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Abstract
Purpose—Objectives of this study were to: 1) develop iLTSL, a low temperature sensitive
liposome co-loaded with an MRI contrast agent (ProHance® Gd-HP-DO3A) and doxorubicin, 2)
characterise doxorubicin and Gd-HP-DO3A release from iLTSL and 3) investigate the ability of
magnetic resonance-guided high intensity focused ultrasound (MR-HIFU) to induce and monitor
iLTSL content release in phantoms and in vivo.

Methods—iLTSL was passively loaded with Gd-HP-DO3A and actively loaded with
doxorubicin. Doxorubicin and Gd-HP-DO3A release was quantified by fluorescence and
spectroscopic techniques, respectively. Release with MR-HIFU was examined in tissue-mimicking
phantoms containing iLTSL and in a VX2 rabbit tumour model.

Results—iLTSL demonstrated consistent size and doxorubicin release kinetics after storage at
4°C for 7 days. Release of doxorubicin and Gd-HP-DO3A from iLTSL was minimal at 37°C but
fast when heated to 41.3°C. The magnitude of release was not significantly different between
doxorubicin and Gd-HP-DO3A over 10 min in HEPES buffer and plasma at 37°, 40° and 41.3°C
(p>0.05). Relaxivity of iLTSL increased significantly (p <0.0001) from 1.95 ± 0.05 to 4.01 ± 0.1
mMs−1 when heated above the transition temperature. Signal increase corresponded spatially and
temporally to MR-HIFU-heated locations in phantoms. Signal increase was also observed in vivo
after iLTSL injection and after each 10-min heating (41°C), with greatest increase in the heated
tumour region.
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Conclusion—An MR imageable liposome formulation co-loaded with doxorubicin and an MR
contrast agent was developed. Stability, imageability, and MR-HIFU monitoring and control of
content release suggest that MR-HIFU combined with iLTSL may enable real-time monitoring
and spatial control of content release.

Keywords
doxorubicin (Adriamycin); heat targeted drug delivery (nanoparticles; liposomes); high intensity
focused ultrasound; MR imaging; imageable temperature sensitive liposomes

Introduction
Conventional anticancer chemotherapeutic agents demonstrate limited specificity for tumour
tissue that often results in dose-limiting toxicity and reduced therapeutic efficacy. This
scenario necessitates development of drug delivery systems (DDS) that may selectively
deliver anticancer drugs to a tumour with less harmful side effects, thus resulting in a larger
therapeutic window [1]. Among different DDS, liposomes have a long history of delivering
both therapeutic and diagnostic agents resulting in a number of liposomal agents being used
in the clinic [1, 2].

Liposomal DDS target a solid tumour either ‘passively’, based on factors such as particle
size and surface properties, or ‘actively’, due to a specific affinity, activation or stimulus. An
example of passive targeting is selective accumulation of stealth (PEGylated) liposomes in
solid tumours by a mechanism known as the enhanced permeability and retention (EPR)
effect [3, 4]. This approach has often resulted in 10-fold or greater drug delivery to a tumour
over conventional chemotherapy [5]. Active drug delivery can be achieved through
incorporation of tumour-specific targeting ligands on the surface of the liposome [6, 7] as
well as liposomal components sensitive to various stimuli such as pH [8, 9], electromagnetic
radiation [10, 11], enzymes [12, 13] and temperature [14–16].

Liposomal formulations with drug release properties that are triggered by heat are called
temperature sensitive liposomes (TSLs) [14]. Incorporation of lysolipids in TSL
formulations resulted in rapid release of liposomal contents when heated to mild
hyperthermia (>40°C), in addition to a slightly lower maximum release temperature than the
classical TSLs [15]. These liposomes, with release properties optimised for mild
hyperthermia, are often called low temperature sensitive liposomes (LTSLs). Though
material properties and efficacy of LTSLs in preclinical and clinical studies have been
extensively studied [15, 17–22], precise spatiotemporal control of drug delivery with LTSL
has not yet been achieved because it requires the perfect marriage of an LTSL and a
hyperthermia applicator with suitable properties. Microwave, radio-frequency and
ultrasound hyperthermia applicators have been used. Of these, focused ultrasound
applicators provide the most precise delineation of the heated zone as well as the ability to
avoid excess heating of subcutaneous fat and skin that plagues other applicator types [23].

Further improvement in spatiotemporal control of drug delivery with LTSL may now be
achieved with the recent advances in MR-guided heating methods, such as MR-guided high
intensity focused ultrasound (MR-HIFU). MR-guided heating methods are especially
relevant to drug delivery with LTSL since they enable accurate and precise spatial and
temporal control of heating [24]. Such systems have been approved by the Food and Drug
Administration (FDA) [25] and are undergoing clinical trials [26, 27] with temperature
feedback [28]. However, intra- and inter-patient spatial variability in tumour
microenvironment, such as vascularity and perfusion, may impact both the heating pattern
and delivery of drugs [29, 30]. The optimal delivery of HIFU energy to deployed drugs may
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theoretically be adjusted for each individual to accommodate for this spatial variability.
Therefore, in addition to temperature, direct imaging of drug delivery (or an appropriate
surrogate, such as release of an MR contrast agent from LTSL) may improve real-time
control of drug delivery or help guide and localise future interventions (such as local thermal
ablation).

Co-loading of drug and MR contrast agent into LTSL may provide an appropriate surrogate
for drug delivery measurements. The first liposomes loaded with MRI contrast agents
appeared in the literature in the 1980s [31]. These encapsulated high concentrations (670
mM) of hydrophilic contrast agents such as Gd-DTPA. Since then, similar Gd-based
contrast agents have been incorporated into the liposome interior compartment [32] as well
as conjugated to their membrane [33, 34] or both [35]. Most liposomes with Gd-based
contrast agents in their interior compartment have a relaxivity lower than that of free
contrast agent (>6-fold lower for some liposomes at 1.5 T [31]), because their liposomal
membrane shields contrast agent in the interior compartment from bulk water outside the
liposome [36]. Liposomes with contrast agents attached to their surface offer exceptionally
high relaxivity (>3-fold higher than free contrast agent at 1.5 T [34]), likely due to high
rotational correlation times of surface-bound contrast agents [33]. However, such liposomes
with contrast agents only on the surface are not designed to report on drug release and may
alter other properties of the liposome.

LTSLs that release contrast agent from their interior have been used to image release in
vivo. Such liposomes have demonstrated promising correlations of MR imaging with
ablation margins [37], drug delivery [38] and therapeutic efficacy [39]. While manganese
has been used to report on drug delivery with liposomes [38, 39], gadolinium-based contrast
agents are more practically attractive due to their likely greater safety profiles and thus
greater acceptance in the clinic. Therefore much of the recent work on MR imageable
liposomes involves gadolinium-based contrast agents [40].

Ability to image and control content release from liposomes with MR-HIFU may allow for
drug dose painting [38, 39]. In this paradigm, the physician would first prescribe a desired
dose and spatial distribution of drug to be delivered and then an image-guided hyperthermia
applicator would manipulate heat to achieve the desired drug dose. Our dose painting
approach employs MR-HIFU to induce drug and contrast agent release from imageable
LTSLs, using both imaging of temperature changes and contrast agent release in real-time to
control the HIFU transducer to achieve the desired drug distribution in the target volume. As
an initial step in this image-guided dose painting concept, the objectives of this study were
to: 1) develop iLTSL, an LTSL co-loaded with an FDA-approved MRI contrast agent
(ProHance® Gd-HP-DO3A) and doxorubicin (Dox), 2) characterise release of drug and Gd-
HP-DO3A from iLTSL, and 3) investigate the ability of MR-HIFU to induce and monitor
iLTSL content release in phantoms and in vivo.

Materials and methods
Chemicals

ProHance® (Gd-HP-DO3A = 500 mM) (Bracco Diagnostics, Princeton, NJ) was used as the
MR contrast agent. Monostearoyl-2-hydroxy-sn-glycero-3-phosphocholine (MSPC), 1,2-
dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy (Polyethylene Glycol)2000] (DSPE-PEG2000) were
obtained from Genzyme Corporation (Cambridge, MA). Dox was obtained from Bedford
laboratory (Bedford, OH). High and low melting point agarose was purchased from
Invitrogen (Carlsbad, CA) and ISC BioExpress (Kaysville, UT), respectively. All of the
other chemicals were bought from Sigma-Aldrich (St Louis, MO).
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Preparation and characterisations of iLTSL liposomes
Liposomes were prepared by hydration of lipid film, followed by extrusion as previously
reported [41]. Briefly, lipid components (DPPC, MSPC and DSPE-PEG2000) were dissolved
in chloroform at a molar ratio of 85.3: 9.7: 5.0. The solvent was evaporated using a Rotovap
system and left overnight in a vacuum desiccator. The resulting lipid film was hydrated by a
buffer consisting of 300 mM Gd-HP-DO3A and 100 mM Citrate (520 ± 12 mOsm [501–533
mOsm], pH 4.0) at 60°C for 15 min to yield a final lipid concentration of 50 mg/mL.
Liposomes were obtained by extruding the mixture five times with a LIPEX™ extruder
(Northern Lipids, Burnaby, BC) at 55°C through two stacked Nuclepore® polycarbonate
membrane filters (Whatman PLC, Maidstone, Kent, UK) with a pore size of 100 nm.

Encapsulation of Dox into the extruded liposomes was carried out using a pH-gradient
loading protocol as described by Mayer et al. [42] with a slight modification: exterior pH of
the extruded liposomes was adjusted to 7.4 with sodium carbonate solution (500 mM)
creating a pH gradient (acidic inside LTSL). The liposomes were incubated with Dox
(Dox:lipid weight ratio of 5: 100) at 37°C for 1 h. Unencapsulated Gd-HP-DO3A and Dox
were removed by passing the liposome through a Sephadex-G50 (fine) spin column and the
resulting liposomes were stored at 4°C until further use.

Particle size of liposomes was determined by dynamic light scattering (Zetasizer Nano-ZS,
Malvern Instruments, Westborough, MA) and reported as the mean Z-averaged diameter,
and polydispersity index from a cumulants analysis of three measurements. The
concentration of liposome-entrapped Dox was determined using a UV-Vis
spectrophotometer (PerkinElmer, Waltham, MA) as previously reported [43].

Dox release
Release of encapsulated Dox from iLTSL as a function of time (up to 15 min) and
temperature (25°, and 37°–41.3°C) was assessed by measuring de-quenching of Dox
fluorescence as Dox was released from a liposome. Two instruments were used to measure
Dox fluorescence in release assays, as necessitated by experimental design. In experiments
with high temporal resolution (ThermoScan and Dox release kinetics measurements),
fluorescence was measured with a Cary Eclipse spectro-fluorimeter equipped with an
Eclipse multicell Peltier temperature controller, and Eclipse Kinetic and ThermoScan
Software (Varian, Palo Alto, CA) at excitation and emission wavelengths of 498 and 593
nm, respectively. In experiments where Dox and Gd-HP-DO3A release were both
quantified, a Victor II plate reader was used (ex/em = 490/572 nm, Perkin Elmer). Dox
release was quantified in three different release assays:

1. ThermoScan release assay: In these experiments, Dox release was assessed as a
function of both temperature and time. iLTSL stock solution was added to 2 mL of
either 10 mM HEPES (pH 7.4, 140 mM NaCl, 280 mOsm) or human plasma
(collected with apheresis, whole blood treated with 1: 12 ACD (anticoagulant
citrate dextrose solution A)) in a quartz cuvette. The volumes of stock liposome
solution added were 8 and 30 μL in experiments for release in HEPES and plasma,
respectively. The cuvette was then heated at a rate of 1°C/min from 20°C to 55°C
while stirring. Fluorescence readings were taken every 30 s. Another cuvette holder
in the Peltier unit was used to monitor temperature. Differences in temperature
among the three cuvette holders were less than 0.1°C (data not shown). Data are
presented as mean fluorescence intensity (n = 3).

2. Dox kinetic release assay: These experiments were designed to measure Dox
release as a function of time at a constant temperature. The same volumes as above
were used, but in this instance, buffer or plasma was first equilibrated to the desired
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temperature (25°, 37°–41.3°C). The temperature was maintained and fluorescence
intensity was measured every 7 s for 15 min while the sample was stirred.
Percentage release was calculated by assuming 100% release with Triton® X-100
and 0% release at 25°C. In HEPES, addition of Triton® X-100 resulted in a
decrease (6.7 ± 0.3%, n = 6) of Dox fluorescence intensity from the maximum
obtained by heating at and above 41°C, and therefore the level of fluorescence used
as 100% release was increased proportionately for all release assays of this type in
HEPES. In plasma, addition of Triton® X-100 results in an increase of Dox
fluorescence of 25.3% (same concentrations of Dox and Triton® X-100 as in the
release study). The fluorescence intensity at 100% release (with Triton® X-100)
was therefore adjusted proportionately. Data are presented as mean percentage
release of three samples (n = 3).

3. Simultaneous Dox and Gd-HP-DO3A release assay: HEPES buffer (14 mL) or
human plasma (7 mL) were allowed to equilibrate in a round-bottomed flask (at
37°, 40°, or 41.3°C). Liposome stock solution was added (1 mL added to HEPES
and 0.5 mL to plasma), while mixing with a magnetic stir bar. Aliquots (0.25 mL in
HEPES release assay and 0.2 mL in plasma release assay) were withdrawn at
predetermined time points. To capture the instantaneous release at each time point,
each aliquot was added to 0.75 mL of cooled HEPES buffer or 0.4 mL human
plasma on ice. Samples were kept on ice, and longitudinal relaxation rate (R1 = 1/
T1) was measured immediately upon removal from ice to avoid any possible
release that may occur at room temperature. During the measurement, temperature
increased from 1° to 14°C, but the timing was consistent resulting in reproducible
R1 measurements. After dilution (1: 9 in HEPES, 1: 5 in plasma), fluorescence
intensity was measured. For release in HEPES, three replicate wells of a 96-well
plate were analysed to determine Dox fluorescence at each time point, whereas 1
well was used for each time point in plasma release assay. Three separate
experiments were performed at each temperature, for both HEPES and plasma
release (n = 3).

Gd-HP-DO3A release
Release of Gd-HP-DO3A was quantified using three methods: 1) measurement of R1 at 0.5
T before size exclusion chromatography, 2) use of a calibrated relationship between R1 and
contrast agent concentration after size exclusion chromatography and 3) measurements of
gadolinium concentration using inductively coupled plasma-atomic emission spectroscopy
(ICP-AES).

Samples obtained during the simultaneous Dox and Gd-HP-DO3A release assay (see Dox
release above) were used without dilution in the case of plasma release assays. For release
measurements in HEPES, samples were further diluted using HEPES to a total volume of
1mL and kept on ice until further analysis. R1 was measured using a custom-designed
variable field T1 and T2 analyser (Southwest Research Institute, San Antonio, TX) as
previously reported [44]. To approximate R1 at 100% release, Triton® X-100 (33 μL of 10%
w/w in HEPES and 23 μL of 25% w/w in plasma release assays) was added to one sample.
This concluded quantification using method 1 for both HEPES and plasma. It is important to
note that addition of Triton® X-100 (highest concentration tested and used was 3.5 vol% of
25% Triton® X-100) has no detectable effect on R1 in either HEPES or plasma.

In HEPES, release was also quantified using methods 2 and 3. Samples were passed through
Sephadex-G50 (fine) spin columns twice to remove released contents. Triton® X-100 (33
μL of 10% w/w in HEPES) was added to each sample and R1 was once again measured
using the same procedure. In order to convert the R1 reading to Gd-HP-DO3A
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concentration, a calibration curve was constructed relating R1 to Gd-HP-DO3A
concentration. The same samples whose R1 was measured above were then analysed for
gadolinium and phosphorus content using ICP-AES (Perkin-Elmer Plasma 40), operated at
the wavelengths of 342 and 213 nm for gadolinium and phosphorus detection, respectively
[45]. These measurements were reported as molar concentrations of Gd-HP-DO3A and as
weight percent of Dox and gadolinium with respect to lipid, where the lipid concentration
was based on the phosphorus concentration.

Analysis of liposome release kinetics
Temperature of maximum release rate (TMRR) of iLTSL was measured as the maximum of
the derivative of the fluorescence–temperature curve obtained in the ThermoScan release
assay. In all other assays of release, percentage release of Dox was calculated at time t using
the equation given below.

(1)

The meaning of the variables in the above equation differs in the three methods used for
release measurements of Dox and the three methods of Gd-HP-DO3A release
measurements. In the Dox release assays, a represents the fluorescence intensity at time t; b
and d are equal to the fluorescence intensity at 25°C and c is the intensity after 100%
release.

For the three methods used to measure release of Gd-HP-DO3A, percentage of release was
calculated using the following values for the variables in Equation 1. In R1 measurements
before size exclusion chromatography (method 1), a represents R1 at time t; b and d are
values of R1 at time = 0 s and c is R1 after the addition of Triton® X-100. In measurement of
Gd-HP-DO3A contained inside LTSL after size exclusion chromatography based on R1
(method 2) and ICP-AES measurements (method 3), a and c represent Gd-HP-DO3A at time
= 0 s, while b is Gd-HP-DO3A contained in the internal compartment of the liposome at
time t, and d is Gd-HP-DO3A in a sample identical to a and c, but one that was treated with
Triton® X-100 before being passed through the columns (Gd-HP-DO3A removed by
column). Thus, Equation 1 was modified for methods 2 and 3 to account for the fact that Gd-
HP-DO3A released during the assay would be removed by the spin columns.

A least-squares fit of Equation 2 to release curves for Dox and Gd-HP-DO3A (percentage
release versus time) was used to calculate the release rate constant k. The first 10 min of
data following initiation of release were used in the fit. In this equation, the fit constant Max
indicates the maximum percentage release and t represents time in min.

(2)

Release rate constant reported herein refers to the fitted value of k. Values of percentage
release at 15 s and Time to 50% release were interpolated from the fit. Consequently, Time
to 50% release could not be measured at the lower temperatures where this level of release
was not reached during the assay. Absolute average difference in percentage release was
calculated as the average of differences between all of the time points in two release assays,
for 10 min following initiation of release. Max was constrained to be greater than 0, and is
referred to as Release at 10 min.
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Liposome stability
Liposome stability was investigated by measuring size and Dox release kinetics (see Dox
kinetic release assay above). Liposome size was measured for 7 consecutive days, and Dox
release in HEPES buffer was quantified on day 0 and 7 (at 25°, 37°, 40° and 41°C). Day
zero was defined as the day that the LTSLs were prepared. Liposomes were stored at 4°C
between measurements.

Measurement of relaxivity
Relaxivity of heated and unheated iLTSL, as well as unencapsulated Gd-HP-DO3A was
determined using a clinical 1.5 T MR scanner (Philips Medical Systems, Best, Netherlands)
in 10 mM HEPES (pH 7.4, 140 mM NaCl, 280 mOsm). Gd-HP-DO3A was released from
iLTSL (final concentration = 0.016–2.0 mM Gd-HP-DO3A) by heating above the TMRR
using a hot water bath (55°C for 5 min). R1 of all of the solutions was calculated as
previously reported [46] from the fit of signal intensity vs. inversion time in images obtained
with an inversion recovery sequence with variable inversion time (TI = 50, 75, 100, 150,
300, 450, 600, 900, 1050 ms). Relaxivity was obtained as the slope of R1 versus Gd-HP-
DO3A concentration.

Phantom preparation
Tissue mimicking agar-silica phantoms containing iLTSL were prepared using silicon
dioxide powder (silicone gel) and agarose powder (2 wt% of each). Each gel-suspended
liposome phantom was cast in two stages. First, a larger phantom with a rectangular cavity
was made using the higher melting point agarose/silicone gel. After this solidified, the cavity
was filled with the low melting point agarose/silicone gel containing iLTSL.

Gel made with higher melting temperature agarose was mixed in de-gassed 280 ± 10 mOsm
0.9% NaCl solution (pH adjusted to 7.4) and heated above 90°C for 30 min while mixing.
The gel was slowly cooled at room temperature while mixing to prevent settling of silicone.
Upon cooling to 45°C, the gel was poured into a container and set to solidify on ice.

Low melting point agarose gel was used to suspend liposomes and it was prepared in a
different fashion than higher melting point agarose gel. After heating above 90°C as above,
the agar-silica mixture was allowed to cool to 31°C, at which point iLTSL that was also pre-
heated to 31°C was added and mixed with a glass rod to ensure homogeneous distribution of
iLTSL in the gel. Once the iLTSL containing gel was well-mixed, it was poured into a
cavity within the higher melting point agarose phantom and allowed to solidify. The
procedure resulted in an approximate concentration of 1 mM Gd-HP-DO3A in the inner,
liposome-containing part of the phantom.

MR-HIFU procedure and imaging of phantoms
Release of iLTSL in phantoms was examined using a Sonalleve MR-HIFU treatment system
(Philips Medical Systems, Vantaa, Finland). The system included a clinical 1.5 MRI scanner
and an electromechanically positioned ultrasound transducer. The MR system was used to
plan the therapy with 3D anatomical imaging and to guide and monitor hyperthermia with
thermal imaging during treatment. Heating with MR-HIFU was achieved by focusing an
ultrasound beam using a 256-element phased array focused piezoelectric ultrasound
transducer immersed in a sealed tank of degassed water, running at 1.2 MHz. A single ~2-
mm diameter HIFU focus was steered electronically (by altering the relative phases of
transducer elements) [47].

Feedback control of heating relies on the proton resonance frequency shift method [48].
Temperature was raised with constant acoustic power until the mean temperature of the
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treatment cell increased above the cut-off temperature (T>42°C). The treatment cell was
then allowed to cool for a fixed period of time (30 s). This heat and cool cycle was then
repeated to achieve the desired duration of hyperthermia.

Several MR imaging sequences were used to plan the location of heating and to evaluate
temperature and contrast agent release. A T2-weighted, 3D turbo spin-echo (TSE) sequence
(TR = 1000 ms, = 80 ms, FA = 90°, TSE train length = 80, 65 slices, FOV = 280 ± 280 cm,
256 ± 160 matrix, NEX = 1) was used to acquire a coronal stack. It was transferred to the
HIFU workstation, and used for ultrasound exposure planning. Before and after each
heating, a 3D fast field echo (FFE) sequence was used to assess contrast agent release (TR =
10 ms, TE = 3.8 ms, FA = 10°, 44 slices, FOV = 40 ± 40 cm, 256 ± 256 matrix, NEX = 10).
To monitor the induced temperature elevation during each heating session, a multi-shot T2-
weighted FFE-EPI sequence was performed every 2.9 s (TR = 39 ms, TE = 19.5 ms, FA
=19.5°C, slice thickness = 7 mM, 6 slices, FOV = 40 ± 40 cm, 160 ± 160 matrix, NEX = 1).
Each agar-silica gel phantom was positioned on the treatment table, and acoustic coupling
was achieved with degassed water. The starting temperature before heating was
approximately 13°C.

In vivo imaging of contrast release
All animal experiments were performed under an approved National Institutes of Health
Institutional Animal Care and Use Committee protocol. Two New Zealand white rabbits
(female, ~3kg) were inoculated with 3 × 106 VX2 cells (150 μL suspension) in the
superficial thigh muscle, with ultrasound guidance. Tumour growth was monitored with
ultrasound, and the experiments were performed when the tumour was greater than 1 cm in
any dimension. Rabbits were anaesthetized with a mixture of ketamine and xylazine (28.6
mg/kg ketamine, 4.8 mg/kg xylazine) and the marginal ear vein was catheterised. Rabbits
were transferred to isoflurane anaesthesia, and optical temperature probes were placed in the
rectum (used to monitor animal body temperature) and the thigh muscle in the proximity of
the tumour (used as input baseline temperature, prior to each sonication). The tumour-
bearing limb was partly submerged in degassed deionised water above the HIFU transducer.
A high resolution 3D turbo spin echo scan weighted to proton density was used for treatment
planning (TR = 1600 ms, TE = 30 ms, slice thickness = 2 mM, 120 slices, FOV = 20 ± 20
cm, 640 ± 640 matrix, NEX = 1). A high resolution T1-weighted 3D FFE sequence was used
to assess signal intensity prior to injection, as well as before and after each sonication (TR =
7 ms, TE = 3 ms, FA = 10°C, slice thickness = 2 mM, 25 slices, FOV = 15 ± 15 cm, 192 ±
192 matrix, NEX = 10). Temperature mapping was performed with a multi-shot T2-
weighted FFE-EPI sequence every 2.5 s (TR = 54 ms, TE = 30 ms, FA = 19°C, 2 slices,
FOV = 20 ± 20 cm, 144 ± 144 matrix, NEX = 1). HIFU binary feedback control algorithm
was similar to that used in phantom studies (above), with two exceptions: a region of
unheated muscle was used to correct for magnetic drift, the temperature in the heated region
was maintained between 40° and 41°C.

Statistical analysis
Fitted parameters were compared using the F-test. The values of percentage release were
compared using Dunn’s multiple comparison. Error reported for interpolated values (time to
50% release and percentage release at 15 s) was calculated as the average of the upper and
lower 95% confidence intervals of the fit. Only the first 10 min of release curves were used
for fitting. Correlation analyses of temporal particle size and polydispersity index data were
performed using the Pearson correlation statistic. All fitting and statistical analyses were
performed using GraphPad Prism (version 5.0 for Windows, San Diego, CA). Each curve
was considered an independent sample. Results were considered significant with p <0.05,
and two-tailed p-values were obtained in all cases. Pairwise comparisons with Dunn’s
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multiple comparison test were only reported when Kruskal-Wallis showed significant
differences between all tested groups to protect against type I error. Values are reported as
mean ± SEM.

Results
Characterisation of iLTSL

The Z-average diameter of iLTSL liposomes in four preparations was 98 ± 2 nm and
polydispersity index was 0.07 ± 0.02. These liposomes encapsulated 4.97 ± 0.07 wt% Dox
based on only Dox and lipid content, or 3.52 ± 0.05 wt% Dox based on Dox, lipid and Gd-
HP-DO3A. The amount of Gd-HP-DO3A encapsulated was 18.4 ± 1.2 wt% based on only
Gd-HP-DO3A and lipid and 17.6 ± 1.1 wt% based on Dox, lipid and Gd-HP-DO3A. Using a
50 mg/mL lipid preparation and a 300 mM Gd-HP-DO3A hydration buffer resulted in a 59 ±
5 mM Gd-HP-DO3A and 2.14 ± 0.02 mg Dox/mL iLTSL solution.

Dox release
Using fluorescence dequenching, the release of Dox from iLTSL was measured in HEPES
buffer as well as in human plasma. Panels A and C of Figure 1 show that Dox fluorescence
increased gradually as temperature increased before rapid drug release occurred around
TMRR of the liposomal membrane (maximum ion permeability = 41.3°C for similar LTSL
[49]). The values of TMRR in these ThermoScan assays were 40.3° ± 0.2°C in HEPES and
38.36 ± 0.17°C in plasma.

When fluorescence was measured at constant temperature in Dox kinetic release assay, Dox
release from the LTSL was minimal (<7–20%) at 37–39°C after 15 min in HEPES (Figure
1b). At 40°C there was ~30% released in less than 20 s followed by a more gradual release.
Near the TMRR, complete release (>90%) occurred in approximately 7s (by the first
measured time point) at 41°C and 41.3°C. Rapid and complete release of Dox also occurred
in plasma at these higher temperatures (Figure 1d). The release rate constants in plasma at
39°–41°C were greater than those in buffer (Table I).

Gd-HP-DO3A release
Release of Gd-HP-DO3A was measured with ICP-AES and compared to Dox release in the
same sample, as shown in Figure 2a. The difference in percentage release between amounts
of Dox and Gd-HP-DO3A was less than 20% for all time points, with the exception of 2
time points at 40°C (at 2 and 3 min, Figure 2a). Differences in the magnitude of Dox and
Gd-HP-DO3A percentage release were not significant (p>0.05, Dunn’s multiple
comparison) over 10 min following initiation of release (mean absolute differences were 0.9
± 0.2%, 5 ± 1% and 0.5 ± 1% for 37°, 40° and 41.3°C, respectively). This lack of difference
in release was especially evident in the first minute of release (Figure 2b). The rates of Dox
and Gd-HP-DO3A release are shown in Table II along with other results of the curve fitting.
Release of Gd-HP-DO3A was also determined with R1 measurements (at 0.5 T) before size-
exclusion chromatography (Supplementary Figure 1). Agreement between these R1-based
measurements and ICP-AES measurements is shown in Supplementary Figure 2. The
temperature measured during simultaneous Dox and Gd-HP-DO3A release assay is shown
in Supplementary Figure 3, demonstrating a drop in temperature of 0.5–1°C that recovers
approximately 3 min after addition of liposomes. Ratio of gadolinium to phosphate indicated
that relative to the lipid concentration, concentration of contrast agent after size exclusion
chromatography decreased faster with increasing temperature (Supplementary Figure 4).

In plasma, a comparison of Gd-HP-DO3A and Dox release in the same sample was also
performed, with similar results (Figure 2c and d, Table II). Just as with HEPES, all but two
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points showed less than 20% difference in percentage release of Dox and Gd-HP-DO3A,
and overall, differences in release were not significant over the first 10 min of release
(p>0.05, Dunn’s multiple comparison, Table II). The first minute of release also showed
close agreement in the kinetics of Dox and Gd-HP-DO3A release.

Stability of iLTSL
Liposome stability, indicated by lack of temporal dependence of either particle size or
polydispersity index (p>0.05, Pearson), was relatively constant for one week (95 nm size,
polydispersity index = 0.05 at day 0 and 102 nm size, polydispersity index = 0.11 at day 7, n
= 3). Furthermore, the Dox release rate remained unchanged a week after synthesis and
storage of iLTSL at 4°C (Figure 3a). Overall, there was slightly less release on day 7 (mean
decrease in release of 0.11 ± 0.14 to 1.83 ± 0.05% over 10 min heating), as indicated by the
difference in percentage release (Figure 3b). This difference was significant at 37°C (p
<0.05, Dunn’s multiple comparison test), but not at other temperatures.

Imaging and spatial control of release
Imageability—The ability to image content release from iLTSL was first examined
through longitudinal relaxivity measurements. Imaging of a series of dilutions of iLTSL at
1.5 T showed that relaxivity of preheated iLTSL was 4.01 ± 0.01 mM−1s−1, which was
significantly higher (p <0.0001, F-test) than the relaxivity of unheated solutions (1.95 ± 0.05
mM−1s−1, Figure 4).

Spatial control of liposomal release
Signal intensity increased approximately 36.4 ± 0.3% in regions of a gel-suspended
liposome phantom heated with MR-HIFU above TMRR, compared to the surrounding gel
that contained iLTSL but was not heated (Figure 5). The three shapes in Figure 5 reflect pre-
programmed trajectories where the HIFU energy was focused demonstrating the ability to
yield conformal content release.

Simultaneous imaging of content release and temperature
In a separate experiment, real-time monitoring of temperature and content release from
iLTSL was investigated by heating a gel-suspended liposome phantom with MR-HIFU
(Figure 6). Phase images were used for MR thermometry and magnitude images were used
to measure MR signal intensity. During and after heating, MR-signal intensity increased 36
± 4% to approximately the same magnitude as the preheated region. The signal intensity of a
volume that was unheated remained at its initial level. The temperature fluctuation with
HIFU application can be appreciated in Figure 6b, increasing during the heating and
decreasing when no power was applied. The duration of each cooling cycle was 30 s, which
corresponds to the periods of cooling detected with MR thermometry in Figure 6b.

In vivo feasibility of iLTSL delivery with MR-HIFU
The ability of iLTSL to provide sufficient contrast using MR-HIFU was tested in a rabbit
thigh tumour model. Upon injection, signal increased 20–40% in the tumour and remained
stable for the 10 min prior to heating. Following each of the four 10-min heating sessions the
signal in the heated portion of the tumour increased. After the fourth heating, the signal
intensity in the tumour increased 9–22% when compared to immediately after injection. The
heated portion of the tumour demonstrated the greatest signal increase (30–60%). Adjacent
unheated muscle signal intensity increased 20–25% following injection but remained stable
following all of the heating sessions. This study was repeated twice with similar trends.
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Discussion
The imageable liposome reported herein incorporated both drug and contrast agent in the
interior compartment of liposome, enabling real-time monitoring with MRI of liposomal
content release in a heated site. Prior to developing this iLTSL formulation, we identified a
set of key design criteria for this liposome, including stability (size and release profiles),
imageability (ability to report on content release in MRI), and ease of clinical translation.

Stability
iLTSL stability was assured by optimising the liposome hydrating solution that contains
contrast agent and Dox loading buffer. The identity and concentration of both constituents
must be properly balanced. Native osmolarity of ProHance® (Gd-HP-DO3A) was 621
mOsm while another common contrast agent, Magnevist™, had an osmolarity of 1960
mOsm for the same 500-mM contrast agent concentration. The lower osmolarity for Gd-HP-
DO3A allowed for more contrast agent to be loaded while maintaining stability of the
liposome. A 300-mM citrate buffer (≈570 mOsm) is commonly used to actively load Dox
into liposomes [50]. In the formulation reported herein, the citrate buffer was reduced to 100
mM to limit osmolarity inside the liposome when combined with 300 mM Gd-HP-DO3A
(final osmolarity =~500 mOsm), while at the same time retaining the ability to load 5 wt%
Dox. The true osmolarity of the solution inside the liposomes following Dox loading is not
known, since Dox forms fibrous structures inside the liposomes due to interactions between
Dox, ions and citrate [51]. The osmolarity limit of 500–550 mOsm was empirically
determined: loading solutions of greater osmolarity resulted in larger liposomes (>115 nm)
that suggested potential instability (data not shown). The choice of 300 mM Gd-HP-DO3A
and 100 mM citrate buffer yielded a stable particle size distribution and drug release over
one week in storage (Figure 3). Not only the hydration buffer osmolarity, but lipid
components may influence stability. A different formulation recently showed similar release
properties and improved stability at body temperature [52].

Imageability
iLTSL imageability was optimised by selecting a proper ratio of Gd-HP-DO3A to Dox to
provide an MR-signal increase while dosing Dox in a clinically relevant concentration. The
balance between imageability (Gd-HP-DO3A) and therapeutic efficacy (Dox), while
maintaining stability, is the major consideration for optimisation of a drug plus contrast
agent formulation. Although greater amounts of drug have been loaded into imageable
liposomes [40], the selection of a relatively low drug:lipid ratio of 5 wt% ensured a [Gd-HP-
DO3A] high enough for imaging in vivo. This procedure yielded liposomes that would
deliver 0.15 mmol/kg of Gd-HP-DO3A at the commonly used 5 mg/kg intravenous dose of
Dox-loaded LTSL in mice (approximately 25 mg/m2 in mice, 2 times lower than human
MTD of 50 mg/m2 [18]), which is sufficient to increase MR signal significantly. Previously
reported increase of water exchange across the liposome membrane with temperature
increased pre-release R1, thus attenuating detectability of release with TSLs [40]. iLTSLs
demonstrate relaxivity >1 mM−1s−1 at room temperature, suggesting that the water exchange
rate does impact relaxivity when no release occurred. However, relaxivity at body
temperature was not measured and the contents of liposomes investigated herein differ from
those previously reported [40]. Therefore, it is unclear to what extent the water exchange
rate with iLTSL will decrease the difference in relaxivity before and after release in a
physiological setting. Thus the 2-fold increase in relaxivity after contrast agent release from
the liposome (Figure 4) reinforced the utility of this formulation in reporting specifically on
liposomal content release.
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Clinical translation
Clinical translation of iLTSL may be eased by selecting a liposomal formulation with
constituents that have a history of clinical use and safety. The MR contrast agent, Gd-HP-
DO3A, is currently FDA-approved for imaging abnormal vascularity in the central nervous
system and head and neck. Furthermore, Gd-HP-DO3A has demonstrated the lowest
incidence of nephrogenic systemic toxicity (NSF) for Gd-based contrast agents [53, 54].
Lastly, the selected lipid components are similar in identity but not in ratio to a commercial
formulation, ThermoDox®, (Celsion, Columbia, MD) that has been tested in canine soft
tissue sarcomas in a phase I trial [17] and in two phase I trials in human liver tumours with
radiofrequency ablation [18–20]. ThermoDox® is currently in a phase III trial with
radiofrequency for hepatocellular carcinoma [21] and in a phase I trial in patients with chest
wall recurrences of breast cancer [22]. Other FDA-approved liposomal agents use pH
gradient loading methods [55]. Although use of FDA-approved and/or clinically used
components does not alleviate all safety concerns, these choices may ease clinical translation
of the iLTSL imageable liposomal formulation.

Kinetics of release of Dox and Gd-HP-DO3A
While it is preferable to directly image the desired drug for image-guided drug delivery, this
is often not possible without chemically modifying the drug. We hope to use co-
encapsulated Gd-HP-DO3A as a surrogate of Dox release from a liposome. The release of
Dox and Gd-HP-DO3A from the same liposome was evaluated in HEPES buffer and in
human plasma without a profound difference for most time points at 37°, 40° and 41°C
(Figure 2). Increased relaxivity with heating was also demonstrated (Figure 4), which
resulted in greater signal intensity (Figure 5). Taken together, these data suggest that an
increase in signal intensity from contrast agent release can be used as a surrogate for drug
release from iLTSL.

Release of Dox in plasma was faster than in HEPES buffer at temperatures below TMRR.
Tables I and II facilitate a quantitative assessment of the influence of the presence of plasma
on release of both Dox and Gd-HP-DO3A. For example, the release rate constant, time to
50% release and release at 15 s provide ways of comparing the rates of drug and contrast
release. All of these data point to Dox being released faster in plasma in the intermediate
range of temperatures (39–41°C). Furthermore, a comparison of values of TMRR in Table I
shows that maximum rate of release of Dox occurs at a lower temperature in plasma. Plasma
has been shown to affect liposomal release kinetics [56], and recently it was reported that
lysolecithin is lost from LTSL in plasma, and that this phenomenon may play an important
role for in vivo release kinetics of such liposomes [57]. These observations warrant further
investigation into effects of plasma components on TSL release. They also highlight the
need to perform release assays of TSLs in plasma to estimate in vivo performance.

Release of Gd-HP-DO3A from liposomes was quantified with several methods, and
agreement of results from these methods shows that the simplest of the methods could be
used in future studies. The main body of this work used ICP-AES, which is a direct
measurement of gadolinium. However, this method required removal of released Gd-HP-
DO3A from solution using size exclusion chromatography in two steps. Our data suggest
that simple R1-measurements of aliquots collected during the release assay provide an
equivalent estimate of percentage release (Supplementary Figure 2). Thus, using this
simplified method, the kinetics of Dox and Gd-HP-DO3A were measured in plasma, where
separation of released and encapsulated contrast agent would be difficult. This assay (Figure
2) demonstrates that both the contrast agent and Dox are not appreciably released in either
HEPES buffer or plasma at 37°C, with the rate and extent of release rising with temperature
(Figure 2 and Table II).
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A number of methods were used to quantify and describe release of liposomal contents, such
as the release rate constant, time to 50% release and release at 15 s. For practical
considerations the most important factor is the amount of drug and/or contrast agent released
during transit through the treatment volume, as suggested by recent modelling work [58].
Mean transit time in tumours is typically less than 10 s [59], suggesting that drug release
must occur in this time window for optimal tumour accumulation. Figure 2 demonstrated no
appreciable difference in release of drug and contrast agent on this short time scale,
supporting the concept of imaging contrast agent release as a surrogate of drug release. In
fact, a 7-s transit time is sufficient for near-maximal content release at 41°C in plasma
(Figure 1d). While fast release is important in the heated region, the LTSLs must also stably
encapsulate their contents at body temperature. Limited release at 37°C (<15% in 15 min in
plasma) ensured that the majority of drug arrives to the heated region stably encapsulated
inside iLTSL during a typical hyperthermia treatment (Figure 1d). Further improvement in
plasma stability may increase delivery of drug to a heated region.

Drug dose painting using MR-HIFU and iLTSL
The ability of iLTSL to provide sufficient contrast with MR-HIFU was evaluated in a
preliminary study that showed MR signal intensity increase after iLTSL injection, followed
by further increases after each 10-min hyperthermia treatment (Figure 7). Since Dox and
Gd-HP-DO3A release are well correlated, it is our hope that Dox concentration may be
related to MR signal changes. However, since Gd-HP-DO3A and Dox have different
physicochemical properties, a computational model that takes this into account may be
required [58]. Correlation of MR signal intensity and Dox concentration will be the subject
of future investigations.

Two in vivo studies recently addressed the possibility of drug dose painting with LTSLs co-
loaded with an MR contrast agent and Dox [38, 39]. However, the hyperthermia system used
in these studies could not quickly adjust temperature distribution in the heated volume. Real-
time adjustment of treatment would best be accomplished through dynamic imaging during
heating as demonstrated in phantoms (Figure 6). For in vivo applications, we believe
quantifying drug release on a voxel-by-voxel basis may provide useful information to
optimise a treatment.

Recent development and therapeutic clinical use of MR-HIFU may provide a method for
using imageable temperature-sensitive liposomes for drug dose painting with higher
precision and accuracy than previous hyperthermia applicators (4-mm regions have been
reliably heated with temperature feedback [28]). The MR-HIFU system we adopted for mild
hyperthermia is currently in clinical trials for ablative treatment of uterine fibroids with MR
thermometry feedback [26, 27] and other systems have already been approved by FDA [25].

The MR-HIFU system’s ability to dose paint with various shapes, control temperature and
monitor liposome release is demonstrated in Figures 5 and 6. The system is able to heat a
tumour in vivo and cause preferential signal intensity increase in the heated region,
presumably due to contrast agent release from iLTSL (Figure 7). However, the MRI
sequence used for simultaneous temperature and contrast agent release monitoring (Figure
6) was optimised only for temperature imaging, which resulted in T2

★-weighted images.
Thus, there is a clear need for an imaging approach with greater T1 contrast along with
satisfactory temperature feedback for MR-HIFU. Combination of a precise hyperthermia
applicator, MR thermometry, T1-weighted imaging, computational modelling, and
imageable LTSLs with suitable properties may realise a dose painting paradigm for
treatment of cancer and other diseases. Such spatially tuned targeting of cancer and other
locally dominant diseases may provide a novel dimension for drug delivery that can take
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advantage of a device specially optimised for drug delivery. Furthermore, knowledge of the
location of drug release may address clinical deficiencies by facilitating future treatments.

Conclusion
This work demonstrated preparation and characterisation of a novel MR imageable liposome
formulation co-loaded with Dox and an MR contrast agent, Gd-HP-DO3A. The design of
the formulation ensured stability during storage and imageability of content release.
Monitoring and spatial control of liposomal content release was demonstrated with MR-
HIFU in tissue-mimicking phantoms in real time, as well as after heating in vivo.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Release from iLTSL in HEPES buffer and human plasma. (a) Release of Dox as a function
of temperature is shown as the sample is heated from 20 to 55°C at 1°C/min. Note that in
this graph, the influence of temperature and time are coupled. (b) Dox release as a function
of time at a constant temperature. Percent release is calculated by assuming 100% release
with TritonÒ X-100 and 0% release at 25°C. (c) and (d) show the same data for release in
human plasma.
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Figure 2.
Release of Dox and Gd-HP-DO3A from iLTSL. Release in HEPES: (a) Percent release vs.
time and fitted curves for Dox (○- -) and Gd-HP-DO3A ((●–)over 10 min. (b) The first
minute of release. Percent release values were not significantly different between Dox and
Gd-HP-DO3A over 10 minutes (p>0.05, Dunn’s multiple comparison). Release in plasma:
(c) Percent release vs. time for Dox and Gd-HP-DO3A over 10 min. d) The first minute of
release. Percent release values were not significantly different between Dox and Gd-HP-
DO3A in either HEPES or plasma (p>0.05, Dunn’s multiple comparison). Each point
represents the mean of 3 experiments ± SEM.
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Figure 3.
Stability of Gd-LTSL-DOX. a) Release of doxorubicin immediately (dashed line) and 7 days
after synthesis (solid line) of Gd-LTSL-DOX at 37, 40 and 41°C in HEPES buffer. b) Point-
by-point difference between release curves at 37, 40 and 41°C obtained 1 week apart
(%release at day 0 – %release at day 7). Symbol size indicates temperature: 37°C is smallest
(○- -) and 41°C is largest (●–).
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Figure 4.
Relaxation rate (R1) versus concentration of Gd-HP-DO3A at 1.5T. Gd-LTSL-DOX
solutions were heated in a water bath (55°C for 5 min) to release Gd-HP-DO3A and the
drug. The resulting relaxivity (slope) values for heated and unheated iLTSL were 4.01 ±
0.01 and 1.95 ± 0.05 mM-1s-1, respectively, and were significantly different (p <0.0001, F
test). Relaxivity of Gd-HP-DO3A (4.05 ± 0.14 mM-1s-1) was not significantly different
from that of heated iLTSL (p = 0.85, F test). R2>0.992 for all fitted data.
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Figure 5.
Location of release of iLTSL contents can be controlled and visualized with MR-HIFU.
iLTSL suspended in 2% agar-silica demonstrated baseline intensity (a) until heated above
the Tm of the liposome with MR-HIFU (b – d). The bright shapes result from different sizes
and shapes of regions that were heated with MR-HIFU.
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Figure 6.
MR signal intensity during heating with MR-HIFU of a silica-agarose gel phantom
containing iLTSL. a) MR signal intensity in heated, unheated, as well as preheated regions.
b) Temperature in the same regions, as measured with MR thermometry. Signal intensity of
the region where the MR-HIFU energy is focused increased most likely due to Gd-HP-
DO3A release. The signal intensity in a region that has been previously heated did not
change drastically, but remained high relative to unheated regions. An unheated region
demonstrated stable and relatively low signal intensity. Regions of interest contained 20–45
voxels. Mean signal/temperature ± SEM is shown.
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Figure 7.
MR signal intensity before and after iLTSL injection and heating with MR-HIFU. Signal
intensity a) before iLTSL injection and b) after iLTSL injection. c) Example of temperature
map during heating, overlaid on signal intensity obtained with a treatment planning proton
density weighted scan. d) Signal intensity after four 10-minute heating sessions. Note that
(a), (b) and (d) depict T1-weighted images whereas (c) shows a proton density weighted
image.
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Table II

Summary of Gd-HP-DO3A and Dox release from Gd-LTSL-DOX in HEPES and Plasma.

37°C 40°C 41.3°C

In HEPES

 Dox Release rate constant (min−1) 0.3 ± 0.7 0.31 ± 0.05★★ 15 ± 2★★

Release at 10 min (%) 1.2 ± 1.5 118 ± 9 101.6 ± 1.3

Time to 50% release (s) N/A 106 ± 19 2.7 ± 0.8

Release at 15s (%) 0.1 ± 0.2 9 ± 2 99 ± 3

R2 0.04916 0.8885 0.9357

 Gd-HP-DO3A Release rate constant (min−1) 0.4 ± 1.0 0.49 ± 0.04★★ 38 ± 2★★

Release at 10 min (%) 4 ± 5 107 ± 3 99.82 ± 0.04

Time to 50% release (s) N/A 76 ± 8 1.1 ± 0.1

Release at 15s 0.4 ± 1.2 12.4 ± 1.3 99.81 ± 0.09

R2 0.04856 0.9669 0.9999

Absolute average difference (%) 0.9 ± 0.2 5 ± 1 0.5 ± 1

In plasma

 Dox Release rate constant (min−1) Not converged 2.1 ± 0.3 9 ± 2

Release at 10 min (%) N/A 92 ± 4 100 ± 3

Time to 50% release (s) N/A 23 ± 6 4 ± 2

Release at 15s N/A 37 ± 7 90 ± 9

R2 N/A 0.7182 0.7955

 Gd-HP-DO3A Release rate constant (min−1) Not converged 2.3 ± 0.2 Not converged

Release at 10 min (%) N/A 92 ± 2 N/A

Time to 50% release (s) N/A 21 ± 3 N/A

Release at 15s N/A 40 ± 4 N/A

R2 N/A 0.9258 N/A

Absolute average difference (%) 6.2 ± 1.2 5.6 ± 1.6 10 ± 2

Release characteristics obtained from the simultaneous Dox and Gd-HP-DO3A release assay (Figure 2). Fitted values (‘Release rate constant’,
‘Release at 10 min’) are reported with their standard errors and values interpolated from the fits (‘Time to 50% release’, ‘Release at 15s’) are
reported with average 95% confidence intervals. Absolute average difference is the difference in average release between Dox and Gd-HP-DO3A
over 10 min. Statistical significance for Dox vs. Gd-HP-DO3A comparisons is shown:

★ and ★★
 indicate significant differences with p <0.05 and p <0.01, respectively.
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