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The objective of this study was to prepare and characterize alginate microgels loaded with
temperature sensitive liposomes, which release their payload after mild hyperthermia. It is
further aimed that by using these microgels both the drug release and the microgel deposi-
tion can be visualized by magnetic resonance imaging (MRI) after their administration (e.g.
in the vicinity of a tumor). To this end, temperature sensitive (TSL) and non-temperature
sensitive liposomes (NTSL) loaded with fluorescein (drug mimicking dye) and a T1 MRI con-
trast agent (Prohance�, [Gd(HPDO3A)(H2O)]) were encapsulated in alginate microgels cross-
linked by holmium ions (T2

⁄ MRI contrast agent). The drug release could be monitored by
the release of [Gd(HPDO3A)(H2O)] while the microgels could be visualized using MRI via
the holmium ions in the microgels. The microgels were prepared with a JetCutter and
had an average size of 325 lm and contained �0.6 wt% Ho3+.

Microgels loaded with NTSL (NTSL-Ho-microgels) were stable at 37 and 42 �C with only a
minimal release of fluorescein and [Gd(HPDO3A)(H2O)]. Microgels encapsulating TSL (TSL-
Ho-microgels) released fluorescein and [Gd(HPDO3A)(H2O)] only marginally at 37 �C
while, importantly, their payload was co-released within 2 min at 42 �C. TSL-Ho-microgels
were administered in an ex vivo sheep kidney via a catheter. Clusters of TSL-Ho-microgels
could be visualized via MRI and were deposited in the interlobular blood vessels. In conclu-
sion, these alginate TSL-Ho-microgels are promising systems for real-time, MR-guided
embolization and triggered release of drugs in vivo.

� 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

The success of systemic administration of chemothera-
peutic drugs is limited by the unfavorable balance of thera-
peutic drug concentrations in the tumor and toxic
concentrations in healthy tissues. Nanosized drug delivery
systems have been developed to improve the therapeutic
efficacy and/or to reduce unwanted side effects of
chemotherapeutic drugs. These delivery systems can
accumulate in the tumor after intravenous injection via
the enhanced permeability and retention (EPR) effect
[1–5]. Liposomes are the most intensively studied drug
delivery systems so far [6–10] and a number of studies
showed that encapsulation of doxorubicin (DOX) in
liposomes resulted in an increased therapeutic index, par-
ticularly due to significantly reduced cardio toxicity and
other unwanted side effects. Liposomal DOX showed a sig-
nificant improvement in response rate from 25% to 46%
compared to standard combination chemotherapy for the
treatment of kaposi’s carcinoma [11]. On the contrary,
the anti-tumor efficacy in patients with metastatic breast
cancer was not improved by liposomal DOX [12,13]. This
variation in anti-tumor efficacy between tumor types can
be explained by the heterogeneous nature of the EPR effect
since this phenomenon varies between tumor models,
from patient to patient and even varies within one tumor
[2,14]. Triggerable liposomal drug release systems can
locally release their therapeutic payload in the tumor.
Temperature sensitive liposomes have been shown to
release their drug content fast at elevated temperatures
[15–18] and induce higher peak concentrations at the
tumor site after local heat treatment compared to
administration of free drug or conventional drug contain-
ing liposomes [19–21].

Localized drug delivery of chemotherapeutics can also
be achieved via transarterial chemoembolization (TACE).
During the TACE procedure, a catheter is positioned in
the arterial supply of a tumor via which a chemotherapeu-
tic drug is administered followed by embolic particles
[22,23]. These embolic particles occlude the blood vessels
preferably in the tumor, leading to a restricted or even loss
of blood flow, resulting in ischemia of the tumor. The
blockage of the blood vessels by the embolic particles also
reduces the washout of the chemotherapeutic drug and
therefore minimizes systemic exposure [23,24].

Recently, drug eluting beads (DEB), which consist of
embolic particles loaded with a chemotherapeutic drug,
have been developed to simplify and standardize the
TACE procedure since chemotherapeutic drugs and the
embolic particles are delivered simultaneously [23,25,26].
Examples of polymers used for the preparation of DEBs
are chitosan [27,28], PLGA (poly(lactide-co-glycolide))
[29] and alginate [30]. Clinically used DEBs are based on
polyvinyl alcohol modified with a sulfonic acid group to
obtain negatively charged microspheres (DC beads). A high
loading of positively charged cytostatics such as doxoru-
bicin and irinotecan can be achieved in these PVA DEBs
via an ion exchange mechanism [26,31,32]. Clinical trials
have shown that embolization with DEB leads to a signifi-
cant reduction in peak plasma concentration and area
under the curve of doxorubicin [33,34] while increasing
the antitumor efficacy compared to conventional TACE
[35,36].

A drawback of these clinically used DEBs is however
that they lack the ability to be visualized during and after
administration. Therefore, it is not possible to monitor
whether microspheres are deposited in the tumor or that
they are located outside tumor tissue. Also the drug dis-
tribution cannot be monitored in vivo, making it difficult
to predict the efficacy in the tumor. The beads which are
currently used for chemoembolization have a sustained
release profile. As a result, the drug is slowly released lead-
ing to relatively low tumor concentration. With our for-
mulation we aim for triggered drug release, resulting in
local high concentration of the antitumor agent. To support
this assumption, it was previously shown that high con-
centrations of DOX in the tumor resulted in a high cellular
uptake of this drug [37]. Further, in another study a good
correlation was found between the intracellular DOX con-
centration and the antitumor efficacy [38].

To overcome these challenges, this research aims to pre-
pare microgels that can be visualized in all stadia of treat-
ment. The administration and microgel distribution can be
visualized because the used polymer, alginate, is crosslinked
with a T2

⁄ MRI contrast agent (holmium ions) which can be
visualized by magnetic resonance imaging (MRI) [39]. The
triggered drug release from these alginate microgels by
encapsulating temperature sensitive liposomes can be
visualized by a T1 MRI contrast agent ([Gd(HPDO3A)-
(H2O)]) which is loaded in the liposomes. In principle,
besides monitoring the drug release also the tumor penetra-
tion can be visualized (Fig. 1). For clinical application of
TACE, the diameter of the microgels should be around
300 lm [40].

Alginate was selected for the preparation of microgels
since crosslinked microgels can be prepared via a simple
procedure [41–43]. The monodisperse alginate microgels
can be prepared easily by JetCutting [44,45]. Importantly,
mild crosslinking conditions are used, allowing encap-
sulation of liposomes in alginate microgels [46–48].
Thereby, crosslinking with Ho3+ (T2

⁄ MRI contrast agent) is
possible and allows MRI visualization [49]. Finally, alginate
microgels have previously been used for arterial emboliza-
tion. No reopening of the arteries was observed on an
angiogram up to 8 weeks after embolization, indicating
that alginate microgels are suitable materials for emboliza-
tion [30,50,51].
2. Materials and methods

2.1. Materials

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino-
(polyethylene glycol)-2000] (DSPE-PEG2000) were
purchased from Lipoid GmbH, Ludwigshafen, Germany.
1-Stearoyl-2-hydroxy-sn-glycero-3-phosphocholine (MSPC)
was obtained from Avanti Polar Lipids, Alabaster, U.S.A.



Fig. 1. Schematic representation of accumulation of alginate microgels with encapsulated temperature sensitive liposomes in a tumor during embolization.
The alginate microgels are crosslinked with holmium ions to allow microgel visualization by magnetic resonance imaging (MRI). Upon mild hyperthermia,
the liposomes will release their payload (fluorescein (drug mimicking dye) and [Gd(HPDO3A)(H2O)] (MRI agent)). This release of [Gd(HPDO3A)(H2O)] can
also be monitored with MRI.
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Cholesterol and barium chloride dehydrate were pur-
chased from Sigma–Aldrich Chemie BV, Zwijndrecht, The
Netherlands. Holmium chloride hexahydrate was obtained
from Metall rare earth limited, Shenzhen, China.
Fluorescein disodium for injection was obtained from
Fresenius Kabi Nederland BV, s-Hertogenbosch, The
Netherlands. [Gd(HPDO3A)(H2O)] (Prohance�) was pur-
chased from Bracco Diagnostic Inc., Monroe Township,
U.S.A. Sodium alginate (Manucol LKX) was a gift from
FMC biopolymer, Philadelphia, U.S.A.
2.2. Preparation of empty alginate microgels crosslinked with
varying holmium- and barium-ion content

Holmium crosslinked alginate microgels (Ho-microgels)
were prepared with a JetCutter (GeniaLab� BioTechnology,
Germany) [44,49]. In detail, sodium alginate (3% w/v) was
dissolved overnight under magnetic stirring in 20 mM
HEPES buffer pH 7.4 also containing 8 g NaCl/L. Air bubbles
were removed by sonication. The JetCutter was equipped
with a nozzle with a diameter of 150 lm and a cutting tool
having 120 wires with a thickness of 100 lm. The rotor
speed was 5000 rpm and the alginate flow was set at
0.3 g/s. The alginate droplets were collected in 1 L of
20 mM HEPES buffer pH 7.4 containing different ratios of
holmium chloride and barium chloride (0:100–100:0) with
a total cation concentration of 100 mM. The formed micro-
gels were hardened for 2 h and subsequently washed three
times with 20 mM HEPES buffer pH 7.4 (in total 0.5–1 L) to
remove the excess of crosslinking ions.

2.3. Preparation of liposomes

Two different liposomal formulations were prepared:
non-temperature sensitive liposomes (NTSL) composed of
DSPC, cholesterol and DSPE-PEG2000 (in molar ratio of
56:39:5) and temperature sensitive liposomes (TSL) com-
posed of DPPC, MSPC and DSPE-PEG2000 (molar ratio of
86:10:4) [52,53]. A lipid film was formed by dissolving
the lipids and cholesterol in 10 mL chloroform (160 lmol
total lipids/mL) followed by rotary evaporation of the sol-
vent under reduced pressure in a 100 mL round bottom
flask. The resulting lipid film was further dried overnight
under a nitrogen flow. The lipid film was hydrated in water
for injection (20 mL) containing 0.375 mM
[Gd(HPDO3A)(H2O)] and 25 mg/mL fluorescein at 60 �C.
The liposomal dispersion (80 lmol total lipid/mL) was
extruded through two 200 nm filters (2 times) and two
100 nm filters (8 times). Liposomes were passed three
times through a PD-10 column to remove unencapsulated
fluorescein and [Gd(HPDO3A)(H2O)].

2.4. Preparation of alginate microgels loaded with liposomes
(NTSL/TSL-Ho-microgels)

NTSL/TSL-Ho-microgels were prepared by mixing a
sodium alginate solution (4% w/v in 20 mM HEPES buffer
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pH 7.4) with NTSL or TSL (80 lmol total lipid/mL) in a 3:1
ratio. The alginate solution was processed by the JetCutter
with the same settings as described above. The alginate
droplets containing NTSL or TSL were crosslinked with a
holmium:barium molar ion ratio of 5:95 to form NTSL/
TSL-Ho-microgels. The total cation concentration during
crosslinking was 100 mM.

2.5. Light microscopy

Morphological examination and size distribution of
NTSL/TSL-Ho-microgels were investigated with light
microscopy. Microgels were suspended in 20 mM HEPES
buffer pH 7.4 (100 mg microgels/mL) and subsequently
some droplets were pipetted on a microscopy slide. The
size of the microgels was examined using light microscopy
with phase contrast (Eclipse E200, Nikon equipped with a
DS-Fi1 camera, Nikon and a E plan 10� lens, Nikon). The
images were analyzed with NIS-elements D 3.0 software
to determine the microgel diameter. The average size of
the microgels was calculated by averaging the diameter
of 100 microgels.

2.6. Analysis of holmium content in microgels

The amount of holmium ions in the microgels was
determined via complexometric analysis. Wet microgels
(150 mg) were destructed in nitric acid (65%, ±15 mL) at
100 �C till the solution became transparent (±30 min).
Hexamine (5 g) was added and the pH of the solution
was adjusted with 10 M sodium hydroxide to 5.0–5.5.
Next, xylenol-orange (50 mg, 1:100 mixture in potassium
nitrate) was added and the solution was titrated with
10 mM ethylenediaminetetraacetic acid (EDTA) till a color
shift to yellow was visually observed [45]. The weight per-
centage of holmium ions present in the microgels was cal-
culated with the following equation: (titer EDTA �mL
EDTA) � (molecular weight of Ho (164.93 g/mol))/mg
microgels. The concentration of holmium ions and mono-
mer units in the microgels was calculated to determine
the ratio between holmium ions and alginate monomer
units. The microgels contain 3 wt% alginate.

2.7. Dynamic light scattering

The size of the liposomes and the polydispersity index
were measured with dynamic light scattering at 25 �C
(DLS; Malvern CGS-3 multiangle goniometer). Intensity
correlation functions were measured using a wavelength
of 632.8 nm and a scattering angle of 90�. The measure-
ments were performed in 20 mM HEPES buffer pH 7.4.

2.8. Determination of fluorescein concentration

The fluorescein concentration in the liposomes was
determined after disruption of the liposomes by addition
of a small volume of 10% Triton-X100 in water to the
liposomal dispersion (final concentration of Tritox-X100
was 0.1%) using fluorescence measurements (excitation
wavelength 500 nm, emission wavelength 520 nm). The
encapsulation efficiency of NTSL and TSL in NTSL-Ho-
microgels as well as in TSL-Ho-microgels was determined
by measuring the fluorescein concentration in the micro-
gels by disrupting the liposomes in the microgels with
Triton-X100.

2.9. MR imaging

Magnetic resonance imaging (MRI) was used to visual-
ize the holmium crosslinked microgels and to monitor
the temperature triggered [Gd(HPDO3A)(H2O)] release
from the liposomes that were entrapped in the microgels.
All MRI experiments were performed on a clinical
1.5-Tesla MR scanner (Achieva; Philips Health care). The
following MR sequences were used in this study.
T2
⁄-weighted gradient echo scans were acquired to visual-

ize holmium crosslinked microgels (TR = 570.6 ms,
TE = 9.72 ms, FA = 25�, turbo-factor = 32, 32 slices, voxel
size = 0.96 � 0.96 � 2.0 mm3). T1-weighted spin echo scans
(TR = 1000 ms, TE = 8 ms, FA = 90�, turbo-factor = 15, 3
slices, voxel size = 0.94 � 0.94 � 2.0 mm3) were acquired
and R1-mapping was performed in order to monitor
[Gd(HPDO3A)(H2O)] release. R1-maps were obtained by
sampling the signal recovery after inversion using a
Look-Locker (LL) sequence (TR = 4 s, TE = 2.75 ms, FA = 6�,
turbo-factor = 5, 1 slice, voxel size = 0.94 � 0.94 � 5 mm3,
104 timepoints at 29 ms interval).

The images obtained from each LL measurement were
automatically fitted with in-house developed Matlab soft-
ware (7.12, The MathWorks Inc., Natick, MA, USA, 2000).
The temporal evolution of the magnitude of the longitudi-
nal magnetization (M) was fitted (Levenberg–Marquardt
algorithm) for each pixel with the following equation:

M ¼ A� ðAþ BÞ � e�t�R�1
� ��� �� ð1Þ

where R1
⁄ is the apparent longitudinal relaxation rate, t is

the time after the inversion pulse and A and B are con-
stants. The sample R1 differs from R1

⁄ by an offset only
dependent on flip angle (a) and delay between 2 consecu-
tive excitation pulses (Dt):

R1 ¼ R�1 þ logðcos aÞ=Dt ð2Þ

A square ROI (5 � 5 pixels) was manually selected
inside the sample to analyze the R1 before and after
heating.

2.10. Fluorescein release

The release of fluorescein from the liposomes and NTSL/
TSL-Ho-microgels was measured by the change in fluores-
cence intensity in time (excitation wavelength 500 nm,
emission wavelength 520 nm). Twenty-five mL of pre-
heated 20 mM HEPES buffer pH 7.4 (37 or 42 �C, heated
in water bath) was added to the liposome suspension
(50 ll liposomes with 80 lmol total lipids/ml). Samples
(1 mL) were taken at different time points (0, 2, 5, 10, 15,
30, 45 and 60 min) and subsequently cooled on ice to pre-
vent further leakage. Triton X-100 (10%, 170 lL) was added
at the end of the experiment to destroy remaining lipo-
somes and release entrapped fluorescein. The percentage
fluorescein released was calculated using the following
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equation: (It � I0)/(ITX � I0) � 100 in which It is the fluores-
cence intensity at time t, I0 the intensity at the start of the
experiment and ITX the fluorescence intensity after addi-
tion of Triton-X100.

The release of fluorescein from NTSL/TSL-Ho-microgels
was measured at the same wavelengths as described for
the liposomes. Fifty mL of preheated buffer was added to
the microgels (1.5 g wet microgels). Microgels were shaken
after which the microgels settled at the bottom due to
gravity. Samples (1 mL) were taken at different time points
(0, 2, 5, 10, 15, 30, 45 and 60 min) and subsequently cooled
on ice to prevent further leakage. Triton X-100 (10%,
430 lL) was added to the microgel pellet to disrupt the
intact liposomes loaded into the microgels. The percent
fluorescein released was calculated as described above.

2.11. Fluorescence microscopy

Samples were prepared similarly as for the light micro-
scopy measurements. The release of fluorescein from
NTSL/TSL-Ho-microgels was visualized with a fluorescence
microscope (BZ-9000, Keyence). A GFP BP filter with an
excitation wavelength of 472–30 nm and emission wave-
length of 520–35 nm and a Plan Fluor 20� lens (Nikon)
was used. The images were analyzed with BZ II Analyzer
software. NTSL/TSL-Ho-microgels were imaged in 20 mM
HEPES buffer pH 7.4 at room temperature and after incuba-
tion at mild hyperthermia for 10 s.

2.12. Ex vivo embolization of a sheep kidney

The ex-vivo sheep kidney used as an ex vivo model for
embolization was derived from a terminated female sheep
that was previously used as laboratory animal. A catheter
(Abocath 18G, Hospira, U.K.) was inserted into the renal
artery and fixed with a suture. The kidney was placed in
Fig. 2. Top: Light microscopy images of alginate microgels crosslinked using di
200 lm. (mM Ho:Ba in crosslinking solution, A 0:100, B 2:98, C: 5:95, D 10:90, E
crosslinked using different holmium and barium ion concentrations. Bottom: T
holmium and barium ion concentrations.
a plastic bucket fillet with H2O containing 0.8% NaCl at
room temperature. TSL-Ho-microgels crosslinked with
5 mM holmium ions (75 mg wet weight in 1 mL 20 mM
HEPES buffer pH 7.4) were administered via the catheter.
A T2
⁄-weighted MRI scan was made before and after injec-

tion of the microgels.

2.13. Statistical analysis

Statistical analysis was performed with the software
GraphPad Prism 6.01. A 2-way ANOVA was performed fol-
lowed by a Tukey test for statistical analysis at different
temperatures or a Sidak test for statistical analysis of the
different microgel formulations.
3. Results and discussion

3.1. Characterization of empty alginate microgels

Alginate microgels were prepared by crosslinking algi-
nate dissolved in 20 mM HEPES buffer pH 7.4 with di
(Ba2+) or trivalent ions (Ho3+) using a JetCutter. Holmium
containing particles are paramagnetic contrast agents
inducing local magnetic field variations that cause dephas-
ing of the MR signal, which results in local signal voids.
Barium based particles do not exhibit these paramagnetic
characteristics. Fig. 2 shows T2

⁄-weighted (wt) and T1-wt
images of microgels that were prepared by crosslinking
alginate with different ratios of holmium and barium ions.
The microgels contained 0–1.35% of holmium (w/wet
weight microgels), which correlates with a holmium ion
to alginate monomer ratio of 0–0.54 (Table 1). The mono-
mer concentration was calculated assuming that the
microgels contain 3% alginate. Microgels crosslinked with
solely holmium ions had a holmium ion to alginate mono-
mer ratio of 0.54:1 indicating that one holmium ion
fferent holmium and barium ion concentrations. The scale bar represents
25:75 and F 100:0). Middle: T2

⁄ wt-image of sedimented alginate microgels
1 wt-image of sedimented alginate microgels crosslinked using different



Table 1
Characteristics of alginate microgels crosslinked with different
holmium:barium ratios with a total cation concentration of 100 mM.
Microgels were prepared using a JetCutter.

mM Ho Ho content
(% w/w, wet weight)a

Ho:monomer unit
(ratio mol/mol)

Mean size
(lm)b

0 0 0 281 ± 21
2 0.24 ± 0.01 0.10:1 293 ± 20
5 0.30 ± 0.01 0.12:1 294 ± 19

10 0.47 ± 0.01 0.16:1 293 ± 20
25 0.72 ± 0.02 0.29:1 287 ± 19

100 1.35 ± 0.05 0.54:1 278 ± 15

a Determined by complexometric titration (standard deviation (sd) of 3
different measurements).

b Determined by light microscopy (sd refers to variation in size of
microgels with n = 100).
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crosslinks two monomer units which is in line with pre-
vious observations [45]. The diameter of the microgels ran-
ged between 278 and 294 lm which is a clinically relevant
size for transarterial chemoembolization of hepatocellular
carcinoma [40]. The microgels had a narrow size dis-
tribution with a standard deviation of �20 lm (Table 1
and Fig. 2). As expected, the microgels crosslinked only
with barium ions were not detectable on T2

⁄-wt images,
whereas microgels crosslinked with increasing amounts
of holmium ions showed increasing signal voids on these
images. In contrast, on T1-weighted spin echo images bar-
ium as well as holmium ion crosslinked microgels were
detectable. Yet, with increasing holmium ion concentra-
tions, the detected MR-signal in these T1-weighted images
decreased due to the pronounced T2

⁄-effect. In subsequent
Table 2
Characteristics of non-temperature sensitive (NTSL) and t
fluorescein and [Gd(HPDO3A)(H2O)].

NTSL

Lipid composition DSPC:Chol:DSP
Molar ratio lipids (feed ratio) 56:39:5
Mean size (nm) 108 ± 1 nm
PDI 0.07 ± 0.02
Fluorescein encapsulation (%) 7.6

Fig. 3. Fluorescence signal and T1 relaxation rate measured by MRI as function of
diluted in 20 mM HEPES buffer pH 7.4 to a total lipid concentration of 0.16 lmo
experiments, we continued to work with microgels cross-
linked with a holmium:barium ratio of 5:95. These micro-
gels were detectable on T2

⁄-wt gradient echo images and
gave sufficient signal on T1-wt spin echo images to detect
[Gd(HPDO3A)(H2O)] induced T1 changes.
3.2. Characterization of temperature-sensitive and non-
temperature sensitive liposomes encapsulating fluorescein
and [Gd(HPDO3A)(H2O)]

Temperature sensitive liposomes (TSL) containing lyso-
lipids were prepared for encapsulation in alginate micro-
gels. The incorporation of a lysolipid in the bilayer of
liposomes enhances the release at mild hyperthermia
[15,19,54]. It has been further shown that temperature
sensitive liposomes containing 5% mol DSPE-PEG2000
were stable at 37 �C and showed complete content release
at 42 �C [55]. Non-temperature sensitive liposomes (NTSL)
were prepared as control.

Liposomes loaded with fluorescein and [Gd(HPDO3A)
(H2O)] (MRI-contrast agent) were prepared via the lipid
film hydration method (Table 2). The mean size of NTSL
and TSL were 108 and 133 nm, respectively, with a
PDI 6 0.1. The encapsulation efficiency of fluorescein was
about 8% for the NTSL and 11% for the TSL. Such encap-
sulation efficiencies are expected since fluorescein dis-
solved in water is passively loaded into liposomes [56].
Likely, the extrusion loss is different for these formulations
resulting in a slight difference in encapsulation efficiency.
emperature sensitive liposomes (TSL) encapsulating

TSL

E-PEG2000 DPPC:MSPC:DSPE-PEG2000
86:10:4
133 ± 1 nm
0.09 ± 0.02
11.2

incubation time at 37 and 42 �C for NTSL (A) and TSL (B). Liposomes were
l/mL.



Table 3
Characteristics of NTSL-Ho-microgels and TSL-Ho-microgels prepared using a JetCutter.

NTSL-Ho-microgels TSL-Ho-microgels

Mean size (lm) 325 ± 17 323 ± 18
Ho content (% w/w, wet weight) 0.65 ± 0.03 0.59 ± 0.04
Ho:monomer unit (ratio mol/mol) 0.26:1 0.24:1
Liposome encapsulation (%) 91 97
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Fig. 3 shows the fluorescence signal and T1 relaxation
rate (R1) measured by MRI as function of incubation time
at 37 and 42 �C for NTSL (A) and TSL (B). Hardly any release
of fluorescein as well as [Gd(HPDO3A)(H2O)] from the
NTSL formulation was observed at 37 and 42 �C during
60 min, indicating that the NTSL formulation is stable at
both 37 and 42 �C. The TSL formulation showed a slow
release at 37 �C but released both fluorescein and
[Gd(HPDO3A)(H2O)] completely at the same rate within
2 min at 42 �C.

3.3. Preparation of holmium crosslinked alginate microgels
containing NTSL or TSL (NTSL-Ho-microgels or TSL-Ho-
microgels)

Alginate droplets containing NTSL or TSL were cross-
linked by dropping them in a solution of 5 mM Ho3+ and
95 mM Ba2+ to form microgels (NTSL/TSL-Ho-microgels).
Their characteristics are displayed in Table 3.

Both types of microgels had a mean size around 325 lm
and displayed a very low size distribution (Table 3 and
Fig. 4. Top: Light microscopy image of NTSL-Ho-microgels (A) and TSL-Ho-micro
due to the difference in refractive index of the microgels and the surrounding me
microgel (D) dispersions at room temperature, after incubation at 37 �C (1 h) an
TSL-Ho-microgels at 42 �C indicates the release of [Gd(HPDO3A)(H2O)].
Fig. 4). There was no substantial difference between the
diameter of empty alginate microgels (Table 1) and micro-
gels loaded with liposomes (Table 3). Obviously the encap-
sulation of liposomes did not interfere adversely with the
formation of alginate microgels [46,48]. These microgels
crosslinked with 5 mM Ho3+ and 95 mM Ba2+ contained
0.6% holmium3+ (w/w, wet weight) corresponding to a
holmium3+ to alginate monomer ratio of �0.25 (mol/mol).
Crosslinking alginate microgels with 100 mM holmium
ions resulted in a holmium3+ to alginate monomer ratio
of �0.54 (Table 1). The relatively high Ho3+ ratio of gels
prepared at a Ho3+:Ba2+ feed ratio of 5:95 suggests that
holmium3+ has a higher affinity for alginate chains than
barium2+. Alginate is a copolymer consisting of b-D-man-
nuronic acid (M) and a-L-guluronic acid (G) residues.
Crosslinking occurs by di or trivalent ions that form bridges
between dimers of MM, GG and GM. It has been reported
that divalent ions preferably bind to GG dimers while
trivalent ions bind to GG as well as to MM dimers [57].
Consequently, trivalent ions like holmium are incorporated
into alginate gels to a larger extent than divalent ions such
gels (B) at room temperature. A black rim is observed around the microgels
dium [61].Bottom: T1-wt MR images of NTSL-Ho-microgel (C) and TSL-Ho-
d 42 �C (5 min). Signal enhancement/whitening in the supernatant of the



M. van Elk et al. / European Polymer Journal 72 (2015) 620–631 627
as barium (Table 1). In a phase 1 clinical trial, the safety of
holmium-166 microspheres is assed in patients with liver
metastases. This clinical trial showed that embolization
with holmium microspheres is a safe treatment option
and the toxicity observed after administration of 600 mg
microspheres was mainly associated with post emboliza-
tion syndrome [58]. Thereby, the intraperitoneal LD50 of
holmium salts in mice is 320–560 mg/kg [59,60]. NTSL/
TSL-Ho-microgels crosslinked with 5 mM Ho3+ and
95 mM Ba2+ contain a relatively low concentration of
holmium ions (61% w/w), corresponding with 66 mg
holmium ions per 600 mg microgels. Therefore the toxicity
of the microgels is expected to be low. Liposomes were
encapsulated nearly quantitatively into the alginate micro-
gels. The presence of fluorescein encapsulated in the
liposomes loaded in the microgels could be observed with
light microscopy; the NTSL/TSL-Ho-microgels are yellow
due to the presence of fluorescein loaded liposomes while
empty microgels are transparent (Figs. 2 and 4A–B). A
modest variation in size and holmium content was
observed between the empty and liposome loaded micro-
gels (Table 1 and 3). The differences observed are batch-
to-batch variations and are likely due to small variations
in the processing variables (e.g. nitrogen pressure and flow
rate are all manually set).

3.4. Release of fluorescein and [Gd(HPDO3A)(H2O)] from
NTSL-Ho-microgels and TSL-Ho-microgels

The release of [Gd(HPDO3A)(H2O)] from the alginate
microgels was visualized by T1-wt MR images (Fig. 4C–
D). During incubation for 1 h at 37 �C, both NTSL-Ho-
microgels and TSL-Ho-microgels sedimented. A slight
increase in signal intensity in the supernatant of the TSL-
Ho-microgels was observed after incubation at 37 �C while
no change in signal intensity was observed when NTSL-Ho-
microgels were incubation at 37 �C. This indicates that
[Gd(HPDO3A)(H2O)] was not released from the NTSL-Ho-
microgels (supernatant remained gray) and only margin-
ally from the TSL-Ho-microgels after incubation at 37 �C
for 1 h (�5%). However, a significant signal enhancement
was observed after mild hyperthermia (42 �C for 5 min)
Fig. 5. Signal intensity in the supernatant (A) and microgel pellet (B) of NTSL-Ho
after incubation at 37 �C (1 h) and 42 �C (5 min). An increase in signal intensity
in the aqueous medium above the TSL-Ho-microgels
(supernatant became white). This increase in signal
demonstrates the release of [Gd(HPDO3A)(H2O)] from
TSL-Ho-microgels while under the same conditions no
release of [Gd(HPDO3A)(H2O)] from NTSL-Ho-microgels
was detected.

Fig. 5 shows the signal intensity in the supernatant as
well as in the microgel pellet for NTSL-Ho-microgels and
TSL-Ho-microgels before mild hyperthermia, after incuba-
tion at 37 �C (1 h) and 42 �C (5 min). In correspondence
with Fig. 4 no signal enhancement was detected neither
in the microgel pellet nor in the supernatant for the
NTSL-Ho-microgels at 37 and 42 �C. In contrast, there
was a significant signal enhancement observed in the
supernatant as well as in the microgel pellet upon incuba-
tion of the TSL-Ho-microgels at 42 �C, which indicates the
release of [Gd(HPDO3A)(H2O)]. When the signal intensities
between the NTSL-Ho-microgels and the TSL-Ho-microgels
are compared, a significantly higher signal is observed in
the supernatant and microgel pellet of the TSL-Ho-micro-
gels after incubation at 42 �C. This indicates that the TSL-
Ho-microgels released at 42 �C. No significant difference
in signal intensity was detected after incubation at 37 �C
for 1 h. Therefore, NTSL-Ho-microgels as well as TSl-Ho-
microgels did not release at this temperature.

Additionally, the release of fluorescein was examined
(Fig. 6). Individual NTSL-Ho-microgels and TSL-Ho-micro-
gels were imaged with a fluorescence microscope at room
temperature and after mild hyperthermia for 10 s. Both
types of microgels exhibited a homogeneous distribution
of the fluorescein containing liposomes. For both NTSL-
Ho-microgels and TSL-Ho-microgels no fluorescence signal
was detected outside the microgels at room temperature
indicating that all fluorescein remained encapsulated in
the liposomes of NTSL/TSL-Ho-microgels. After mild hyper-
thermia, the fluorescence signal remained restricted to the
NTSL-Ho-microgels. This indicates that the NTSL-Ho-
microgels are stable during mild hyperthermia with no
release of fluorescein. In contrast, after applying mild
hyperthermia to TSL-Ho-microgels, the fluorescence sig-
nal was not restricted to the microgels only but also
detected in the surrounding medium. This observation
-microgel and TSL-Ho-microgel dispersions at room temperature (RT) and
indicates the release of [Gd(HPDO3A)(H2O)]. ⁄p 0.01–0.05, ⁄⁄p < 0.0001.



Fig. 6. Fluorescence microscopy images of NTSL/TSL-Ho-microgels at room temperature and after incubation at mild hyperthermia for 10 s. Fluorescein
appears green in these fluorescence images. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 7. Release of fluorescein and [Gd(HPDO3A)(H2O)] from NTSL-Ho-microgels (A) and TSL-Ho-microgels (B) at 37 and 42 �C in 20 mM HEPES buffer pH 7.4.
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demonstrates that fluorescein was released from TSL-Ho-
microgels.

To investigate whether fluorescein and [Gd(HPDO3A)
(H2O)] are released completely and with the same kinetics,
the release was monitored at 37 and 42 �C for 60 min
(Fig. 7). NTSL-Ho-microgels displayed hardly any release of
fluorescein or [Gd(HPDO3A)(H2O)] at 37 or 42 �C for
60 min, which is in line with the lack of release in case of
NTSL only (Fig. 4). As can be seen in Fig. 7B, TSL-Ho-micro-
gels released fluorescein and [Gd(HPDO3A)(H2O)] only mar-
ginally at 37 �C demonstrating that TSL encapsulated in
microgels do not release both markers at this temperature.
When increasing the temperature to 42 �C, TSL-Ho-micro-
gels released both fluorescein and [Gd(HPDO3A)(H2O)]
completely within 2 min. For both types of microgels (con-
taining NTSL or TSL) the release kinetics matches the kinet-
ics of the liposomes not encapsulated in microgels at the
investigated temperatures.

This observation indicates that diffusion of fluorescein
and [Gd(HPDO3A)(H2O)] released after destabilization of
the entrapped liposomes through the alginate matrix is
fast. Alginate forms an open network after crosslinking
and a mesh size between 10 and 60 nm has been reported
after crosslinking a 2% alginate solution [62,63]. In this
study, we used a higher alginate concentration (3% w/v),
which increases the number of crosslinks resulting in a
smaller mesh size. This mesh size is small enough to retain
liposomes while small molecules like fluorescein (0.7 nm
[64], 332.31 g/mol) and [Gd(HPDO3A)(H2O)] (558.7 g/mol)
can diffuse freely from this matrix. Furthermore, the fast
release of fluorescein and [Gd(HPDO3A)(H2O)] also
demonstrates that no strong interactions between fluores-
cein/[Gd(HPDO3A)(H2O)] and alginate exist.

3.5. Ex vivo embolization of a sheep kidney

The ex-vivo sheep kidney used as an ex vivo model for
embolization was derived from a terminated female sheep
that was previously used as laboratory animal. A T2

⁄-wt MR
image of the ex vivo kidney before and after administration
of TSL-Ho-microgels is shown in Fig. 8. Prior to administra-
tion, the kidney tissue appeared relatively homogeneously



Fig. 8. T2
⁄-wt MR images of a sheep kidney before (A) and after (B) the administration of TSL-Ho-microgels. The black spots indicate the presence of TSL-Ho-

microgels.
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on the MR image. After injection of the TSL-Ho-microgels,
black spots appeared in the interlobular blood vessels at
the start of the cortex of the kidney indicating the presence
of clusters of TSL-Ho-microgels. This shows that TSL-
Ho-microgels can be visualized by MRI in tissue as
expected.

In our work, alginate microgels containing temperature
sensitive liposomes were exploited for embolization.
Several strategies for embolization have been reported pre-
viously. Clinically, a chemotherapeutic drug is adminis-
tered followed by an embolic particle. This embolic
particle reduces the wash out of the drug but still a part
of the dose ends up in the blood circulation [22,23]. Drug
eluting beads (DEB) were developed to simplify the
embolization procedure and to reduce the systemic expo-
sure. These DEBs show a sustained release of the loaded
drug [23,24]. On the contrary, our TSL-Ho-microgels show
complete and very rapid release after a mild hyperthermia
pulse. With this strategy, a higher peak concentration of
the drug can be reached in the tumor compared to DEBs.
Another advantage is that TSL-Ho-microgels can be visual-
ized by MRI during all stadia of the treatment. Importantly,
also the drug release from our TSL-Ho-microgels can be
monitored after mild hyperthermia using the MRI agent
[Gd(HPDO3A)(H2O)], which is also present in the aqueous
core of the liposomes, as tracer.
4. Conclusion

This paper shows that temperature sensitive MR-im-
ageable microgels that rapidly release their payload upon
hyperthermia (42 �C) were successfully developed. The
holmium ion content in the microgels was optimized to
allow visualization of the microgels by MRI. The tempera-
ture triggered release of [Gd(HPDO3A)(H2O)] was demon-
strated with MRI, while fluorescein (a drug mimicking
dye) release was visualized with fluorescence microscopy.
Fluorescein and [Gd(HPDO3A)(H2O)] were released at the
same rate and extent, indicating that the release of
[Gd(HPDO3A)(H2O)] is expected to be a good indicator
for the in vivo release of a cytostatic drug encapsulated in
the aqueous core of the liposomes. It is concluded that
these triggerable microgels are attractive systems for
real-time, MR-guided embolization and triggered release
of drugs.
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