
mors. To achieve the diaCEST contrast, we selected barbituric acid
(BA) as the contrast agent, which is a heterocyclic pyrimidinetrione
that exhibits excellent contrast at a frequency of 5 ppm away from
water [24]. BA-loaded diaCEST liposomes were systemically adminis-
tered to mice bearing subcutaneous CT26 colon tumors, and were
used to confirm that TNF-α co-treatment increases liposome accumula-
tion within the tumors via MRI. These liposomes were developed based
on the formulation of clinically used DOXIL® and thus hold potential for
clinical translation. The imaging of diaCEST liposomes for patient pre-
screening may help to determine the potential effectiveness of
DOXIL® therapy in individual patients.

2. Materials and methods

2.1. Liposome preparation

Egg phosphatidylcholine (EPC), soy phosphatidylcholine (SPC),
hydrogenated soy phosphatidylcholine (HSPC), 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC), 1,2-disteoroyl-sn-glycero-3-phospha-
tidylcholine (DSPC), and 1,2-distearoyl-sn-glycerophosphoethanolamine
poly(ethylene glycol)2000 (DSPE-PEG-2000) were obtained from the
Avanti Polar Lipids, Inc. (Alabaster, AL). The cholesterol and BA were
purchased from Sigma-Aldrich (St. Louis, MO). The liposomes were
formed by the lipid film hydration method as described [28,31]. In
brief, 25 mg of lipid mixture dissolved in chloroform was dried, and
the resultant thin film was hydrated using 1 ml of BA at 20 mg/ml
and pH 7.3 to form multilamellar vesicles. The mixture was then
annealed at 55–65 °C according to the type of PCs, sonicated, and
subsequently extruded through stacked polycarbonate filters. DOX
at 2 mg/ml was remotely loaded via sonication after extrusion. The
liposomes were then filtered through Sephadex G-50 gel columns
(GE Healthcare Life Sciences, Pittsburg, PA) to remove unloaded
compounds, and stored at 4 °C prior to use. The size (z-average)
and heterogeneity in size (polydispersity index, PDI) were measured
in PBS at room temperature by dynamic light scattering using a
Nanosizer ZS90 (Malvern Instruments, Southborough, MA).

2.2. Characterization of liposomal content and retention in vitro

To characterize the content (i.e., agent:lipid ratio), the diaCEST li-
posomes were first freeze-dried, and further suspended in a 10% v/v
Triton X-100 solution. The encapsulated agent was then extracted by
vigorous agitation of the suspended liposomes using a water bath
sonicator at 42 °C over an hour. After centrifugation (21,000 ×g,
10 min), the supernatant was collected and further diluted in PBS.
Fifty microliters of the diluent was injected into a Shimadzu high
performance liquid chromatography (HPLC) system equipped with
a c18 reverse phase column (5 μm, 4.6 × 250 mm, Varian Inc., Santa
Clara, CA). BA was eluted using a gradient mobile phase [phase 1:
water (100%), changing linearly within 3 min to phase 2: water:aceto-
nitrile (80%:20%, v/v)] and detected at 255 nmusing a UVdetector. Sim-
ilarly, DOX was eluted using an isocratic mobile phase [water:
acetonitrile (35%:65%, v/v)] and detected at 480 nm. Standard samples
at known concentrations were first processed and calibration curves
were generated as the reference for concentration calculations. Data
were analyzed using the LCsolution software (Shimadzu Scientific In-
struments, Columbia, MD). Drug:lipid ratio was defined as the weight
ratio of encapsulated agents to the dried lipid components of the
liposomes.

To characterize the retention of BA in the diaCEST liposomes and
the associated stability of the liposomal CEST contrast, 3 mL of
newly prepared liposomes were instilled into a dialysis cassette
(20 k Da-Molecular Weight Cut-Off, or MWCO, Thermo Scientific,
Waltham, MA) and incubated in 200 mL PBS at 37 °C. Dialysis was
first performed to ensure that all unloaded agents were eliminated.
At pre-determined time intervals, 100 μl of liposome suspension
was collected from the dialysate, followed by in vitro CEST imaging
and HPLC measurement. For the latter, collected liposome samples
were further suspended in a 10% v/v Triton X-100 solution and thor-
oughly agitated using a water bath sonicator at 42 °C, followed by
centrifugation (21,000 ×g, 10 min). Quantitative analysis of the
retained agents was then performed using HPLC as described above.

2.3. Animal model

All experiments conductedwithmicewere performed in accordance
with protocols approved by the Johns Hopkins University Institutional
Animal Care and Use Committee (IACUC). CT26 (CRL-2638) murine co-
lorectal adenocarcinoma cells were purchased from the American Type
Culture Collection (ATCC) and grown in McCoy's 5A Medium
(Invitrogen/Life Technologies, Carlsbad, CA) supplemented with 10%
Fetal Bovine Serum (FBS, HyClone, Thermo Scientific, Waltham, MA)
at 37 °C with 5% CO2. Five million CT26 cells were injected subcutane-
ously into the right flank of female BALB/c mice (6–8 weeks; Harlan,
Indianapolis, IN; ~20 g in weight), and allowed to grow for ~10 days.

2.4. CEST imaging in vitro

AllMRI imageswere acquired at 310Kusing an11.7 T Bruker Avance
system (Bruker Biosciences, Billerica, MA). The B0 field was shimmed
using the shimming toolbox in Paravision Version 5.1 (Bruker BioSpin
MRI GmbH). Amodified rapid acquisition with relaxation enhancement
(RARE) sequence including a saturation pulse was used to acquire satu-
ration images at different irradiation frequencies, which were used to
generate the z-spectrum. A slice thickness of 1 mm was used, and the
typical imaging parameters were: TE = 4.3 ms, RARE factor = 16, ma-
trix size 128 × 64, and number of averages (NA) = 2. The field of
view was typically 13 × 13 × 1 depending on the number of phantoms.
Two sets of saturation images were acquired, first the frequency map
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images for mapping of the spatial distribution of B0, and the second set
for characterization of the CEST properties. The acquisition time per fre-
quency pointwas 12 s for frequencymaps (TR=1.5 s) and 48 s for CEST
images (TR = 6.0 s).

For the B0 frequency maps, WAter Saturation Shift Referencing
(WASSR) was employed [32]. A saturation pulse length (tsat) of 500
ms, a saturation field strength (B1) of 0.5 μT (21.3 Hz), and a saturation
frequency increment of 50 Hz (spectral resolution = 0.1 ppm) for
WASSR images were used. The image readout was kept identical be-
tween the frequencymap images and the CEST images. For the CEST im-
ages, tsat = 4 s, B1 = 4.7 μT (200 Hz), and a frequency increment of
0.2 ppm were used.

2.5. CEST imaging in vivo

Mice were anesthetized using isoflurane and positioned in an
11.7 T horizontal bore Bruker Biospec scanner (Bruker Biosciences,
Billerica, MA). They were imaged before and 6 h after simultaneous
tail vein administration of 150 μl of diaCEST liposomes at ~100 nM
(~4 mg/mL BA as determined by HPLC) and 200 μl of TNF-α at
5 μg/ml. Two other groups of mice were treated with a single imag-
ing agent (diaCEST liposomes) or TNF-α at the same dosage as the
combination treatment. The CEST images were acquired through collec-
tion of two sets of saturation images, a WASSR [32] set for B0 mapping
and a CEST data set for characterizing contrast. For the WASSR images,
the saturation parameters were tsat = 500 ms, B1 = 0.5 μT, and TR =
1.5 s with saturation offset incremented from −1 to +1 ppm with re-
spect to water in 0.1 ppm steps, while for the CEST images, tsat = 3 s,
B1 = 4.7 μT, and TR = 5 s, with offset incremented from−6 to +6 ppm
(0.2 ppm steps) with a fat suppression pulse. The acquisition parame-
ters were: TR = 5.0 s, effective TE = 21.6 ms, and RARE factor = 12.
The CEST images were acquired 6 h after the liposome and/or TNF-α
administration.

The MR images were processed using custom-written Matlab
scripts with the CEST contrast quantified by calculating the asymme-
try in the magnetization transfer ratio (MTRasym) using MTRasym =
(S−Δω − S+Δω)/S0 for NH protons at the frequency offset from
water (Δω) = 5 ppm. S0 is the signal of water without saturation, S
with saturation and therefore frequency dependent. The relative
MTRasym was calculated by subtracting the pre-contrast from that
of the post-contrast value of the whole tumor.

2.6. Fluorescence imaging and histology

Fluorescence imagingwas performed and analyzed using a Spectrum/
CT IVIS® in vivo imaging system with the Living Image® software
(PerkinElmer, Waltham, MA). Fluorescence signal (emission =
620 nm, excitation= 570 nm) was quantified as radiant efficiency. Ex-
cised tumors were imaged immediately after MRI measurements and
processed for histology. Tumor sections of 5 μm were stained with
4′,6-diamidino-2-phenylindole (DAPI) for nuclei and examined under
an inverted microscope (Olympus, Tokyo, Japan). Images shown in
Fig. 5B are overlay images of blue and red channels, representing
DAPI+ nuclei and rhodamine+ liposomes, respectively [33].

To illustrate the vasculature within the tumor tissues, additional
tumor sections of 5 μm from similar regions as the fluorescence sections
were immunostained for CD31. In brief, tissue sections were
deparaffinized and rehydrated, and endogenous peroxidase activity
was blocked by 10 min treatment with peroxidase blocking reagent
(Dako, Carpinteria, CA). The primary antibody (rabbit polyclonal anti-
CD31; Thermo-Fisher, Waltham, MA) was applied at a dilution of 1:50
in an antibody dilution buffer (ChemMate, San Dimas, CA) and incubat-
ed 45 min at room temperature. The primary antibody was detected
using the Power Vision Plus HRP-polymer detection system (Leica
Microsystems, Buffalo Grove, IL) as per manufacturer's instructions.
Tris Buffered Saline with Tween (TBST; Sigma-Aldrich, St. Louis, MO)
was utilized for all washing steps. DAB chromogen (Sigma-Aldrich, St.
Louis, MO) was applied to develop the secondary detection reagent.
Slides were then counter stained with Mayer's hematoxylin (Dako,
Carpinteria, CA) and dehydrated.

2.7. Cytotoxicity study

HEK293 and HepG2 cells were obtained from ATCC and were cul-
tured in DMEM medium and MEM medium, respectively, supplement-
ed with 10% fetal calf serum and 1% penicillin/streptomycin (Gibco). A
cell survival assay was performed using the Cell-Counting Kit-8
(DojindoMolecular Technologies, Rockville,MD). The cells were seeded
in 96-well plates at 104 cells per well, and incubated at 37 °C with 5%
CO2. Then, BA at predetermined concentrations in culture medium,
i.e., 10, 5, 1, 0.1, 0.01, and 0.001 mg/ml and control without BA, were
added respectively and incubated for 24 h before the survival assay.
For the assay, cells were incubated in mediumwith 10% CCK-8 solution
for an hour. The absorbance of each well was thenmeasured at 450 nm
with a plate reader (Synergy Mx microplate reader, BioTek, Winooski,
VT). Cell survival was quantified as the absorbance normalized by the
control values.

2.8. Statistical analysis

Statistical analysis was performed on the relative MTRasym values
and the fluorescence measurements of the liposomes group (n = 5),
the liposomes + TNF-α group (n = 5), and the TNF-α group (n = 3)
using one-way analyses of variance (ANOVA) followed by post-hoc
tests.

3. Results

3.1. Properties of BA

We designed a diaCEST liposome for theMRI monitoring of the aug-
mented delivery of stealth liposomes after tumor vascular therapy using
TNF-α (Fig. 1). We first investigated the diaCEST properties of BA as a
function of concentration and pH to determine the optimal loading con-
ditions for our liposomes (Fig. 2). At pH 7.4, the contrast of BA, as quan-
tified byMTRasym at 5 ppm from thewater frequency, increased linearly
with concentrations up to about 10–20 mM (Fig. 2A). The lowest con-
centration of BAmeasuredwas 1mMwith a contrast of ~2%. The pH de-
pendence of the BA CEST effect is shown in Fig. 2B, with maximum
contrast achieved at pH values around 7.3–8.0, and reduced contrast
in more acidic environment, namely a decrease in MTRasym of 4% from
pH 7.5 to 7.0, and 15% from 7.5 to 6.5. This sensitivity can be explained
by a base catalyzed proton exchange with water. The proton exchange
rate on BA was measured to be ~0.9 kHz at pH 7.3–8.0 through a
QUESP analysis [34], with the reduction in contrast below this pH pre-
sumably due to a drop in the exchange rate. At a pH value of ~9.0 and
higher, there were changes in the frequency of maximum contrast in
Fig. 2B, which are attributed to a deprotonation of the nitrogen on the
heterocyclic ring from keto-enol tautomerism. This equilibrium is
displayed in Fig. 2C.

3.2. Preparation of diaCEST liposomes

We next screened different formulations of diaCEST liposomes
(Fig. 1) to optimize the composition for in vivo imaging. BA was the
major cargo, with a low concentration of DOX co-loaded to mimic the
DOXIL® formulation and investigate whether DOX co-loading affects
the liposomal diaCEST contrast. We also incorporated a trace amount
of rhodamine-labeled lipids to enable fluorescence detection in tumors
in order to validate our MRI findings (Fig. 1). Five liposomal formula-
tions based on DOXIL®were tested with the same phosphatidylcholine
(PC):cholesterol:PEGylated-lipid molar ratio of 59:38:3 mol%, but



Fig. 1. Cartoon depicting BA/DOX co-loaded diaCEST liposome.
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different types of PC (i.e. Egg PC, Soy PC, HSPC, DPPC, and DSPC) and BA
was loaded at pH ~7.5. Their characterization data are listed in Table 1
(n = 3 per formulation). All formulations resulted in similar sizes (z-
ave) of ~150 nm,with a lowpolydispersity index (PDI) below or around
0.1, suggesting relatively uniform size distribution (Table 1). Liposome
size and PDI showed minimal changes after a 24-h incubation in PBS
at 37 °C, demonstrating their robust physical stabilities in vitro. We
also measured the content of BA in the diaCEST liposomes using HPLC
and their MRI contrasts using in vitro CEST imaging. The diaCEST con-
trast generated by these formulations (Table 1 and supplementary
Fig. S1) ranged from19% to 30% at ~100 nMconcentration of liposomes,
and was correlated with the amount of BA loaded (measured as the BA:
lipid ratio). The liposomes based on DSPC had both the strongest
diaCEST contrast of 30% and the highest BA loading of 25% BA:lipid
ratio and, therefore, were selected as the lead formulation (Table 1).
We estimated that the local concentration of BA was ~105 molecules
per liposome; this high local concentration is hard to achieve in vivo
without loading BA into liposomes, which is favorable for CEST imaging.
Fig. 2. CEST properties of BA and its dependence on concentration and pH. (A–B) CEST contrast
keto-enol tautomerism of BA and its acid- or base-catalyzed forms.
3.3. Stability and retention of diaCEST liposomes

We next determined how stable this diaCEST contrast might be
under physiological conditions. As shown in Fig. 3A, the BA-loaded
DSPC liposomes were dialyzed against PBS at 37 °C, and the BA content
as well as the diaCEST contrast of the liposomes at 5 ppm were then
measured at specific time points using HPLC and MRI, respectively.
The HPLC measurements showed that there was a mild burst release
of BA over the first 2–4 h. After this, the BA content remained relatively
stable for 24 h at ~15 mM, with ~80% of the initial dose retained
(Fig. 3B). In comparison, the diaCEST contrast of the liposomes de-
creased continuously over the entire course of the experiment, with
~80% of the initial intensity retained at 8 h and only ~50% at 24 h.
Since our CEST measurements were performed at a constant tempera-
ture and pH, the proton exchange rate should be minimally affected.
Thus, this discrepancy between BA retention and diaCEST contrast gen-
erated ismore likely due to a reduced number of exchangeable protons,
which might result from the precipitation of BA within the liposomes
of BA in solution at different (A) concentrations and (B) pH values at 37 °C. (C) Structure of

image of Fig.�2


Table 1
Physicochemical properties of the different diaCEST liposome formulations.

Formulation Size (nm) PDI BA:lipid DOX:lipid CEST contrast

At 0 h At 24 h At 0 h At 24 h Ratio (%) Ratio (%) At 5 ppm (%)

EggPC 133 ± 6 155 ± 1 0.14 ± 0.04 0.10 ± 0.00 22 ± 8 0.9 ± 0.6 19 ± 1
SoyPC 171 ± 7 177 ± 1 0.09 ± 0.02 0.09 ± 0.00 19 ± 3 1.5 ± 0.2 20 ± 3
DPPC 158 ± 6 151 ± 3 0.10 ± 0.03 0.09 ± 0.01 20 ± 1 1.1 ± 0.1 24 ± 6
HSPC 178 ± 4 174 ± 3 0.11 ± 0.05 0.05 ± 0.02 22 ± 1 1.2 ± 0.1 23 ± 1
DSPC 167 ± 1 170 ± 2 0.10 ± 0.01 0.03 ± 0.02 25 ± 1 1.1 ± 0.1 30 ± 1

Data represent mean ± S.D. (n ≥ 3).
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due to an influx of salts, or from BAmolecules becoming embedded in-
side the phospholipid bilayer.

3.4. CEST imaging in vivo

We then tested whether the diaCEST liposomes could be detected
in vivo via MRI and be used to evaluate the effects of TNF-α co-
treatment. We performed CEST imaging on mice bearing subcutaneous
CT26 tumors before and after intravenous (i.v.) injection of diaCEST li-
posomes and TNF-α (Liposomes + TNF-α group), diaCEST liposomes
only (Liposomes group) or TNF-α only (TNF-α group). Tumor sizes
were kept between 50 and 100mm3 tominimize variations in liposome
uptake betweenmice due to differences in the vasculature that become
progressively more heterogeneous as tumors grow (Supplementary
Fig. S4). This tumor size range is also consistentwith previous investiga-
tions employing liposomes for the treatment of experimental cancer
[35,36]. The imaging scheme for this study is shown in Fig. 4A. Pre-
treatment CEST images were acquired as background for baseline
referencing. Post-treatment images were acquired 6 h after the initial
administration to allow sufficient time for tumors to respond to TNF-α
treatment and for the diaCEST liposomes to accumulate in the tumors
(Fig. 3B). Representative CEST contrast images (MTRasym maps at
5 ppm)ofmice before and after treatment are shown in Fig. 4B. The neg-
ative MTRasym observed in the histogram is presumably due to asym-
metric magnetization transfer (MT) [37,38] from semi-solid protons
found in tissues, or relay transfers from aliphatic protons on the nega-
tive side of the z-spectrum towater through Nuclear Overhauser Effects
(NOEs) [39,40]. As compared to the pre-treatment baseline images, the
diaCEST contrast (at 5 ppm) for the Liposomes group increased slightly
and accumulated in particular regions in the tumors. A relatively high
CEST contrast was found at the periphery of the tumor, implying a
Fig. 3. CEST contrast stability and retention of BA in diaCEST liposomes in vitro. (A) Cartoon de
liposomes. Liposomes were dialyzed against PBS at 37 °C and two separate measurements we
of BA remaining within the liposomes was determined using HPLC. (B) Profiles of the CEST c
liposomes. Values were normalized based on the initial intensity/dose at 0 h. Data represent m
constrained distribution of diaCEST liposomes within the tumors. In
contrast, the co-administration of liposomes and TNF-α significantly in-
creased the diaCEST contrast at 5 ppm (Fig. 4B). This enhancement was
not confined to the tumor rim, but was spread throughout the tumor
volume. This remarkable improvement in the spatial distribution is fur-
ther highlighted through histogram analysis, which shows a wider
range of CEST contrast values for the Liposomes group, and a relatively
uniform distribution of contrast values for the Liposomes + TNF-α
group (Fig. 4B). To quantify the differences among the three groups,
we normalized the MTRasym profiles by the baseline contrast of the
pre-treatment images. As shown in Fig. 4C, both liposome treatment
groups displayed a characteristic peak in the MTRasym plots at 5 ppm
which was specific to BA (Fig. 4C, green box), whereas the control
group with administered TNF-α in the absence of liposomes displayed
no contrast at this offset frequency, indicating that the contrast was spe-
cific to the BA-loaded diaCEST liposomes. The average relativeMTRasym of
the Liposomes + TNF-α group (1.53 ± 0.14%) was significantly higher
(n = 5; **, P b 0.01) than that of the Liposomes group (0.41 ± 0.19%)
(Fig. 4D). No significant difference was found in the relative MTRasym

at 5 ppm among the three groups in the muscle (Fig. 4D), indicating
that the increase of CEST contrast is specific for the enhanced accumu-
lation of BA liposomes in tumors due to the TNF-α treatment.

3.5. Fluorescence imaging and histology

To validate the differences in uptake visualized by CEST MRI, we
harvested the tumors after imaging, and quantified the amount of
intratumoral liposomes through measurements of the fluorescence
from the rhodamine incorporated into the lipid bilayers (Fig. 5A).
In agreement with the differences observed in CEST imaging, the tu-
mors from the Liposomes+ TNF-α groupmice showed a consistently
picting the method for studying the BA stability of the optimized formulation of diaCEST
re performed: 1) CEST contrast was measured at specific time points and 2) the amount
ontrast and amount of BA retained in liposomes as a function of dialysis time of diaCEST
ean ± S.D. (n = 3).

image of Fig.�3


Fig. 4. In vivo CEST imaging of diaCEST liposomes injected i.v. in mice bearing CT26 subcutaneous tumors. (A) Time line of the i.v. injection of liposomes and/or TNF-α as well as the pre-
treatment and post-treatment CEST imaging before and 6 h after the injection, respectively. (B) MTRasym maps at 5 ppm for representative animals before and after treatment.
Corresponding MTRasym histogram analysis is shown in the right panel. Relative MTRasym profiles (post-treatment–pre-treatment) for the (C) Entire tumor regions in the Liposomes
group (n = 5), the Liposomes + TNF-α group (n = 5), and the control group with TNF-α injection only (n = 3), with the unique peak of BA CEST contrast at 5 ppm highlighted by a
green box. (D) Left panel shows the relative MTRasym at 5 ppm for muscle for the three groups; right panel shows the entire tumor for the three groups. (*, P b 0.05; **, P b 0.01; ***, P
b 0.001, one-way ANOVA).
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higher fluorescence signal than those from the Liposomes group (n=5,
*, P b 0.05), with the average fluorescence intensity almost doubled as
quantified by radiant efficiency. The efficacy of the TNF-α co-
treatment was further validated by the histology of the tumors
from both treatment groups (Fig. 5B). Consistent with the diaCEST
and fluorescence measurements, tumor tissues from the Liposomes
group displayed a smaller amount of red fluorescence from the
diaCEST liposomes with a confined spatial distribution. By compari-
son, tumor tissue from the Liposomes + TNF-α group displayed an
overall larger amount of red fluorescence, indicating that more
diaCEST liposomes were accumulated across the entire tissue sec-
tion. Moreover, the TNF-α treatment also resulted in a more pro-
nounced CD31 staining within the tumor tissue, suggesting
alterations of the tumor vasculature which could be the histologic
basis for the enhanced liposome accumulation (Fig. 5C, arrows). These
results confirm our MRI measurements.

4. Discussion

BA has several properties that are well-suited for diaCEST MRI.
First, the exchangeable protons of BA resonate further from water
(at 5 ppm in Fig. 2A) than hydroxyl (~1 ppm), amine (~1.8 ppm),
or amide (~3.6 ppm) protons. This larger shift minimizes interference
of the direct water saturation, thereby increasing sensitivity and avoiding
overlap with tissue metabolites possessing other exchangeable protons,
e.g. glucose, L-glutamate, creatine, and glycosaminoglycans [39,41–47].
Second, the detection limit for liposomes loaded with BA is significantly
lower than that for free BA (which displays 2% contrast at 1 mM) due to
the high local concentration of exchangeable protons in liposomes
achieved by the loadingmethodwe used (Fig. 1). Finally, BA is the parent
compound of barbiturate drugs, which have been administered to pa-
tients for over a century as central nervous system depressants. The effi-
cacy of these barbiturate drugs relies on their potentiating effects on the
GABAA receptor [48]. Unlike the barbiturate drugs, BA lacks the two 5-
substitutents on the pyrimidinetrione ring that are critical to binding to
the GABAA receptor [48], and thus BA is not pharmacologically active. Cy-
totoxicity studies confirmed that BA did not affect the survival of human
hepatocytes and kidney cells at concentrations similar to the initial dos-
age of the BA liposomes (Supplementary Fig. S3). Moreover, previous re-
ports also showed that BA was better tolerated than barbiturate drugs in
mice, with amedian lethal dose ~3-fold higher (~505 mg/kg, injected in-
traperitoneally) than that of a common barbiturate drug, barbital
(~178 mg/kg) [49,50], suggesting its better biocompatibility and safety
in vivo. Based on these favorable features, we designed the BA-loaded
diaCEST liposomes with the characteristic contrast at 5 ppm, and by
using liposome as the nanocarrier, a high local concentration of BA was
achieved for in vivo imaging. We chose the DSPC lipid, which possesses
longer alkyl chains, and a higher melting temperature than that of the
other lipids tested; as a result, the liposome bilayers are expected to be
more rigid than those of the other lipids, which could lead to a higher de-
gree of BA retention in liposomes. Meanwhile, we confirmed that this en-
hanced rigidity of DSPC liposomes only resulted in a mild decrease of the
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Fig. 5. Validation of the diaCEST approach using fluorescence imaging and histology. (A) Representative fluorescence images and average fluorescence intensity (measured as radiant
efficiency) of tumors harvested from the TNF-α control group (n = 3), the Liposomes group (n = 5) and the Liposomes + TNF-α group (n = 5). (*, P b 0.05; **, P b 0.01, one-way
ANOVA). (B) Fluorescencehistology of excised tumors showing the relative accumulation and distribution of rhodamine-labeled diaCEST liposomes (red, yellowarrows) for the Liposomes
group and the Liposomes + TNF-α group. Nuclei are stained with DAPI (blue). (C) CD31 staining shows distribution of blood vessels (black arrows) in sections of similar regions in (B).
Arrows indicate representative regions (Scale bar = 100 μm).
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exchange rate (~0.5 kHz compared to ~0.7 kHz in EPC liposomes; Supple-
mentary Figure S2), which should not compromise the CEST contrast.

Previous studies have shown that it is possible to detect liposomes
using metal based agents [18,51–53], including a targeted liposome
studyperformedby Flament et al. [30] and adirect intratumoral injection
study by Castelli et al. at 7 T [15]. In the current study, we demonstrate
for the first time that tumor uptake of CEST liposomes can be detect-
ed in vivo via non-invasive CEST MRI using a small non-metallic mol-
ecule, BA, instead of a lanthanide complex. We show that the
enhanced permeability of tumor vessels and the consequent lipo-
some accumulation after systemic administration can similarly be
demonstrated. Moreover, the contrast indicated the spatial distribu-
tion of liposomes, especially after TNF-α treatment. The typical dos-
age of DOXIL® in patients in terms of lipid contents is ~400 mg/m2
(equivalent to 50 mg/m2 DOX). In the current study, the dosage of
the diaCEST liposomes expressed as lipid contents is ~350 mg/m2

(equivalent to ~85 mg/m2 or ~30 mg/kg BA in mice), suggesting
our dosage is comparable to that of DOXIL® and is clinically relevant.
These results have implications for future clinical trials of liposomes
and other nanoparticles, allowing non-invasive, non-radioactive
monitoring of the delivery of these particles to tumors.

Further optimization of our diaCEST approachmay be possible. First,
the CEST contrast for BA is pH sensitive, whichmight result in a decrease
in contrast if BA is released from the intraliposomal space (pH ~ 7.4) to
the slightly acidic extravascular space in tumors, leading to an underes-
timation of the amount of liposomes delivered. Additionally, the proton
exchange of intraliposomal water molecules with the bulk water mole-
culesmight be affected by changes in the biological environment, which
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may result in higher variations in the CEST contrast in vivo. Further op-
timization using alternative diaCEST agents which produce higher con-
trast could improve the quantification and robustness of our diaCEST
approach. Second, while we have demonstrated that BA liposomes
coloaded with DOX produce significant CEST contrast for in vivo imag-
ing, alternative loading approaches [54] or switching to other small or-
ganic diaCEST agentsmight enable a higher DOX content for theranostic
diaCEST liposomes. Third, we acquired and assessed only one imaging
slice in this study. Since tumors are heterogeneous, it would be ideal
to collect multiple slices. To keep our evaluation simple and robust,
we chose a standard long continuous wave CEST imaging sequence
which results in a long imaging time. Acquiring more slices is possible
using advanced imaging sequences [55–59].

5. Conclusions

Wedeveloped liposomes that contain BA as a diaCEST contrast agent
for in vivoMRI monitoring, and demonstrated that the BA-loaded lipo-
somes can be detected using CEST imaging at a 5 ppm offset from
water, far enough to be readily differentiated from the 1–2 ppm CEST
contrast present in endogenous metabolites. The lead BA-liposome for-
mulation exhibited 30% CEST contrast and 25% BA content in vitro, both
of which were well maintained with ~80% of the initial intensity/dose
retained over 8 h of dialysis against PBS. In mice bearing subcutaneous
CT 26 colon tumors, we were able to detect diaCEST liposomes using
CEST MRI, with an average increase in the CEST contrast of 0.8% at 6 h
after i.v. tail vein administration. Co-treatment with TNF-α enhanced
the accumulation and distribution of liposomes in tumors, with an addi-
tional increase in the CEST contrast of 1.1% at 5 ppm (total average con-
trast 1.5%), and more importantly, with more uniform intratumoral
dissemination. These observations were validated by ex vivo fluores-
cence imaging and histology. Both the clinical relevance of the diaCEST
formulations (as derived from DOXIL®) and the biocompatibility of BA
should facilitate the translation of these diaCEST liposomes into the
clinic.
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