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Cancer
Cancer is a major public health problem worldwide even though the cancer death rates 
have been continuously declining over the past 2 decades due to the improvement in 
chemotherapy, radiotherapy and surgical techniques. Overall, the risk of dying from 
cancer decreased by 22% between 1991 and 2011 [1,2]. Nevertheless, several types 
of cancer are hard to treat and also, the number of cancer patients increases yearly 
due to aging, growth of the population and the adoption of cancer associated lifestyle 
choices (e.g. smoking, physical inactivity and unhealthy diets) [1,3]. It is expected 
that 1.7 million new cancer cases will be diagnosed in the United States in 2015 [2]. 
Therefore, new treatment modalities are needed.

Chemotherapy
Cancer patients are often treated with chemotherapeutic drugs, radiotherapy and/
or surgical resection. Chemotherapeutics impair cell mitosis and thereby target fast 
dividing cells like cancer cells [4]. The disadvantages of many chemotherapeutic 
drugs are their poor pharmacokinetics, low stability, low aqueous solubility and non-
specific distribution throughout the body. Therefore, a high dose of these drugs needs 
to be administered to achieve therapeutic drug levels, leading to various adverse 
effects because also other fast dividing, healthy cells are affected. Examples of 
adverse effects of chemotherapeutic drugs are neuropathy, nausea, general discomfort, 
myelosuppression (suppression of the bone marrow’s production of blood cells and 
platelets), alopecia (hair loss), nephrotoxicity and cardiotoxicity [5-7]. These adverse 
events often limit the dose and duration of the administered drugs. Another major 
problem is that cancer cells can become resistant towards chemotherapeutic drugs 
[8,9].

Liposomes
Nanosized drug delivery systems like liposomes have been developed for the 
encapsulation of chemotherapeutic drugs to improve the therapeutic efficacy and to 
reduce adverse events.
Liposomes are unilamellar or multilamellar vesicles, which were first described in 
the 1960s by Bangham [10,11]. Liposomes consist mainly of phospholipids, which 
spontaneously form a lipid bilayer surrounding an aqueous core when dispersed in 
water via non covalent interactions. Hydrophilic drugs can be encapsulated in the 
aqueous core of the liposomes while hydrophobic drugs can be solubilized in the lipid 
bilayer (Fig. 1).

Phospholipid 

Poly(ethylene glycol) (PEG) 

Figure 1. Schematic representation of a PEGylated liposome.
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Liposomes of the first generation are rapidly cleared from the systemic circulation 
by macrophages of the reticuloendothelial system (RES) [12,13]; approximately 50-
80% of the liposomes are removed from the circulation within 15-30 minutes after 
administration. The circulation half-life of liposomes was significantly improved by 
coupling poly(ethylene glycol) on their surface (‘PEGylation’). The reason for this 
improved half-life is that poly(ethylene glycol) is a hydrophilic polymer, which forms 
a steric barrier around the liposomes reducing the recognition by cells from the RES 
[14-17]. This improved circulation time allowed liposome accumulation in tumors 
via the enhanced permeability and retention effect (EPR) [18-20]. Liposomes can 
extravasate from the blood vessels when the vasculature is discontinuous, which is 
the case in various tumors. New blood vessels are formed rapidly in tumor tissues 
due to the high demand of oxygen and nutrients, and therefore these blood vessels 
are immature and often leaky [21]. Furthermore, there is a lack of lymphatic drainage 
in tumor tissue reducing the clearance of liposomes from the tumor [22,23]. So far, 
the discovery and development of liposomes have resulted in the approval of several 
liposomal formulations for the treatment of cancer (Doxil®/Caelyx®, DaunoXome®, 
Myocet® and Marqibo®, Table 1) [24,25].

Product Drug Indication

Doxil®/Caelyx® Doxorubicin Kaposi’s sarcoma
Ovarian cancer
Breast cancer
Multiple myeloma

DaunoXome® Daunorubicin Kaposi’s sarcoma

Myocet® Doxorubicin Breast cancer

Marqibo® Vincristine Acute lymphoblastic leukemia

Table 1. Overview of marketed liposomal formulations for cancer treatment [24,25]

The efficacy of these liposomal formulations depends on their passive accumulation 
in tumors via the EPR effect. However, the actual accumulation of the liposomes in 
the tumor is less than 10% of the administered dose and the majority of the liposomes 
is still taken up by macrophages present in liver and spleen [26]. Moreover, the EPR 
effect is very heterogeneous and varies between tumor types, from patient to patient 
and even varies within the tumor [19,27]. Furthermore, these liposomes are designed 
such that they exhibit a high stability in the blood circulation to prevent premature 
release of the drug before arrival at the tumor site. Because of this high stability, 
the release of these liposomes is slow and uncontrolled resulting in a relatively 
low free drug concentration in the tumor and as a consequence, cytotoxic free drug 
concentrations are not always reached in the tumor [28].
To increase the antitumor-activity of liposomal formulations, a higher concentration of 
free drug should be obtained in the tumor [29,30]. Triggerable liposomal drug release 
systems have great opportunities to increase and control the drug concentration in the 
tumor. Several methods of triggered release have been described in literature (e.g. pH, 
light and ultrasound) but so far heat is the most intensively studied trigger for drug 
release (Fig. 2). 
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Hyperthermia and temperature sensitive liposomes
The goal of temperature triggered drug release is to achieve high drug concentrations 
in the tumor upon mild hyperthermia, independent of the EPR effect. Therefore, 
the release from temperature sensitive liposomes should be ultrafast to facilitate 
a complete content release faster than the transit of the liposomes through the 
vasculature of the tumor. It has been reported that chemotherapeutic drugs and 
hyperthermia act synergistically, leading to an enhanced cytotoxic effect of the 
drug [29,31,32]. The temperature threshold for mild hyperthermia lies around 43 °C 
because higher temperatures induce vascular occlusion and hemorrhage, resulting in 
a decreased blood flow, followed by a decreased drug delivery. Besides, a temperature 
in the whole tumor above 43 °C is difficult to achieve clinically [29,33-35]. In this 
chapter, different temperature sensitive liposomes reported in literature will be shortly 
described and discussed (Table 2).

Figure 2. Drug release from temperature sensitive liposomes in a tumor during mild hyperthermia. 
Liposomes pass through the preheated tumor vasculature after intravenous administration. Subsequently, 
the release from the liposomes present in the vasculature and the tumor tissue is triggered due to the mild 
hyperthermia treatment.
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Traditional temperature sensitive liposomes (TTSL)
Traditional temperature sensitive liposomes (TTSL) were first introduced by Yatvin 
in 1978. These liposomes consisted of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 
(DPPC) and 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) in a molar ratio of 
3:1 and released neomycin (an antibiotic) at a temperature of 43-45 °C, which induced 
effective killing of E. Coli bacteria [36,37]. The drug was released from these TSL at 
temperatures above the melting phase transition temperature (Tm) of the lipid bilayer. 
At the Tm, the lipids undergo a phase transition from a solid gel phase to a liquid 
crystalline phase. Upon heating, grain boundaries are formed between domains in the 
solid phase and domains in the liquid phase, leading to membrane permeability and 
subsequent drug release. The permeability of the lipid bilayer is largest at the Tm since 
solid and gel domains coexist at this temperature.

Low temperature sensitive liposomes (LTSL)
TTSL do not meet the optimal release requirements since the release rate is too slow 
and the temperature at which the release occurs is too high (43-45 °C) for clinical 
applications [29,34,35,38].
Low temperature sensitive liposomes (LTSL) were developed by Anyarambhatla 
and Needham to increase the release rate and simultaneously decrease the release 
temperature [39,40]. DPPC was chosen as the main component of the LTSL since this 
phospholipid has a Tm of ~ 41 °C, which is ideal for the application of mild hyperthermia 
in the clinic. MSPC (1-stearoyl-2-hydroxy-sn-glycero-3-phosphocholine), a mono 
chain lysolipid, which is able to form micelles, was added to the LTSL formulation 
to induce fast release of the content during mild hyperthermia. At the phase transition 
temperature of the liposomes, the grain boundaries start to melt. The lipid mobility 
increases and the lysolipids accumulate in the grain boundaries forming pores which 
in turn induces fast release of the content [41-45] (Fig. 3).
LTSL contain 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol)-2000] (DSPE-PEG2.000) not only to increase the 
half-life of the liposomes but it was also shown that DSPE-PEG2.000 stabilizes 
the formed pores induced by the lysolipids [46]. LTSL showed an ultrafast release 
rate of 80% doxorubicin (DOX) release in 20 seconds at 42 °C [40,47]. A complete 
tumor regression was obtained with LTSL in combination with mild hyperthermia (42 
°C for 1 hour) in a xenograft mouse model. The reduction in tumor growth in mice 
treated with LTSL in combination with mild hyperthermia was more effective than the 

Liposome Lipid composition Drug Tm/CP Release Animal model

TTSL
[36]

DPPC:DPSC
3:1

Neomycin 44.5 °C
(maximum release rate)

LTSL
[39,40]

DPPC:MSPC:DSPE-PEG
90:10:4

Doxorubicin ~41 °C >20% at 37 °C in 15 min
80% at 42°C in 20 sec

FaDu/mice

HaT
[51,52]

DPPC:Brij78
96:4

Doxorubicin 41 °C 10-20% at 37 °C in 30 min
> 90% at 40-42 °C in 2.5 min

EMT-6/mice

DPPG2
[59,64]

DPPC:DSPC:DPPG2
50:20:30

Doxorubicin ~42 °C 11% at 37 °C in 3 hours
>95% at 42 °C in 2 min

BN175/rat
(gemcitabine)

EOEOVE
[81,82]

EPC:chol:poly(EOEOVE):PEG-PE
50:45:4:2

Doxorubicin 40.5 °C <10% at 37 °C in 30 min
~90% at 45 °C in 1 min

CT26/mice

Table 2. Overview of temperature sensitive liposomes, under development for the treatment of cancer
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free drug, TTSL and non-temperature sensitive liposomes in combination with mild 
hyperthermia [39,40,47,48].
However, also shortcomings of LTSL have been reported. Approximately ~70% of 
the lysolipid desorbs from the LTSL within 1 hour after in vivo administration, which 
could hamper the maximal release in vivo from the LTSL [42,44]. Moreover, LTSL 
release > 20% of DOX at 37 °C within 15 minutes when incubated in serum rich 
medium, which limits the amount of DOX delivered to the tumor tissue and induces 
exposure of healthy tissue to DOX [49,50].

PEG polymer 

DPPC phospholipid 
(Tm of  ~ 41 °C) 

MSPC  lysolipid 
(Pore formation at Tm) 

Figure 3. Schematic representation of a temperature sensitive liposome containing lysolipids. Lysolipids 
can form stable pores at the phase transition temperature of the liposome, inducing drug release.

Hyperthermia-activated cytotoxic liposomes (HaT)
Hyperthermia-activated cytotoxic liposomes (HaT, DPPC:Brij78 in a molar ratio of 
96:4) were developed to simplify the LTSL formulation since Brij78 (Fig. 4) is a 
PEGylated single chain surfactant, which can replace MSPC (single chain lysolipid) 
and DSPE-PEG2.000 in the LTSL formulation [51,52]. A 100% DOX release was 
achieved from this HaT formulation within 3 minutes at 40-42 °C [52]. The HaT 
formulation showed a faster DOX release rate at 40 and 41 °C compared to LTSL 
while the stability in serum at 37 °C and the circulation half-life (0.5 hour) were 
similar for these two formulations [51,53]. The DOX delivery to a heated tumor
(43 °C) was 1.4 fold increased when HaT was compared to LTSL, resulting in a 
significant enhanced tumor regression for the HaT formulation in BALB/C mice 
bearing EMT-6 tumors [51]. Oxaliplatin (OXA) and gemcitabine (GEM) were 
passively loaded into HaT (HaT-OXA or HaT-GEM) and showed a temperature 
triggered release profile. Only 17% of the administered HaT-OXA remained in the 
circulation 1 hour after injection and no improvement of OXA delivery from HaT-
OXA was observed in the heated tumor compared to free administered OXA. For 
the HaT-GEM, 82% of the administered dose remained in the blood circulation for 
1 hour and a 25 fold increase in drug deposition in the tumor was observed when 
HaT-GEM was delivered to a heated tumor compared to the free drug resulting in 
a complete tumor regression after a single dose of HaT-GEM. A significant shorter 
circulation time and antitumor efficacy were obtained by HaT-OXA in comparison 
with HaT-GEM. Presumably, OXA interacts with the phospholipids in the lipid 
bilayer, inducing a conformational change in the liposomal membrane, which results 
in an increased liver uptake and therefore an enhanced clearance from the blood 
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circulation. Therefore, less OXA is delivered to the tumor and no improvement in 
antitumor activity is observed [54].
The HaT formulation was further optimized by loading DOX with a Cu2+ gradient and 
post insertion of additional Brij78 (HaTII). The serum stability improved significantly 
at 37 °C with an enhanced drug release rate at 41-42 °C compared to LTSL. Compared 
to LTSL, the HaTII formulation showed a 2 times longer circulation time and a 2 fold 
increase in drug disposition in a heated EMT-6 tumor of a BALB/C mice resulting in 
an enhanced antitumor efficacy with complete growth inhibition [55].
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Figure 4. Chemical structures of MSPC (1-stearoyl-2-hydroxy-sn-glycero-3-phosphocholine), DSPE-
PEG2.000 (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000]), Brij 
78 and DPPG2 (1,2-dipalmitoyl-sn-glycero-3-phosphoglyceroglycerol).

DPPG2 temperature sensitive liposomes
Liposomes composed of DPPC, DSPC and 1,2-dipalmitoyl-sn-glycero-3-
phosphoglyceroglycerol (DPPG2) have been developed to improve the liposomal 
stability in blood and to increase the circulation half-life. DPPG2 is a synthetic 
phospholipid (Fig. 4) that is expected to prolong the circulation time since this 
phospholipid has a hydrophilic glycerol chain, which extends from the liposomes 
and therefore likely forms a steric barrier around the liposomes, comparable to PEG 
[56]. DPPG2 could be incorporated into liposomes to a significantly higher extent 
(70%) compared to DSPE-PEG2.000 since DPPG2 is not able to form micelles at 
high concentrations [56,57]. The circulation time (t1/2) of DPPG2-TSL was prolonged 
to 9.6 hours in hamsters and 5.0 hours in rats [56] compared to less than 1 hour for 
LTSL in rats and mice [51,58]. DOX was quantitatively released from DPPG2-TSL 
at 42 °C and showed an improved stability in serum at 37 °C compared to LTSL 
with only 11% DOX release in 3 hours at 37 °C [59-61]. The size of liposomes can 
influence the release kinetics since the membrane curvature increases for smaller 
liposomes, resulting in a looser packaging of the phospholipids which, increases the 
membrane permeability. The release kinetics of DPPG2-TSL were less affected by the 
size of the liposomes compared to LTSL [62]. Hexadecylphosphocholine (HePC) was 
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incorporated into DPPG2-TSL since HePC is structurally related to MSPC (lysolipid 
in LTSL) and therefore its presence increased the release rate of DPPG2-TSL to > 80% 
release within 10 seconds in serum [63].
A pharmacokinetic study in rats revealed that the half-life of gemcitabine was extended 
from 0.07 hour to 2.59 hours by encapsulation into DPPG2-TSL. The tumor growth of 
a BN175 tumor in the hind leg of a Brown Norway rat was significantly suppressed 
by DPPG2-TSL in combination with mild hyperthermia compared to gemcitabine in 
combination with mild hyperthermia or DPPG2-TSL without mild hyperthermia [64].

LCST-polymer coated liposomes
Another technology to prepare temperature sensitive liposomes involves the 
modification of the liposomal surface with polymers displaying lower critical solution 
temperature (LCST) behavior. These polymers are water-soluble below the cloud point 
(CP) of the polymer, while above the CP, hydrogen bonds between water molecules 
and hydrogen bond forming groups of the polymer (e.g. amide bond) become weaker 
resulting in less hydrated polymer chains. Consequently, the polymers undergo 
a coil to globule transition, causing polymer precipitation. LCST polymers can be 
incorporated into liposomes by coupling the polymer to a hydrophobic moiety that 
solubilizes in the liposomal bilayer [65,66].

Poly(NIPAM) modified liposomes
Poly(N-isopropylacrylamide) (Poly(NIPAM)) is a temperature sensitive polymer 
with a CP of 32 °C and NIPAM based polymers have often been used as carriers for 
drug delivery [67-69]. NIPAM can be copolymerized with hydrophobic monomers 
which serve as an anchor for incorporation into liposomes. A copolymer of NIPAM 
and 1% octadecyl acrylate (ODA) was synthesized via free radical polymerization 
(poly(NIPAM-co-ODA)). Poly(NIPAM-co-ODA) had a CP of 27 °C, which is 
slightly lower than the CP of solely NIPAM due to the hydrophobic nature of the 
anchor units. A temperature triggered release of calcein or carboxyfluorescein 
(fluorescence markers) was observed when these polymers were coated onto DPPC 
or egg phosphocholine (EPC) liposomes even though this release was incomplete 
(< 70% after 5 minutes at 40 °C) [70]. An enhanced and complete calcein and DOX 
release was observed from 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) 
liposomes coated with poly(NIPAM-co-ODA) [71,72]. DOPE itself does not self-
assemble into liposomes but forms a nonbilayer structure (hexagonal HII) [73,74]. 
However, liposomes containing DOPE can be prepared by stabilization with hydrated 
poly(NIPAM-co-ODA). Above the CP, the polymer becomes dehydrated and loses its 
stabilizing properties and thereby induces drug release by liposome aggregation and 
fusion [75].
The liposomes described above demonstrated that poly(NIPAM) is indeed able to 
trigger drug release from liposomes at increased temperatures but these liposomes 
are clinically not suitable due to the low release temperature (under physiological 
temperature). Therefore, NIPAM was copolymerized with N,N-didodecylacrylamide 
(NDDAM, anchor) and various amounts of the hydrophilic acrylamide (AAM) 
monomer. The CP of poly(NIPAM) increased from 28 to 34, 40 and 46 °C when 
copolymerized with 10% AAM, 20% AAM and 30% AAM, respectively. DOPE:EPC 
liposomes coated with poly(NIPAM-co-NDDAM-co-AAM) showed only a minimal 
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content release below the CP while an enhanced release was observed at temperatures 
above the polymer’s CP. Liposomes coated with a polymer having a higher ratio of 
AAM and therefore a higher CP, had a higher release temperature, demonstrating that 
by adjusting the CP of the polymer the release could be tuned [76,77].
In another study, the influence of the position of the lipid anchor on the release kinetics 
was investigated. Copolymers with lipid anchors randomly distributed over the polymer 
chains were prepared by free radical polymerization of NIPAM, acryloylpyrrolidine 
(APr) and N,N-didodecylacrylamide (NDDAM lipid anchor) (poly(NIPAM-co-APr-
co-NDDAM). Copolymers with a terminal anchor were obtained by free radical 
polymerization of NIPAM and APr and subsequent conjugation to N,N-didodecyl 
succinamic acid (2C12) to obtain 2C12-poly(NIPAM-co-APr). Liposomes modified 
with a terminal anchor polymer (2C12-poly(NIPAM-co-APr)) released the content 
more rapidly upon a small temperature change compared to liposomes coated with 
copolymers having random anchor units (poly(NIPAM-co-APr-co-NDDAM)). The 
polymer mobility might be more restricted when the lipid anchors are randomly 
distributed over the polymer chains compared to polymers with a terminal anchor. 
Therefore, terminal anchor polymers dehydrate more efficiently, inducing a more 
rapid content release [78].
Free radical polymerization is a polymerization method, which has limited control 
over the molecular weight and results in polymers with a relatively high polydispersity. 
Therefore, poly(NIPAM-co-propylacrylic acid) was synthesized by reversible 
addition-fragmentation chain transfer (RAFT) and yielded polymers with a Mn of 30 
kDa, a CP of 42 °C (at pH 6.5) and a PDI of only 1.2. Liposomes modified with this 
polymer released 100% DOX at 42 °C within 5 minutes with a minimum release at 37 
°C (<10% after 1 hour incubation). The release at 42 °C was faster from poly(NIPAM-
co-propylacrylic acid) coated liposomes compared to TTSL. Unfortunately, the release 
kinetics from polymer coated liposomes from which the polymers were polymerized 
via free radical polymerization or RAFT were not compared [79].

Poly(EOEOVE) grafted liposomes
Besides RAFT, living cationic polymerization also provides a high level of control 
over the molecular weight of the synthesized polymers and generates polymers with 
a low polydispersity. Using this method, block-copolymers of (2-ethoxy)ethoxyethyl 
vinyl ether (EOEOVE, temperature sensitive component) and octadecyl vinyl ether 
(ODVE, anchor) were synthesized with various chain lengths. Polymers with a higher 
molecular weight showed a more enhanced release at a narrow temperature range near 
the CP than polymers with a lower molecular weight [80]. Presumably, a polymer 
with a longer chain length forms a larger dehydrated block above the CP, inducing 
a stronger interaction with the membrane and therefore induces a more enhanced 
release. Poly(EOEOVE-b-ODVE) with a CP of 40.5 °C released 90% DOX at 45 
°C within 1 minute but was rather unstable at 37 °C (30% release in 30 minutes). 
The stability at 37 °C was improved by PEGylation (<10% DOX release in 30 
minutes) while enhancing the release rate above the CP even further. So, PEGylation 
reduced the release below the CP of the polymer while PEGylation accelerated the 
release above the CP of the polymer. According to the authors, the partly dehydrated 
poly(EOEOVE-b-ODVE) might interact with PEG on the surface of the liposomes, 
weakening the interaction between EOEOVE and the liposomes. Furthermore, 
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PEGylation of the poly(EOEOVE-b-ODVE) modified liposomes increased the 
circulation time in mice while reducing the uptake by macrophages of the liver. The 
tumor growth was strongly suppressed after injection of these DOX loaded liposomes 
in combination with hyperthermia treatment while the tumor suppressive effect was 
less pronounced when only liposomes were administered without hyperthermia 
treatment [81]. The accumulation of these liposomes in the tumor could be monitored 
when gadolinium chelates were coated to the PEGylated liposomes [82]. Furthermore, 
Fe3O4 nanoparticles could be incorporated into the lipid bilayer of poly(EOEOVE-b-
ODVE) modified liposomes via hydrophobic interactions. An alternating magnetic 
field was used to heat the Fe3O4 nanoparticles and induce the release of a fluorescent 
marker [83].

Elastin like peptide (ELP) coated liposomes
Fatty acid conjugated elastin like polypeptides (ELP) show LCST behavior and can be 
coated onto DOX loaded liposomes (ELP-liposomes). ELP-liposomes released
> 95% of the content in 10 seconds at 42 °C while less than 20% was released within 
30 minutes at 37 °C in serum. ELP-liposomes had a plasma half-life of 2.03 hour 
compared to a half-life of 0.92 hour for LTSL. A significant delay in tumor growth was 
achieved by ELP-liposomes in combination with high intensity focused ultrasound 
compared to LTSL after one intravenous injection [84]. A 7 fold increase in cellular 
uptake of αvβ3 overexpressing cells was observed when ELP-liposomes were coupled 
to a cRGD binding moiety, which resulted in a 5 times higher tumor accumulation 
compared to ELP-liposomes in mice. This implies that tumors can be targeted through 
the interaction between cRGD grafted onto liposomes and αvβ3 integrin receptors on 
tumor-associated endothelial cells or tumors [85].

Image guided drug delivery using temperature sensitive liposomes
Magnetic Resonance Imaging (MRI) is a medical imaging technique and has a wide 
range of applications in medical diagnosis, staging of disease and follow-up. Most MR 
images represent the relative response of hydrogen nuclei to absorbed radio frequency 
energy. However, the image contrast is not only a function of the hydrogen nuclei 
distribution, but it is also influenced by other physical factors including differences in 
the ability to re-emit the absorbed radio frequency signal (i.e. relaxation).
MRI contrast agents change these relaxation processes of hydrogen nuclei inside 
tissue and thereby change the inherent contrast of tissues on MR images. For MRI, the 
contrast agents used are generally based on either iron-oxide nanoparticles, providing 
negative contrast on T2

*-weighted images, or gadolinium (Gd) complexes, providing 
positive contrast on T1-weighted images.
Incorporation of Gd complexes in the hydrophilic core of TSL causes a decrease of T1 
relaxivity due to the shielding of the Gd complexes from the surrounding water by the 
liposomal membrane. However, when the liposomal membrane of TSL becomes more 
permeable to water molecules at the Tm of the lipid bilayer, the T1 relaxivity increases 
markedly due to the more efficient water exchange between liposome interior and 
exterior (bulk water) and can be observed as a signal increase on T1-weighted images.
Manganese as well as gadolinium have been used as MRI contrast agents in TSL 
to measure the content release [49,53,60,86,87]. DOX can be loaded into TSL via a 
manganese gradient whereby stable DOX-manganese complexes are formed. Both 
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DOX and manganese are released simultaneously upon mild hyperthermia and 
therefore the release of manganese can be used to trace DOX release [88-91]. Gd 
complexes have also been used as tracers for drug release after co-encapsulation with 
the drug in TSL [50,58,92].

Drug eluting beads
An attractive alternative method for localized drug delivery of chemotherapeutics is 
via transarterial chemoembolization (TACE). During the TACE procedure, a catheter 
is positioned in the arterial supply of a tumor via which a chemotherapeutic drug is 
administered followed by embolic particles [93,94]. These embolic particles block the 
feeding vessels of the tumor and restrict nutrient and oxygen supply to the tumor cells. 
In addition, the blockage of the blood vessels by the embolic particles reduces the 
washout of the chemotherapeutic drug, which results in higher drug concentrations in 
the tumor area (i.e. increased efficacy) and reduced systemic exposure (i.e. less side 
effects) [94,95].
Recently, drug eluting beads (DEBs) that consist of embolic particles with sizes 
ranging from 70-150 µm to 500-700 µm, loaded with a chemotherapeutic drug, have 
been developed for TACE procedure. An attractive feature of these DEBs is that they 
can deliver the embolic particles and the chemotherapeutic drugs simultaneously 
[94,96,97]. One of the clinically used DEB formulations is based on crosslinked 
polyvinyl alcohol (PVA) modified with sulfonic acid groups to obtain negatively 
charged microspheres (DC beads®). A high drug concentration of positively charged 
cytostatics such as DOX and irinotecan can be achieved in these PVA DEBs via an 
ion exchange mechanism [97-99]. Clinical trials have shown that embolization with 
DEBs leads to a significant reduction in peak plasma concentrations and area under 
the curve of DOX [100,101] while increasing the antitumor efficacy compared to 
conventional TACE [102,103].
A drawback of these clinically used DEBs is, however, that they lack the ability 
to be visualized both during and after administration. Therefore, it is not possible 
to monitor the microsphere distribution in the tumor tissue, which is likely very 
important to predict the treatment efficacy. Furthermore, in preclinical and clinical 
studies it was shown that the beads that are currently used for chemoembolization 
display a sustained release profile leading to low drug concentrations in the tumor 
over long periods of time (weeks) [99,104,105]. In contrast, a triggered drug release 
is expected to result in higher drug concentrations in the tumor with a subsequently 
higher tumor regression (section 4-5).

Aim of this thesis
The research described in this thesis was performed as part of the HIFU-CHEM 
project (project of CTMM) that investigated new treatment options for liver and 
bone malignancies using MRI guided High Intensity Focused Ultrasound (HIFU) in 
combination with ThermoDox® (LTSL under development by the American company 
Celsion [106]). MRI guided HIFU in combination with ThermoDox® is a promising 
method providing a non-invasive option for the treatment of solid tumors [107].
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Of the above described liposomes, the LTSL is the only formulation currently under 
clinical investigation. However, a limitation of this liposomal formulation is that it 
releases > 20% of DOX at 37 °C within 15 minutes in serum and likely also in blood, 
therefore limiting the amount of DOX delivered to the tumor tissue while exposing 
healthy tissue to DOX. Liposomes coated with copolymers of poly(NIPAM) are the 
most intensively studied LCST-polymer coated liposomes so far. Although much 
progress has been made in the recent years, the release profiles of these liposomes 
are not optimal and moreover, these polymers are not biodegradable. Therefore, there 
is a need for other temperature triggered drug delivery systems with more favorable 
release and biodegradation characteristics.  

The research described in this thesis that in turn was part of a CTMM program, 
aims to develop new biodegradable temperature-sensitive drug delivery carriers that 
release their content fast at mild hyperthermia to achieve high drug concentrations in 
the tumor. Preferably, no leakage at 37 °C occurs since premature release of the drug 
before arrival at the tumor site limits the amount of drug delivered to the tumor tissue 
and induces exposure of healthy tissue to the drug. Therefore, this thesis focusses on 
the development of new thermosensitive liposomes for temperature triggered DOX 
release. Additionally, this thesis describes the development of alginate microspheres 
that combine embolization with on-demand triggered drug release and whereby the 
microspheres as well as the drug releasing process can be visualized using MRI.

In Chapter 2, the development of liposomes grafted with the temperature sensitive 
chol-pHPMAlac is described. The influence of the polymers molecular weight, 
copolymer composition and grafting density on the release characteristics was 
investigated. Multiple in vitro assays (cellular uptake and toxicity assays) were 
performed in Chapter 3 to get insight into the interaction between chol-pHPMAlac 
grafted liposomes with blood cells and other cells with which the liposomes likely 
come in contact after intravenous administration. Chapter 4 attempts to optimize 
the release kinetics of chol-pHPMAlac grafted liposomes by preventing liposome 
aggregation via PEGylation while maintaining the temperature sensitive release 
kinetics.
In Chapter 5, alginate microspheres loaded with temperature sensitive liposomes 
(TSL) were developed, which release their payload after mild hyperthermia. These TSL 
contained [Gd(HPDO3A)(H2O)], a T1 MRI contrast agent, for real time monitoring 
of the release while the alginate microspheres were crosslinked with barium ions 
and holmium ions (T2

* MRI contrast agent) to allow microsphere visualization. 
Subsequently, a formulation containing DOX and [Gd(HPDO3A)(H2O)] in TSL was 
developed, which was loaded in alginate microspheres crosslinked with barium ions 
and mixed with empty microspheres crosslinked with holmium ions. The feasibility 
of MRI visualization of the [Gd(HPDO3A)(H2O)] release and holmium crosslinked 
microspheres was evaluated in vivo in Chapter 6.
Chapter 7 summarizes this thesis and discusses the described findings and conclusions.
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Abtract

The objective of this study was to design temperature sensitive liposomes with tunable 
release characteristics that release their content at elevated temperature generated 
by high intensity focused ultrasound (HIFU) exposure. To this end, thermosensitive 
polymers of N-(2-hydroxypropyl)methacrylamide mono/dilactate of different 
molecular weights and composition with a cholesterol anchor (chol-pHPMAlac) 
were synthesized and grafted onto liposomes loaded with doxorubicin (DOX). The 
liposomes were incubated at different temperatures and their release kinetics were 
studied. A good correlation between the release-onset temperature of the liposomes 
and the cloud point (CP) of chol-pHPMAlac was found. However, release took place 
at significantly higher temperatures than the CP of chol-pHPMAlac, likely at the CP 
the dehydration and thus hydrophobicity is insufficient to penetrate and permeabilize 
the liposomal membrane. Liposomes grafted with chol-pHPMAlac with a CP of 11.5 
°C released 89% DOX within 5 minutes at 42 °C while for the liposomes grafted with 
a polymer with CP of 25.0 °C, a temperature of 52 °C was needed to obtain the same 
extent of DOX release. At a fixed copolymer composition, an increase in molecular 
weight from 6.5 to 14.5 kDa decreased the temperature at which DOX was released 
with a release-onset temperature from 52 to 42 °C. Liposomes grafted with 5% chol-
pHPMAlac exhibited a rapid release to a temperature increase while at a grafting 
density of 2 and 10%, the liposomes were less sensitive to an increase in temperature. 
Sequential release of DOX was obtained by mixing liposomes grafted with chol-
pHPMAlac having different CP’s. Chol-pHPMAlac grafted liposomes released DOX 
nearly quantitatively after pulsed wave HIFU.
In conclusion, the release of DOX from liposomes grafted with thermosensitive 
polymers of N-(2-hydroxypropyl)methacrylamide mono/dilactate can be tuned by the 
characteristics and the grafting density of chol-pHPMAlac, making these liposomes 
attractive for local drug delivery using hyperthermia.
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Introduction

Nanosized drug delivery systems are developed to improve the therapeutic efficacy 
and/or to reduce unwanted side effects of existing drugs as well as drug candidates. 
These delivery systems accumulate in the tumor after intravenous injection via the 
enhanced permeability and retention (EPR) effect [1-3]. Liposomes are the most 
intensively studied drug delivery systems [4-7] and a number of studies showed that 
encapsulation of doxorubicin (DOX) in liposomes resulted in an increased therapeutic 
index particularly due to significantly reduced cardio toxicity and other unwanted side 
effects [8,9]. Triggerable liposomal drug release systems have great opportunities to 
increase and control the drug concentrations in the tumor. Examples of triggers are 
pH [10,11], light [12,13] and ultrasound [14,15] but so far heat is the most intensively 
studied trigger for drug release [16,17]. Hyperthermia is known to increase the blood 
flow and permeability of blood vessels, resulting in a more extensive liposome 
extravasation at the target site and thus higher drug concentrations at the site of action 
[18-21]. High intensity focused ultrasound (HIFU) is an attractive modality to locally 
increase the temperature in e.g. a tumor, because the ultrasound field penetrates 
deeply into tissue (~10 cm) and can be focused in a small spot (~1 mm). It has been 
shown that temperature sensitive liposomes release their content upon exposure to 
HIFU in vitro as well as in vivo [22-25], due to enhanced permeability of the lipid 
bilayer when phospholipids pass their gel-to-liquid phase transition temperature 
(Tm) [26,27]. Particularly, the incorporation of a lysolipid in the bilayer of liposomes 
improved the temperature sensitive release significantly [28-30]. Lysolipids form 
pores in the lipid bilayer when crossing the Tm of the lipid bilayer [31-33] resulting 
in a complete DOX release within seconds at 42 °C [34]. A drawback of this system 
is however the high leakage at 37 °C in the circulation (20% release in 15 minutes 
at 37 °C) [34,35], which is associated with a high risk of toxicity towards healthy 
tissue. Another temperature sensitive liposome with 1,2-dipalmitoyl-sn-glycero-3-
phosphoglyceroglycerol (DPPGOG) [36-38] had a better stability in the circulation 
while remaining temperature sensitive. Liposomes containing Brij 78 showed even 
faster release kinetics compared to the liposomes containing lysolipids [39-41].
An alternative approach to render liposomes temperature sensitive is by grafting 
thermosensitive polymers on their surfaces [42-45]. These polymers display lower 
critical solution temperature (LCST) behavior meaning that they are soluble in an 
aqueous solution at a low temperature but dehydrate and aggregate when the polymers 
are heated above the cloud point (CP). When these temperature sensitive polymers 
are grafted on the liposome surface and become dehydrated above their CP, they 
will interact with the lipid bilayer possibly inducing aggregation and destabilization, 
resulting in release of an entrapped compound (Fig. 1). Poly(N-isopropylacrylamide) 
(pNIPAM) displays LCST behavior around 32 °C [46] and the CP of this polymer 
can be modulated by copolymerization with other monomers [44]. PNIPAM and its 
copolymers have been grafted onto liposomes which were used to trigger release of 
entrapped DOX [43,44,47]. Also, poly(2-(2-ethoxy)ethoxyethyl vinyl ether) grafted 
onto the surface of liposomes induced temperature triggered DOX release [45,48,49].
The liposomes described so far have a fixed release temperature due to the composition 
of the lipids and the properties of the polymer. In this study, we develop temperature 
sensitive liposomes of which the release temperature is tunable.
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N-(2-hydroxypropyl)methacrylamide mono/dilactate polymers are used for the design 
of drug delivery systems e.g. micelles and hydrogels [50-53]. It was previously 
reported that grafting of these polymers on liposomes resulted in temperature triggered 
release of calcein [54].
Polymers of N-(2-hydroxypropyl)methacrylamide mono/dilactate were synthesized 
with a cholesterol anchor (chol-pHPMAlac), which facilitates incorporation in the 
liposomal bilayer [54]. In this study, temperature sensitive properties of the liposomes 
were tailored by varying the copolymer composition (resulting in variation of the CP), 
molecular weight and grafting density of chol-pHPMAlac. Finally, we showed that 
HIFU-induced temperature increase can be used to trigger DOX release from chol-
pHPMAlac grafted liposomes.

T > CP T >>> CP T < CP 

Fig. 1. Schematic representation of heat triggered DOX release from liposomes grafted with polymers 
displaying LCST behavior.
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Materials and methods

Materials
Thiocholesterol and N,N,-azobisisobutyronitrile (AIBN) were purchased from 
Sigma-Aldrich Chemie BV, Zwijndrecht, the Netherlands. 1,4-Dioxane was 
purchased from Biosolve Chemie, Valkenswaard, The Netherlands. 1,2-Dioleoyl-
sn-glycero-3-phosphoethanolamine (DOPE) and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG2.000) were 
purchased from Avanti  Polar Lipids, Alabaster, USA. Egg phosphocholine (EPC) 
was purchased from Lipoid GmbH, Ludwigshafen, Germany. Doxorubicin-HCl was 
purchased from Guanyu bio-technology Co., LTD, Xi’an, China.

Synthesis of HPMA mono/dilactate polymers with cholesterol anchor
2-Hydroxypropyl methacrylamide (HPMA), HPMAmono and dilactate were 
synthesized as described previously [55]. HPMA mono/dilactate polymers with a 
cholesterol anchor (chol-pHPMAlac) were synthesized according to a previously 
reported method [54]. In brief, HPMA mono/dilactate was dissolved in distilled 
1,4-dioxane at a concentration of 100 mg/mL with monomer ratios varying from 
35:65 to 80:20 (HPMA mono/HPMA dilactate, mol/mol). N,N-Azobisisobutyronitrile 
(AIBN) was used as initiator at a ratio of 500:1 (monomer/AIBN, mol/mol). The 
molar ratio of thiocholesterol (chain transfer agent) was varied from 20:1 to 125:1 
(monomer/chain transfer agent). Three nitrogen/vacuum cycles were applied to 
remove oxygen and the polymerization reaction was performed for 24 hours at 70 °C. 
Polymers were precipitated in diethyl ether and the supernatant was discarded after 
centrifugation. The polymers were stored in the freezer until further use.

Polymer characterization
The copolymer composition of chol-pHPMAlac was determined by 1H NMR (Gemini 
300 MHz spectrometer) in (CD3)2SO. The ratio of HPMAmonolactate/HPMAdilactate 
(ML/DL) was determined from the integral of the peak at 5.0 ppm (CO-CH(CH3)-O) 
divided by the integral of the peaks at 4.1 and 4.2 ppm (CO-CH(CH3)-OH).
The cloud point (CP) of chol-pHPMAlac was determined by light scattering at 650 
nm. Chol-pHPMAlac was dissolved at 5 mg/mL in 120 mM ammonium acetate (pH 
5.0). Samples were heated from 0 till 70 °C with a rate of 1 °C /min. The CP was taken 
as the onset of increasing scattering intensity [55,56].
The number average molecular weight (Mn), weight average molecular weight (Mw) 
and thus the dispersity (Ð) were measured with GPC using a Plgel 5 µm MIXED-D 
column and PEGs with narrow molecular weights as standards. DMF containing 10 
mM LiCl was used as eluent at an elution rate of 0.7 mL/min. The column temperature 
was 40 °C [56].

Liposome preparation
Two different liposomal formulations were prepared: temperature sensitive-polymer 
coated liposomes composed of DOPE, EPC and chol-pHPMAlac (in molar ratios 
of 70:25:2-10) and a control formulation, which consisted of DOPE, EPC and 
DSPE-PEG2.000 (molar ratio of 70:25:5). The phospholipids and chol-pHPMAlac 
were dissolved in 5 mL chloroform (12 µmol phospholipid/mL). A lipid film was 
formed after evaporation of chloroform under reduced pressure and the remaining 
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traces of chloroform were removed overnight under a nitrogen flow. The lipid film 
was subsequently hydrated in 4 mL 240 mM ammonium sulfate buffer (pH 5.4) at a 
concentration of 15 μmol phospholipid/mL. The liposomal dispersion was extruded 
through two 200 nm filters (2 times) and two 100 nm filters (8 times). The extruded 
liposomes were dialyzed against 20 mM HEPES buffer pH 7.4 also containing 8 g 
NaCl/L and 292 mg EDTA/L. The liposomes were loaded with 1 mL (5 mg/mL) 
doxorubicin (DOX) for 4 hours at 4 °C [57,58]. Free DOX and free chol-pHPMAlac 
were removed by ultracentrifugation (125.000 g for 45 minutes at 4 °C) of the 
liposome dispersion. The liposomes were resuspended in 2 mL 20 mM HEPES buffer 
pH 7.4 (2.5 mg/mL DOX) and stored at 4 °C.

Liposome characterization
The DOX concentration was determined after disruption of the liposomes with 
Triton X-100 [17] using fluorescence measurements (excitation wavelength 485 nm, 
emission wavelength 600 nm). The concentration of phospholipids in the liposomal 
dispersion was measured using the phosphate assay of Rouser [59]. The size of the 
liposomes and the polydispersity index were measured with dynamic light scattering 
(DLS) (Malvern CGS-3 multiangle goniometer). This technique was also used to 
determine the aggregation temperature of the liposomes. Samples were heated from 
5 to 50 °C with a rate of 1 °C/min and measurements were performed every minute.
The grafting density of chol-pHPMAlac on liposomes was determined by 1H NMR. 
The free chol-pHPMAlac was separated from the liposomes by ultracentrifugation 
at 125.000 g for 45 minutes at 4 °C. Liposomes were freeze-dried and dissolved in 
CDCl3 [60]. The amount of liposome associated chol-pHPMAlac was calculated by 
comparing the phospholipid peaks (5.2 and 5.3 ppm) with the chol-pHPMAlac peak 
(5.0 ppm, (CO-CH(CH3)-O)) before and after ultracentrifugation.
The release of DOX was measured by the change in fluorescence intensity in time 
(excitation wavelength 468 nm, emission wavelength 558 nm). DOX-loaded liposomes 
(1 µL) were added to preheated 20 mM HEPES buffer at pH 7.4 (2 mL) of 25, 37, 
42, 47, 52 and 57 °C and the fluorescence intensity was measured in time. Triton 
X-100 (10%, 20 µL) was added at the end of the experiment to destroy remaining 
liposomes to determine the total amount of DOX present. The percentage DOX 
release was calculated using the following equation: (It-I0)/(ITX-I0) x 100 in which It is 
the fluorescence intensity at time t, I0 the intensity at the start of the experiment and 
ITX the fluorescence intensity after addition of Triton X-100.

High intensity focused ultrasound (HIFU) triggered release
Liposomes were exposed to pulsed wave HIFU (PW-HIFU) using a home-built HIFU 
system equipped with a single element transducer with an external radius aperture of 
120 mm and a focal length of 80 mm. An AG 1006 amplifier/generator generated a 
sinusoidal signal of 1.4 MHz. The liposome dispersion (1 mL, in an Eppendorf tube) 
was placed in the sample holder which was located in the focal point of the transducer. 
The HIFU transducer plus sample holder were submerged in degassed water at 35 °C. 
Liposomes were exposed to PW-HIFU (PRF = 1 kHz, DC = 20%) during 2, 5, 10, 15 
and 30 minutes with an acoustic power of 20 W. These ultrasound settings allowed 
for heating of the sample over longer duration with a maximum temperature of 53 °C. 
The temperature in the Eppendorf tube was measured after different exposure times in 
order to avoid interference of the thermometer in the ultrasound field.
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Results and discussion

Polymer synthesis and characterization
Poly(HPMAmono/HPMAdilactate)’s with a cholesterol anchor and of different 
compositions and molecular weights were synthesized via free radical polymerization 
using thiocholesterol as chain transfer agent (CTA) (Fig. 2).
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Fig. 2. Synthesis of poly(N-(2-hydroxypropyl)methacrylamide mono/dilactate with a cholesterol anchor 
(chol-pHPMAlac).

The characteristics of the synthesized polymers are summarized in table 1.

Monomer feed ratio
(monolactate:dilactate)

(mol/mol)

CTA:Monomer
(mol/mol)

Copolymer compositiona

(monolactate:dilactate)
(mol/mol)

Yield
(%)

Mn
b

(kDa)
Mw

b

(kDa)
CPc

(°C)

35:65 1:50 30:70 50 10.5 16.5 11.5

50:50 1:20 44:56 39 6.5 10.5 20.0

50:50 1:50 44:56 52 10.0 17.0 19.0

50:50 1:125 41:59 70 14.5 27.0 17.5

65:35 1:50 54:46 69 11.0 19.0 25.0

80:20 1:50 67:33 74 11.0 20.5 32.0

Table 1. Characteristics of chol-pHPMAlac

a Determined by 1H NMR
b Determined by GPC
c Determined by light scattering at 650 nm

The yield of different chol-pHPMAlac polymers varied between 40-75%. Four 
polymers with different compositions ranging from 35:65 to 80:20 (monolactate/
dilactate, (ML/DL)) were synthesized. The percentage of HPMAdilactate in the 
copolymers was slightly higher than in the feed, which is in line with previous 
studies of pHPMAlac polymers [56]. The Mn of the synthesized polymer could not be 
determined via the end group - polymer ratio since the methyl protons of cholesterol 
as well as pHPMAlac display a peak at 0.7 ppm in the 1H NMR spectrum (Fig. 3). 
The CPs of different chol-pHPMAlac polymers ranged from 11.5 °C for the polymer 
with the highest content of HPMAdilactate to 32.0 °C for the polymer with the lowest 
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HPMAdilactate content. This observation is in line with previous experiments and can 
be explained by the higher hydrophilicity of HPMAmonolactate over HPMAdilactate 
[56]. The CP of chol-pHPMAlac is lower than the CP of the same polymer without 
cholesterol anchor (19 and 34 °C respectively) likely due to the hydrophobic nature 
of cholesterol [54]. Chol-pHPMAlac synthesized with a fixed monomer/CTA ratio of 
50:1 and a varying monomer ratio had a Mn of 10 – 11 kDa with a dispersity (Ð) of 
1.6 – 1.7.

Fig. 3. 1H NMR spectrum of chol-pHPMAlac (50:50 ML/DL, CTA:monomer ratio 1:20) in (CD3)2SO. The 
copolymer composition was determined from the integral of the peak at 5.0 ppm (CO-CH(CH3)-O) divided 
by the integral of the peaks at 4.1 and 4.2 ppm (CO-CH(CH3)-OH). The cholesterol anchor displays a peak 
at 0.7 ppm.

Three polymers with different molecular weights and a fixed copolymer composition 
(50:50, monolactate/dilactate in the feed) were synthesized by varying the ratio 
between the monomers and CTA from 20:1 to 125:1. The molecular weight decreased 
with increasing amount CTA in the reaction mix from 14.5 to 6.5 kDa, in agreement 
with expectations [61-63]. Upon decreasing the Mn of the polymers, the signal of 
cholesterol at 0.7 ppm became more distinct in the 1H NMR spectrum. Chol-pHPMAlac 
with a molecular weight of 14.5 kDa had a slightly lower CP of 17.5 °C compared 
to the CP of chol-pHPMAlac with molecular weights of 6.5 and 10.0 kDa (20.0 and 
19.0 °C respectively) which can be ascribed to the slightly higher HPMAdilactate 
content of this polymer as well as its higher molecular weight compared to the smaller 
polymers since the CP decreases with an increase in molecular weight [64,65].

Liposome characterization
Liposomes grafted with chol-pHPMAlac and DSPE-PEG2.000 were prepared and 
loaded with DOX using an ammonium sulfate gradient. Non-coated liposomes 
(DOPE:EPC, 70:25) aggregated during preparation since they form a nonbilayer 
structure (hexagonal HII) [66,67] and were excluded from further experiments. The 
DOX encapsulation efficiency was > 95% for all formulations, which was also 
observed previously for the loading of DOX with a pH gradient [57,58]. The size of 
the liposomes varied between 100 and 150 nm with a PDI of ~ 0.1. NMR analysis 
showed that 50% of the added chol-pHPMAlac was grafted on the liposome surface, 
likely because not all the polymers have a cholesterol anchor [63].
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Temperature triggered release of doxorubicin
A formulation of DOPE and EPC stabilized with DSPE-PEG2.000, a non-temperature 
sensitive polymer, was prepared, and as expected, did not show detectable release of 
DOX at temperatures from 25 - 52 °C in 30 minutes.

Fig. 4. Temperature triggered release of DOX from DOPE:EPC (70:25) liposomes coated with 5% chol-
pHPMAlac having different CPs. (A) 11.5, (B) 19.0, (C) 25.0 and (D) 32.0 °C. The liposomes were 
dispersed in 20 mM HEPES pH 7.4.

Fig. 4 shows the DOX release profiles of liposomes grafted with chol-pHPMAlac 
with CPs ranging from 11.5 to 32.0 °C. The liposomes grafted with chol-pHPMAlac 
with a CP of 11.5 °C released 31 % of their DOX loading at 25 °C in 30 minutes, while 
complete release took place at 42 °C within 10 minutes (Fig. 4A).

Fig. 5. Mean diameter and polydispersity index (PDI) of DOPE:EPC (molar ratio 70:25) liposomes coated 
with 5% chol-pHPMAlac with a CP of 11.5 °C and a Mn of 10.5 kDa upon incubation from 5 to 50 °C with 
a heating rate of 1 °C/min.
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As can be seen in Fig. 5, liposomes grafted with chol-pHPMAlac (35:65, ML/DL) 
were stable till 25 °C as evidenced from a small particle size and low PDI. Above 
this temperature, the particle size and PDI increased significantly demonstrating 
that the particles aggregated. Chol-pHPMAlac dehydrates above the CP making the 
surface of the liposomes more hydrophobic, which in turn results in aggregation. The 
liposomes grafted with chol-pHPMAlac with a CP of 19.0 °C released less than 10% 
of the loading in 30 minutes at 37 °C, while complete release was observed in 10 
minutes at 47 °C. The liposomes grafted with chol-pHPMAlac with a CP of 25.0 °C 
released ~ 70% of the loading within 30 minutes at 47 °C while the formulation with 
a CP of 32.0 °C was stable at this temperature but released 70% in 30 minutes at 52 
°C (Fig. 4). Figure 6 summarizes the release of DOX from liposomes grafted with 
chol-pHPMAlac of different copolymer compositions after 5 minutes. The different 
formulations showed similar release profiles that only differ in onset temperature. The 
release-onset temperature followed the expected trend since an increase in CP resulted 
in an increase in release temperature. Remarkably, the release-onset temperature of 
the liposomes is about 20 °C higher than the CP of the polymer that is grafted on 
the surface. Apparently, the dehydration of the thermosensitive polymers is a gradual 
process, which starts at the CP. DOX present in the aqueous core of the liposomes 
is released approximately 20 °C above the CP, suggesting that the polymers will 
become sufficiently hydrophobic to penetrate into the lipid bilayer at this temperature. 
The gradual process of dehydration was shown previously for pHPMAlac polymers 
upon a temperature increase of hydrogels containing thermosensitive poly(N-(2-
hydroxypropyl) methacrylamide lactate) A-blocks and a hydrophilic poly(ethylene 
glycol) B-block [68].

Fig. 6. DOX release after 5 minutes incubation in 20 mM HEPES of pH 7.4 at different temperatures from 
DOPE:EPC (70:25) liposomes coated with chol-pHPMAlac with CPs of 11.5 to 32.0 °C.

Liposomes were grafted with chol-pHPMAlac of different molecular weights 
to examine the influence of polymer chain length on the release kinetics. Chol-
pHPMAlac (50:50 ML/DL) with a varying Mn of 6.5 to 14.5 kDa displayed a CP of 
20.0 to 17.5 °C respectively (Table 1). All formulations showed only a minor amount 
of DOX release at 37 °C (Fig. 7). This figure also shows that liposomes coated with 
chol-pHPMAlac with a Mn of 6.5 kDa released 10% of the loading at 47 °C for 5 
minutes, whereas at 52 °C this formulation released over 50% of its content in 5 
minutes. Grafting liposomes with chol-pHPMAlac with a Mn of 10.0 kDa resulted 
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in a formulation that showed only a minor release at 42 °C but it showed complete 
release at 52 °C within 5 minutes. Liposomes grafted with chol-pHPMAlac with a Mn 
of 14.5 kDa had the lowest release-onset temperature and showed quantitative release 
of DOX in 5 minutes at 47 °C. Although a slight difference in CP was observed for 
these polymers, it is unlikely that this small difference in CP (2.5 °C) can explain the 
significant difference in release-onset temperature of these liposomes (~10 °C). Hence, 
the results indicate that upon dehydration, longer polymer chains more effectively 
destabilize the lipid bilayer, leading to release at lower temperatures.

Fig. 7. DOX release from DOPE:EPC (70:25) liposomes coated with chol-pHPMAlac with Mn ranging 
from 6.5 - 14.5 kDa in 20 mM HEPES buffer pH 7.4.

Different amounts of chol-pHPMAlac with a fixed Mn of 10.0 kDa and a fixed 
copolymer composition (50:50, ML/DL, CP of polymer 19.0 °C) were grafted on the 
liposomal surface to evaluate the effect of polymer grafting density on the release 
kinetics at elevated temperatures. Liposomes with a grafting density of 2% showed 
already a moderate release at 25 °C and a substantial release of 33% in 5 minutes 
at 37 °C (Fig. 8). As mentioned DOPE:EPC liposomes without chol-pHPMAlac 
grafting were not stable and aggregated during preparation [66,67]. Likely this 
low polymer grafting density was not sufficient to stabilize the liposomes with this 
lipid composition. Liposomes grafted with 10% chol-pHPMAlac released 30% of 
the loading in 30 minutes at 37 °C and no steep increase in release was found upon 
increasing temperature (Fig. 8). Apparently, the grafting density of 10% is too high 
to obtain triggerable liposomes since no sharp increase in release was observed upon 
increasing the temperature. The most stable formulation at 37 °C (less than 10% 
release during 30 minutes incubation) with a fast release at 47 °C (> 90% during 10 
minutes incubation) were liposomes grafted with 5% chol-pHPMAlac (50:50, ML/
DL, 10.0 kDa).
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To obtain a sequential DOX release upon heating, a liposomal mixture was prepared 
containing equal amounts of liposomes grafted with chol-pHPMAlac(50:50, ML/DL) 
and liposomes grafted with chol-pHPMAlac(80:20, ML/DL) in a 1:1 ratio (Fig. 4). 
This mixture was incubated first at 37 °C for 30 minutes followed by incubation for 30 
minutes at 47 °C and finally for 30 minutes at 57 °C. Figure 9 shows that this mixture 
of liposomes released <10% in 30 minutes at 37 °C. After 30 minutes incubation at 
47 °C, approximately 50% of the DOX was released corresponding to the full content 
release of the liposome grafted with chol-pHPMAlac(50:50, ML/DL) (Fig. 4B). When 
the sample was subsequently heated to 57 °C the total content was released within 3 
minutes indicating that the liposomes grafted with chol-pHPMAlac(80:20, ML/DL) 
also released their content (Fig. 4D).

Fig. 8. DOX release from DOPE:EPC(70:25) liposomes with different grafting densities of chol-pHPMAlac 
(2, 5 and 10% in the feed ratio) in 20 mM HEPES pH 7.4.

Fig. 9. DOX release from a 1:1 mixture of DOPE:EPC:chol-pHPMA(50:50, ML/DL) (CP: 19.0 °C, Mn: 
10.0 kDa) with DOPE:EPC:chol-pHPMA(80:20, ML/DL) (CP: 32.0 °C, Mn: 11.0 kDa) in 20 mM HEPES 
pH 7.4. The release was measured for 30 minutes at 37 °C followed by incubation for 30 minutes at 47 and 
57 °C, respectively.
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To investigate the effect of a HIFU-induced temperature increase on the release of 
temperature sensitive liposomes, the above described DOX loaded liposomes grafted 
with 5% chol-pHPMAlac(50:50, ML/DL, 10 kDa) were exposed to pulsed wave-
HIFU (PW-HIFU) of 20 W and a duty cycle of 20%. This exposure resulted in a 
temperature increase from 35 °C to 51 °C within 2 minutes, with a final temperature 
of 53 °C reached after 4 minutes exposure, after which the temperature remained 
constant during the experimental time frame. Fig 10 shows the DOX release from this 
liposome formulation as a function of HIFU exposure (0-30 minutes at 20W). When 
liposomes were exposed to HIFU, a maximum release of 69% was obtained after 5 
minutes exposure and 83% release after 30 minutes. Since an increase in temperature 
to 53 °C was measured upon HIFU exposure, the DOX release of the liposomes can 
most likely be ascribed to the increase in temperature, although a mechanical effect 
cannot be excluded [22]. The liposomes that were not exposed to HIFU showed less 
than 20% release after 30 minutes incubation at 35 °C indicating that the DOX release 
is induced by the PW-HIFU and resulting heat exposure.

Fig. 10 DOX release from liposomes grafted with chol-pHPMAlac with a CP of 19.0 °C and a Mn of 10.0 
kDa after exposure to PW-HIFU with an acoustic power of 20 W and a duty cycle of 20%. Control samples 
were not exposed to HIFU.

Conclusion

Thermosensitive HPMAmono/dilactate polymers with a cholesterol anchor and of 
different composition and molecular weight were grafted on the surface of liposomes 
to tune the release of doxorubicin by a temperature trigger. A straightforward relation 
between the cloud point (CP) of the polymers and the release-onset was found. A 
lower CP of the thermosensitive polymers resulted in a formulation that released their 
content at lower temperatures. The release of entrapped doxorubicin can also be tuned 
by varying the molecular weight of chol-pHPMAlac’s and grafting density. The onset 
temperature of the release increased with decreasing molecular weight of the chol-
pHPMAlac. Chol-pHPMAlac with a CP of 19.0 °C and a Mn of 10.0 kDa had the most 
attractive release characteristics since this formulation was stable at body temperature 
but released its content nearly quantitatively within 10 minutes during hyperthermia 
(47 °C).
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Abstract

Background: Liposomes grafted with chol-pHPMAlac have been developed for tem-
perature-triggered release of doxorubicin (DOX) in solid tumors. These liposomes 
release DOX completely during mild hyperthermia.
Aim: Liposomes can interact with blood proteins and various types of cells (e.g. en-
dothelial cells, platelets and macrophages) after intravenous administration which can 
limit the deposition of the liposomes at the target site. Secondly, interaction of lipo-
somes with blood platelets might result in platelet activation resulting in the formation 
of thrombi, which can occlude blood vessels. Therefore, it is important to get insight 
into the interaction between chol-pHPMAlac-grafted liposomes with cells and in par-
ticularly blood cells that come in contact with the liposomes after intravenous admin-
istration. The aim of this research is therefore to investigate DOX release kinetics as 
a function of temperature and composition, stability, in vitro uptake and cytotoxicity 
for cancer cells and somatic cells, and platelet activating potential of the liposomes.
Methods: DOX release was determined spectrofluorometrically. Liposome stability 
was determined in buffer and serum by nanoparticle tracking analysis. Association 
with/uptake by and toxicity of empty liposomes for AML-12, HepG2 (hepatocytes), 
RAW 264.7 (macrophages), and HUVEC (endothelial) cells was assayed in vitro. 
Platelet activation was determined by analysis of P-selectin expression and fibrinogen 
binding.
Results: DOPE:EPC liposomes (diameter = 135 nm) grafted with 5% chol-pHPMAlac 
(cloud point (CP) = 16 °C; Mn = 8.5 kDa) released less than 10% DOX at 37 °C in 30 
minutes whereas complete release took place at 47 °C or higher in 10 minutes. The 
size of these liposomes remained stable in buffer and serum during 24 hours at 37 
°C. Fluorescently labeled chol-pHPMAlac-liposomes without DOX loading exhibited 
poor association with/uptake by the used cells, were not cytotoxic, and did not acti-
vate platelets in buffer as well as in whole blood.
Conclusions: Overall, these results suggest that chol-pHPMAlac-grafted liposomes 
are not expected to be rapidly cleared from the circulation and most likely do not 
produce thromboembolic complications after injection. Therefore these liposomes are 
good candidates for temperature triggered DOX delivery to tumor stroma.
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Introduction

Cancer is one of the most common causes of death in both economically developed 
countries and developing countries [1]. Worldwide, liver cancer is the fifth most fre-
quently diagnosed cancer in men and the second most frequent cause of cancer death 
[1]. Nowadays, surgical resection is the primary curative therapy for patients with 
liver cancer. Unfortunately, only 20-35% of the patients are eligible for partial re-
section or liver transplantation and the recurrence rate is high [2-4]. Additionally, 
systemic chemotherapy is mostly ineffective for these patients because only low drug 
concentrations are obtained in the tumor, while the treatment results in severe adverse 
events and patient morbidity [5].
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 accumulate in tumors after intravenous injection via the enhanced 
permeability and retention (EPR) effect [6-8]. Liposomes are well-known examples 
of nanosized drug delivery systems, which can encapsulate e.g. cytostatic drugs in 
high concentrations [9-12]. However, liposomes are designed to exhibit a high stabil-
ity in the circulation in order to prevent premature release of the drug before arrival 
at the tumor. Therefore, the release of these liposomes is slow and uncontrolled re-
sulting in a relatively low free drug concentration in the tumor and as a consequence, 
cytotoxic free drug concentrations are not always reached in the tumor [13,14]. In 
order to increase the drug concentration in the tumor, liposomes have been developed 
that are capable of releasing drugs in response to a specific stimulus at the target site. 
Particularly, temperature triggered liposomal drug release systems have shown great 
opportunities to modulate and increase tumor drug concentrations. Hyperthermia is 
known to increase the blood flow and permeability of blood vessels [15], resulting 
in a more extensive liposome extravasation at the target site and thus higher drug 
concentrations at the site of action [16,17]. Thereby, it has been reported that chemo-
therapeutic drugs have a synergetic interaction with hyperthermia, leading to a stron-
ger cytotoxic effect of the chemotherapeutic drug [13,18,19]. Temperature sensitive 
liposomes (TSL) have been shown to release their drug content rapidly at elevated 
temperatures [20-22]. Several studies have shown that rapid intravascular release of 
DOX from TSL leads to high intravascular drug concentrations, which subsequently 
enhances the drug penetration into the tumor tissue [13,20,23,24]. This approach led 
to a 20-30 times higher drug deposition in the tumor tissue compared to free drug 
administration and as a result improves antitumor efficacy [23,25]. 
Temperature sensitive N-(2-hydroxypropyl)methacrylamide mono/dilactate polymers 
show lower critical solution temperature (LCST) behavior meaning that they are sol-
uble in an aqueous solution at a low temperature but dehydrate and aggregate when 
the polymers are heated above their cloud point (CP). Polymers of N-(2-hydroxy-
propyl)methacrylamide mono/dilactate were synthesized with a cholesterol anchor 
(chol-pHPMAlac) to facilitate their incorporation into liposomes and these liposomes 
grafted with chol-pHPMAlac released DOX quantitatively after mild hyperthermia 
[26]. However, the release profile of TSL is not the only factor determining the suc-
cess of a formulation in a clinical setting. Liposomes can interact with blood proteins 
and various types of cells (e.g. endothelial cells, platelets and macrophages) after in-
travenous administration which can limit the deposition of the liposomes at the target 
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site. Secondly, interaction of liposomes with blood platelets might result in platelet 
activation resulting in the formation of thrombi, which can occlude blood vessels. 
Therefore, it is important to get insight into the interaction between chol-pHPMAlac-
grafted liposomes with cells and in particularly blood cells that come in contact with 
the liposomes after intravenous administration.
The aim of this study was therefore to investigate DOX release kinetics as a func-
tion of temperature and composition, stability, in vitro cell association/uptake and 
cytotoxicity for cancer cells and somatic cells, and platelet activating potential of the 
liposomes.
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Materials and methods

Materials
Thiocholesterol, N,N,-azobisisobutyronitrile (AIBN), Triton X-100 (TX-100),
formaldehyde, sodium dodecyl sulfate (SDS), Dulbecco’s modified eagle’s medium 
(high glucose), fetal bovine serum, and antibiotic antimycotic solution (100x) were 
purchased from Sigma-Aldrich (St. Louis, MO). 1,2-Dioleoyl-sn-glycero-3-phos-
phoethanolamine (DOPE), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 
3β-[N-(N’,N’-dimethylaminoethane)-carbimoyl]cholesterol (DC-cholesterol), and 
L-α-phosphatidylethanolamine-N-(lissamine rhodamine B sulfonyl) (Rho-PE) were 
purchased from Avanti Polar Lipids (Alabaster, AL). Egg phosphocholine (EPC) and 
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)] 
(DSPE-PEG, average polymer mass of 2,000 Da) were obtained from Lipoid (Lud-
wigshafen, Germany). Doxorubicin-HCl was obtained from Guanyu Bio-technology 
(Xi’an, China). EGM-2 kit + EBM medium and Human Umbilical Vein Endothelial 
cells (HUVECs) were purchased from Lonza (Basel, Switserland). RAW 264.7 and 
HepG2 cells were obtained from ATCC (Manassas, VA). AML-12 cells were a gift 
from R. Houtkooper (Academical medical center, Amsterdam). Lipofectamine 2000 
was purchased from Invitrogen/Life Technologies (Carlsbad, CA). APC-conjugated 
mouse anti-human CD42b antibodies (clone HIP1) and PE-conjugated mouse anti-hu-
man P-selectin antibodies (clone AK-4) were obtained from BD Biosciences (Frank-
lin Lakes, NJ). Polyclonal FITC-conjugated rabbit anti-human fibrinogen antibodies 
were purchased from Dako (Glostrup, Denmark). Thrombin receptor activator peptide 
6 (TRAP-6) was obtained from Bachem (Bubendorf, Switzerland). 1,4-Dioxane was 
purchased from Biosolve (Valkenswaard, the Netherlands). All other chemicals were 
of analytical grade. Cell culture flasks, 96 well plates, cell scrapers, tubes and pipettes 
were purchased from Greiner Bio-One (Alphen aan den Rijn, The Netherlands).

Synthesis of HPMA mono/dilactate polymers with cholesterol anchor
2-Hydroxypropyl methacrylamide (HPMA), HPMA monolactate and HPMA dilac-
tate were synthesized as described previously [27]. HPMA mono/dilactate polymers 
with a cholesterol anchor (chol-pHPMAlac) were synthesized according to a pre-
viously reported method [26,28]. Briefly, HPMA monolactate/dilactate (~8 mmol) 
were dissolved in distilled 1,4-dioxane at a concentration of 100 mg/mL and at 
monolactate:dilactate molar ratios of 50:50 or 100:0. The presence of dilactate in the 
polymer synthesized with HPMA monolactate only, can be explained by a dilactate 
contamination in the starting compounds, evidenced by 1H-NMR measurements. 
AIBN was used as initiator at a molar ratio of 500:1 (monomer/AIBN). The molar ra-
tio of thiocholesterol (chain transfer agent) and the HPMA monomers was 1:50. Three 
nitrogen/vacuum cycles were applied to remove oxygen and the polymerization reac-
tion was performed for 24 hours at 70 °C. The obtained polymers were precipitated 
in diethyl ether and the supernatant was discarded after centrifugation (3,000 x g, 15 
minutes at 4 °C). The polymers were dried overnight in a vacuum oven at 25 °C and 
stored at -20 °C until further use.

Polymer characterization
The copolymer composition of chol-pHPMAlac was determined by 1H-NMR
(Gemini 300 MHz spectrometer, Varian, Palo Alto, CA) in (CD3)2SO. The ratio of 
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HPMA monolactate/HPMA dilactate (ML/DL) was determined from the integral of 
the peak at 5.0 ppm (CO-CH(CH3)-O) divided by the integral of the peaks at 4.1 and 
4.2 ppm (CO-CH(CH3)-OH).
The cloud point (CP) of chol-pHPMAlac was determined by light scattering at 650 nm 
(model UV-2450, Shimadzu Scientific Instruments, Kyoto, Japan). Chol-pHPMAlac 
was dissolved at 5 mg/mL in 120 mM ammonium acetate buffer, pH = 5.0. Samples 
were heated from 0 − 70 °C at a rate of 1 °C /min. The CP was defined as the tempera-
ture at which an increase in light scattering occurred.
The number average molecular weight (Mn) and weight average molecular weight 
(Mw) of chol-pHPMAlac were measured using gel permeation chromatography (GPC) 
using a refractive index detector, a Plgel 5 µm MIXED-D column, and PEGs with nar-
row molecular weights as standards. DMF containing 10 mM LiCl was used as eluent 
at an elution rate of 1.0 mL/min. The column temperature was maintained at 65 °C.

Preparation of doxorubicin-loaded liposomes
Three different liposomal formulations were prepared: temperature-sensitive polymer-
coated liposomes composed of DOPE:EPC:chol-pHPMAlac(43-57) (70:25:5 molar 
ratio) and non-temperature sensitive formulations consisting of DOPE:EPC:chol-
pHPMAlac(82-18) and DOPE:EPC:DSPE-PEG2000 (70:25:5). The phospholipids 
and chol-pHPMAlac were dissolved in 5 mL chloroform (15 µmol phospholipid/mL). 
A lipid film was formed after evaporation of chloroform under reduced pressure and 
the remaining traces of chloroform were removed overnight under a nitrogen flow. 
The lipid film was subsequently hydrated with 5 mL of 240 mM ammonium sulfate 
buffer (pH = 5.4) to a concentration of 15 μmol phospholipid/mL. The liposomal 
dispersion was extruded 2x through two 200-nm filters (GE water & process tech-
nologies, Trevose, PA) and 8x through two 100-nm filters (LIPEX extruder, Northern 
Lipids Inc, Burnaby, Canada). The extruded liposomes were dialyzed against 20 mM 
HEPES buffer, pH = 7.4, containing 8 g NaCl/L. The liposomes (3 mL) were loaded 
with doxorubicin (DOX, 5mg/mL, 1.5 mL) for 4 hours at 4 °C to obtain
self-quenching DOX concentrations in the liposomes [26]. Free DOX and free chol-
pHPMAlac were removed by ultracentrifugation (125,000 x g for 45 minutes at 4 °C). 
The liposome-containing pellet was resuspended in 3 mL of 20 mM HEPES buffer,
pH = 7.4, and stored at 4 °C in the dark.

Preparation of fluorescent liposomes for cell association studies
Empty liposomes labeled with Rho-PE (DOPE:EPC:chol-pHPMAlac(43-57)/chol-
pHPMAlac(82-18)/DSPE-PEG2000:Rho-PE, 70:25:5:0.1) were prepared as de-
scribed in section 2.4 with some modifications. The lipid film was hydrated with 5 mL 
phosphate buffered saline (PBS), and after extrusion the unbound chol-pHPMAlac 
was removed by ultracentrifugation (125,000 x g for 45 minutes at 4 °C). The lipo-
somes were resuspended in 5 mL PBS and stored at 4 °C. Cationic liposomes con-
sisting of DPPC:DC-cholesterol:cholesterol:Rho-PE, 70:25:5:0.1 (referred to as DC-
cholesterol liposomes) were prepared as described by Broekgaarden et al [29] as a 
control formulation for the cellular association/uptake assays.

Liposome characterization
The size and the polydispersity index were measured with dynamic light scattering 
(DLS; CGS-3 multiangle goniometer, Malvern Instruments, Malvern, PA). Intensity 
correlation functions were measured using a wavelength of 632.8 nm, a scattering 
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angle of 90°, and unimodal analysis. The size of the liposomes was also determined 
by nanoparticle tracking analysis (NTA) using a NanoSight LM10SH with a 532-nm 
laser and an EMCDD camera (Malvern Instruments). Liposomes were incubated in 
PBS or fetal bovine serum (FBS) at 37 °C for 1 or 24 hours, after which the liposomes 
were diluted in PBS and measured for 60 seconds with a threshold of 4. The captured 
videos were analyzed with NTA 3.0 image analysis software (Malvern Instruments). 
The zeta potential (ζ potential) was determined in 20 mM HEPES buffer, pH = 7.4, by 
laser Doppler electrophoresis using a Zetasizer Nano-Z (Malvern Instruments).
The total DOX concentration was determined after solubilization of the liposomes 
with TX-100 (0.1% final concentration) [26] using fluorescence spectroscopy (λex 
= 485 nm ± 5 , λem = 600 ± 5 nm, FLUOstar Optima, BMG Labtech, Ortenberg, 
Germany). Concentrations were extrapolated from the linear fit function of the DOX 
standard curve.
The time-based release of DOX was measured by the change in fluorescence intensity 
in time (λex =  468 ± 5 nm, λem = 558 ± 5 nm, Fluorolog, Horiba Scientific, Edison, 
NJ). DOX-loaded liposomes (1 µL, 15 mM phospholipids) were added to 20 mM 
HEPES buffer (pH = 7.4, 1.6 mL) preheated to 37, 42, 47, 52 or 57 °C and the fluo-
rescence intensity was measured in time. TX-100 (10%, 16 µL) was added at the end 
of the experiment to solubilize the liposomes to determine the total amount of DOX 
present. The percentage DOX release was calculated using the following equation: 
(It − I0) / (ITX − I0)×100% in which It is the fluorescence intensity at time t, I0 the in-
tensity at the start of the experiment, and ITX the fluorescence intensity after addition 
of TX-100.

Cell lines and culture conditions
Human umbilical vein endothelial cells (HUVECs) were cultured in EGM 2 plus EBM 
medium. Murine RAW 264.7 macrophages were cultured in DMEM high glucose 
medium. Mouse AML-12 hepatocytes and human hepatocellular carcinoma HepG2 
cells were cultured in William’s E medium supplemented with 10% L-glutamine. The 
culture media were supplemented with 10% FBS, penicillin (100 IU/mL), streptomy-
cin (100 µg/mL), and amphotericin B (0.25 µg/mL, unless indicated otherwise). Cells 
were cultured at standard conditions (37 °C, 5% CO2, humidified atmosphere).

Cell association assays
For cell association studies, HUVECs, AML-12, HepG2, and RAW 264.7 cells were 
seeded in 96-wells plates at a density of 4.2×104 cells/well (90 µL, near confluence for 
HUVECs, HepG2, and RAW 264.7 cells, 60% confluence for AML-12 cells). After 4 
hours, the cells were incubated with 10 µL prediluted Rho-labeled liposomes (section 
2.5, 0-150 µM final phospholipid concentration which are clinically relevant) for 30 
minutes or 24 hours at standard culture conditions. Cells were washed 2x with PBS 
and lysed with 20% methanol and 0.1% SDS in PBS. The fluorescence intensity of 
Rho was measured at λex =  550 ± 5 nm, λem = 600 ± 5 nm (FLUOstar Optima, BMG 
Labtech, Ortenberg, Germany). Relative fluorescence intensities were plotted versus 
the concentration of the liposomes. Moreover, liposome uptake by/association with 
cells was visualized by fluorescence- and phase contrast microscopy (BZ-9000, Plan 
Fluor 20× objective, Keyence, Osaka, Japan). Cells were cultured and incubated with 
Rho-liposomes as described above, washed 2x with PBS after 30 minutes incubation, 
and imaged (Texas Red filter set, λex =  562 ± 20 nm, λem = 624 ± 20 nm).
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Cell viability assay
Cell viability was determined with the MTS assay (CellTiter 96, Promega, Madison, 
WI) following incubation with liposomes or lipofectamine (positive control).
HUVECs, AML-12, HepG2, and RAW 264.7 cells were seeded in 96-wells plates at a 
density of 2×104 cells/well (100 µL). After 24-hour incubation (confluence of ~70%), 
the medium was refreshed (90 µL/well) and 10 µL of the liposomal suspension or 
PBS (control) was added to a final phospholipid concentration ranging from 0 – 150 
µM. Cells were incubated with the liposomes for 24 hours. Hydrogen peroxide (H2O2, 
10 µL, 30%) was added to several control wells to induce cell death. Subsequently, the 
medium was refreshed and 20 µL of CellTiter 96 was added per well. The plates were 
incubated at standard conditions for 4 hours after which absorbance was measured at 
492 nm with a reference absorbance at 620 nm. The cell viability was calculated
using the following equation: (Isample – IH2O2) / (IPBS – IH2O2) × 100% in which Isample is the 
absorbance of the sample incubated with liposomes, IH2O2 the absorbance after adding 
hydrogen peroxide, and IPBS the absorbance of the cells incubated with PBS.

Liposome-induced platelet activation assays
Liposome-induced platelet activation was evaluated for isolated platelets and platelets 
in whole blood. Blood was withdrawn from healthy volunteers into citrate antico-
agulation tubes. Platelets were isolated according to a previously described method 
[30,31]. Blood was centrifuged at 160 x g for 15 minutes at room temperature (RT) to 
obtain platelet rich plasma (PRP). Acid citrate dextrose (2.5% w/v trisodium citrate, 
1.5% w/v citric acid, and 2% w/v D-glucose) was added to the PRP in a 1:10 ratio 
(v/v) to lower the pH to 6.5. PRP was centrifuged at 400 x g for 15 minutes at RT 
and the platelet pellet was resuspended in HEPES-buffered Tyrode’s solution (HT; 
145 mM NaCl, 5 mM KCL, 0.5 mM Na2HPO4, 1 mM MgSO4, 5.55 mM D-glucose, 
and 10 mM HEPES, pH = 6.5). Prostacyclin was added at a final concentration of 10 
ng/mL to inhibit platelet activation. The platelet suspension was centrifuged at 400 x 
g for 15 minutes at RT and the pellet was resuspended in HT buffer (pH = 7.3) to a 
concentration of 2×105 platelets/µL. The liposomes (150 µM final phospholipid con-
centration) were mixed with APC-anti-GP1B (25:1), FITC-anti-fibrinogen (25:1), and 
PE-anti-P-selectin (12.5:1). Thrombin receptor activator peptide 6 (TRAP-6, strong 
platelet activator [31]) was used as a positive control (208 µM final concentration). 
The mixtures were incubated at 37 °C for 30 minutes prior to use, after which 10 µL 
of isolated platelets or whole blood was added and incubated for 20 minutes at RT. 
The incubation was stopped by adding 700 µL fixation buffer (4% w/v formaldehyde 
and 137 mM NaCl in Milli-Q) to the samples. The fluorescence intensity of APC-anti-
GP1B, FITC-anti-fibrinogen, and PE-anti-P-selectin was measured by flow cytometry 
(FACS Canto II apparatus, BD Bioscience, Franklin Lakes, NJ). Ten thousand events 
were collected in the platelet gate and data (mean fluorescence intensity, MFI) were 
analyzed with BD FACSDiva software (BD Bioscience, Franklin Lakes, NJ).

Statistical analysis
Statistical analysis was performed with the software GraphPad 4. A two-way ANOVA 
was performed followed by a Bonferroni posttest for statistical analysis of the lipo-
some diameters after incubation in buffer and serum. A one-way ANOVA was per-
formed followed by a Tukey test for statistical analysis of the liposomal association 
with/uptake by various celltypes.
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Results and discussion

Polymer characterization
Chol-pHPMAlac(43-57) with a low CP (16 °C) was synthesized since we have shown 
previously that liposomes grafted with this polymer release their content at mild hy-
perthermia [26]. Chol-pHPMAlac(82-18) with a high CP (42 °C) was prepared as 
a control because liposomes grafted with this polymer are not expected to release 
their content at mild hyperthermia. The characteristics of the synthesized polymers 
are shown in Table 1.

Copolymer compositiona

(monolactate:dilactate)
(mol/mol)

Yield Mn
b

(kDa)
Mw

b

(kDa)
PDIb CPc

43:57 64% 8.5 12.5 1.5 16 °C

82:18 84% 9.0 14.0 1.6 42 °C

Table 1. Characteristics of chol-pHPMAlac

a Determined by 1H-NMR
b Determined by GPC
c Determined by light scattering at 650 nm

Liposome characterization and doxorubicin release characteristics
Liposomes were grafted with chol-pHPMAlac(43-57), chol-pHPMAlac(82-18), or 
DSPE-PEG2000 (non-temperature sensitive polymer) and the liposome characteris-
tics are shown in Table 2. The size of liposomes grafted with chol-pHPMAlac(82-18) 
and DSPE-PEG2000 remained unchanged at 37 °C when heated from 10 to 60 °C at 
a heating rate of 1 °C/min, as evidenced by the unaltered particle size and PDI. Lipo-
somes grafted with chol-pHPMAlac(43-57) aggregated at 37 °C as both size and the 
PDI increased ~ 5- and ~ 6-fold, respectively, at this temperature.
Chol-pHPMAlac(43-57) starts to dehydrate above its CP (16 °C), which renders the 
surface of the liposomes hydrophobic, that in turn results in aggregation.

Chol-pHPMAlac(43-57) Chol-pHPMAlac(82-18) DSPE-PEG2000

Size (PBS)a 135 ± 1 nm 136 ± 1 nm 135 ± 3 nm

PDI (PBS)a 0.06 ± 0.01 0.08 ± 0.03 0.09 ± 0.08

Size (PDI) at 37 °C (PBS)a 656 nm (0.61) 135 nm (0.09) 138 nm (0.08)

ζ potential
(20 mM HEPES, pH 7.4)b

-5 ± 4 mV -4 ± 2 mV -7 ± 1 mV

ζ potential
(20 mM HEPES, pH7.4 + 0.8% NaCl)b

-0.3 ± 1.0 mV 1 ± 2 mV -1 ± 2 mV

Table 2. Characteristics of DOPE:EPC liposomes (molar ratio 70:25) grafted with 5 mol% temperature 
sensitive or non-temperature sensitive polymer.

a Determined by DLS (at 37 °C measured during a heating run from 10 − 60 °C at a heating rate of   
  1 °C/min)
b Determined by laser Doppler electrophoresis
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Liposomes grafted with chol-pHPMAlac(43-57) released less than 10% of DOX du-
ring 30-minute incubation at 37 °C. Conversely, at 42 °C DOX released at a rate of 1% 
per minute, whereas complete DOX release occurred within 10 minutes at tempera-
tures of ≥ 47 °C (Figure 1A) showing that the release rate increased at higher tempera-
tures. In line with expectations, liposomes consisting of DOPE (Tm = -16 °C [32]) and 
EPC grafted with chol-pHPMAlac(82-18) or DSPE-PEG2000 did not release DOX 
during 30-minute incubation at 37 − 57 °C (Figure 1B and C).

Figure 1. Temperature-triggered release of DOX from DOPE:EPC (70:25) liposomes grafted with 5% 
chol-pHPMAlac(43-57) (A), chol-pHPMAlac(82-18) (B), or DSPE-PEG2000 (C). Release was measured 
in a buffer composed of 20 mM HEPES, 0.8% NaCl, pH = 7.4 since DOX-loaded liposomes were prepared 
in this physiologically compatible buffer.

Liposome stability in buffer and serum
The stability of the liposomal formulations was evaluated in PBS and FBS at 37 °C 
during 1- and 24-hour incubation (i.e., quasi-physiological conditions) using NTA 
(Figure 2). No significant change in size was observed for all the liposomal formu-
lations, demonstrating that the liposomes retained their integrity in a proteinaceous 
environment and did not aggregate. PEG is a hydrophilic polymer and forms a steric 
barrier around the liposomes that increases the colloidal stability of liposomes and 
reduces adsorption of proteins on their surface [33-36]. Chol-pHPMAlac is also hy-
drophilic at temperatures below the CP and is therefore expected to form a hydrophilic 
shell around the liposomes similar as PEG. Interestingly, chol-pHPMAlac(43-57) ag-
gregated at 37 °C (DLS measurements; Table 2), while the size of the liposomes 
remained unchanged after incubation at 37 °C in buffer and FBS when measured 
with NTA. The chol-pHPMAlac(43-57) becomes hydrophobic above the CP, which 
results in aggregation of the liposomes. These (weak) interaction forces are reversible 
and may be disturbed during agitation of the liposomes during sample preparation for 
NTA, causing the size of the liposomes to remain unchanged after incubation at 37 
°C. Since the sample preparation for DLS measurements is technically different, such 
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agitation effects do not arise during the DLS assays and the chol-pHPMAlac-grafted 
liposomes aggregate during the measurement. Furthermore, chol-pHPMAlac(43-57)-
grafted liposomes exhibited no release of DOX at 37 °C, suggesting that the lipo-
somes remained intact and therefore were not disrupted at this temperature.

Figure 2. Size of DOPE:EPC:Rho-PE liposomes (70:25:0.1) grafted with 5 mol% polymer after incubation 
at 37 °C in PBS or FBS for 1 or 24 hours. Size was determined by NTA. *p<0.05.

Association between liposomes and cells
A major challenge for tumor-targeted drug delivery systems after intravenous injec-
tion is avoiding the uptake by circulating and resident leukocytes and other non-
target cells such as endothelial cells that line the vasculature as well as parenchymal 
cells of detoxification organs such as the liver. The association between fluorescent-
ly labeled chol-pHPMAlac- and DSPE-PEG2000-grafted liposomes and cultured 
macrophages (RAW 264.7), HUVECs, and hepatocytes (AML-12) was therefore 
determined. Furthermore, human hepatocellular carcinoma (HepG2) cells were in-
cluded in the analysis since the liposomes were designed for the treatment of liver 
cancer. Cationic liposomes containing the cationic lipid DC-cholesterol (DPPC:DC-
cholesterol:cholesterol:Rho-PE, 70:25:5:0.1, Ø = 156 nm, PDI = 0.24, ζ potential = 67 
± 9 mV) were used as positive control. Liposomes were incubated with a maximum 
phospholipid concentration of 150 µM in these assays since this concentration is clini-
cally relevant [37-40]. When these liposomes are loaded with DOX (2.5 mg/ml) and 
diluted to a phospholipid concentration of 150 µM, the DOX concentration in these 
assays will exceed the Cmax of DOX after i.v. administration of Doxil [37-40].
Liposomes grafted with chol-pHPMAlac(43-57), chol-pHPMAlac(82-18), or DSPE-
PEG2000 did not associate with cells after 30-minutes incubation (Figure 3). The ab-
sence of liposome-cell interactions is most likely attributable to the polymers grafted 
on the surface of the liposomes, which form a hydrophilic shield around the liposomes 
below the CP of chol-pHPMAlac, and the composition, small size, and near-neutral 
zeta potential of the liposomes, which are important determinants of uptake [41]. Con-
trastingly, DC-cholesterol liposomes associated with all types of cells in a lipid con-
centration-dependent manner. It has been reported previously that positively charged 
nanoparticles bind to the negative surface of cell membranes [42,43].
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Liposome-cell interactions were also visualized by fluorescence microscopy, which 
corroborated that there was no association between cells and liposomes grafted with 
chol-pHPMAlac and DSPE-PEG2000, while a strong interaction was observed be-
tween DC-cholesterol liposomes and all types of cells (Figure 4 and Supplementary 
Figure 1).

Finally, liposome-cell interactions were determined after 24-hour incubation with 
liposomes, which is a more relevant time frame because chol-pHPMAlac-grafted 
liposomes are expected to undergo relatively slow elimination from the circulation 
(comparable to PEGylated liposomes) and reside in the tumor for an extended period 
of time. Liposomes grafted with chol-pHPMAlac(43-57), chol-pHPMAlac(82-18), or 
DSPE-PEG2000 exhibited only a marginal increase in cell association when incu-
bated for 24 hours compared to 30-minute incubation (Figure 5 and Supplementary 
Figure 2). In contrast, DC-cholesterol liposomes exhibited a profound increase in cell 
association following 24-hour incubation versus 30-minute incubation (Figure 3). 
Taken altogether, liposomes grafted with chol-pHPMAlac showed no notable associa-
tion with macrophages, endothelial cells, hepatocytes, and hepatocellular carcinoma 
cells. These liposomes are therefore not likely to be taken up directly after intravenous 
administration, which improves the probability that the liposomes reach the target site 
(tumor tissue) after systemic administration, where the chemotherapeutic payload can 
be released locally upon the induction of mild hyperthermia.

Figure 3. Association between fluorescently labeled DOPE:EPC:Rho-PE liposomes (molar ratio 70:25:0.1) 
grafted with 5% chol-pHPMAlac(43-47), chol-pHPMAlac(82-18), or DSPE-PEG2000 and DC-cholesterol 
liposomes by AML-12 (A), HUVECs (B), HepG2 (C) and RAW 264.7 cells (D) after 30-minute incubation 
at standard culture conditions. The degree of association is proportional to the fluorescence intensity of 
cells. *p<0.01, **p<0.001.
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Figure 4. Phase contrast microscopy images (top row) and corresponding fluorescence microscopy 
images (bottom row) of RAW 264.7 cells incubated for 30 minutes at standard culture conditions without 
liposomes (A) or with fluorescently labeled liposomes grafted with 5% chol-pHPMAlac(43-57) (B), 
chol-pHPMAlac(82-18) (C), or DSPE-PEG2000 (D) or DC-cholesterol liposomes (150 µM final lipid 
concentration). The degree of association is proportional to the fluorescence intensity of cells.

Figure 5. Association between fluorescently labeled DOPE:EPC:Rho-PE liposomes (70:25:0.1) grafted 
with 5% chol-pHPMAlac(43-47), chol-pHPMAlac(82-18), or DSPE-PEG2000 and DC-cholesterol 
liposomes and AML-12 (A), HUVEC (B), HepG2 (C), and RAW 264.7 cells (D) after 24-hour incubation 
at standard culture conditions. The degree of association is proportional to the fluorescence intensity of 
cells. *p<0.05, **p<0.01, ***p<0.001

A B C 

D E 

RAW 264.7 
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Cytotoxicity of liposomal formulations
Chol-pHPMAlac-grafted liposomes are not associated to or taken up by various cell-
types, therefore these liposomes most likely do not induce cytotoxicity. To confirm 
this hypothesis, the cytotoxicity of the liposomal formulations was determined by 
incubating cells with the different liposomal formulations and assaying viability at 24 
hours with the MTS assay. Lipofectamine 2000 was used as control since this lipo-
somal formulation is cytotoxic [44]. The MTS assay revealed that liposomes grafted 
with chol-pHPMAlac or DSPE-PEG2000 had a minimal-to-negligible effect on cell 
viability up to a lipid concentration of 150 µM. The cell viability decreased to < 20% 
when lipofectamine was incubated with the cells at concentrations of ≥ 90 µM. Since 
the phospholipid concentration will not exceed 150 µM after infusion into patients 
(based on the DOX concentration loaded into these liposomes and the Cmax achieved 
in patients after administration of Doxil [37-40]) it is not expected that these lipo-
somes will induce toxicity after i.v. administration.

Figure 6. Viability of AML-12 (A), HUVEC (B), HepG2 (C), and RAW264.7 cells (D) after 24-hour 
incubation with DOPE:EPC liposomes grafted with 5% chol-pHPMAlac(43-57), chol-pHPMAlac(82-18), 
or DSPE-PEG2000 or lipofectamine.
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Platelet activation
Platelets play an important role in hemostasis. Upon vascular injury, platelets become 
activated and release fibrinogen from the α-granules. The released fibrinogen binds to 
integrin αIIbβ3 on the activated platelets and forms crosslinks between adjacent plate-
lets, leading to platelet aggregation and fortification of the platelet plug [45-47]. In 
addition, P-selectin (CD62P) translocates to the membrane outer surface upon activa-
tion and stabilizes the interplatelet fibrinogen bridges. Moreover, P-selectin mediates 
the tethering and accumulation of platelets at the site of injury [48,49]. The density of 
fibrinogen and P-selectin on the surface of the platelets is a good indicator for platelet 
activation. Accordingly, platelet activation was assessed in the context of our liposo-
mal formulations to ensure that the liposomes do not induce platelet activation and 
corollary thromboembolic complications following systemic administration. Throm-
bin receptor activating peptide (TRAP-6) was used as positive control since TRAP-6 
activates αIIbβ3 receptors and induces P-selectin expression. Liposomes grafted with 
chol-pHPMAlac or DSPE-PEG2000 did not induce the expression of P-selectin and 
the binding of fibrinogen on isolated platelets after 20-minutes incubation (Figure 
7A-B).
Activation of platelets was also determined in whole blood, which better mimics the 
in vivo situation compared to isolated platelets and is therefore more clinically re-
levant. The extent of fibrinogen binding and P-selectin activation remained unaltered 
following incubation of whole blood with chol-pHPMAlac- and DSPE-PEG2000-
grafted liposomes, confirming that the liposomes do not activate platelets (Fig 7C-D) 
and therefore pose no threat to the hemostatic checks and balances system as far as 
primary hemostasis is concerned.
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Conclusions

The objective of this study was to get insight into the interaction between chol-
pHPMAlac-grafted liposomes with blood cells and other cells with which the lipo-
somes may interact after intravenous administration. The chol-pHPMAlac-grafted 
liposomes exhibited negligible association with macrophages, hepatocytes, and endo-
thelial cells and, as a result, were non-toxic for these cells.
Moreover, chol-pHPMAlac-grafted liposomes did not induce platelet activation. 
Overall, these results suggest that chol-pHPMAlac-grafted liposomes are not ex-
pected to be rapidly cleared from the circulation and most likely do not produce 
thromboembolic complications after injection. Consequently, liposomes grafted with 
chol-pHPMAlac constitute a promising drug delivery system for intratumoral DOX 
delivery and local temperature-triggered release.

Figure 7. Platelet activation by liposomes grafted with chol-pHPMAlac(43-57), chol-pHPMAlac(82-18), 
or DSPE-PEG2000 in isolated platelets (A-B) and whole blood (C-D). The mean fluorescence intensity 
(MFI) is proportional to the degree of P-selectin expression (A+C) and fibrinogen binding (B+D). TRAP-6 
was used as positive control and represents complete platelet activation.
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Supplementary Figure 1. Phase contrast microscopy images (top row) and corresponding fluorescence 
microscopy images (bottom row) of AML-12 (A,D,G,J,M), HUVEC (B,E,HK,N), and HepG2 cells 
(C,F,I,L,O) incubated with fluorescently labeled DOPE:EPC:Rho-PE liposomes (70:25:0.1) grafted 
with 5% chol-pHPMAlac(43-47) (D-F), chol-pHPMAlac(82-18) (G-H), or DSPE-PEG2000 (J-L) and 
DC-cholesterol liposomes (M-O) (150 μM final lipid concentration) for 30 minutes at standard culture 
conditions. The degree of association is proportional to the fluorescence intensity of cells.
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Supplementary Figure 2. Association between fluorescently labeled DOPE:EPC:Rho-PE liposomes 
(70:25:0.1) grafted with 5% chol-pHPMAlac(43-47), chol-pHPMAlac(82-18), or DSPE-PEG2000 and 
DC-cholesterol liposomes and AML-12 (A), HUVEC (B), HepG2 (C), and RAW 264.7 cells (D) after 24-
hour incubation at standard culture conditions. The degree of association is proportional to the fluorescence 
intensity of cells.
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Abstract

N-(2-hydroxypropyl)-methacrylamide mono/dilactate polymers display temperature 
sensitive characteristics and copolymers based on HPMAlac have been investigated as 
drug delivery systems. In Chapter 2 of this thesis, HPMAlac polymers were attached 
to the surface of liposomes via a cholesterol anchor (chol-pHPMAlac). Liposomes 
grafted with chol-pHPMAlac showed a temperature triggered release of doxorubicin 
(DOX), but meanwhile they aggregated at the necessary elevated temperatures for 
DOX release. This aggregation is unwanted since circulating aggregates can induce 
pulmonary embolism and other adverse effects. Therefore, liposomes were grafted 
with DSPE-PEG10.000 to evaluate whether aggregation of the liposomes could be 
prevented by this hydrophilic polymer while maintaining the triggered release property. 
A DSPE-PEG10.000 grafting density of 5% indeed prevented the aggregation of 
chol-pHPMAlac liposomes above the CP of chol-pHPMAlac. However, no release of 
DOX from these liposomes was observed at elevated temperatures. Chol-pHPMAlac 
liposomes with lower PEG-grafting densities kept the triggered release property 
partially, but the aggregation appeared to occur more severely. Taken together, our 
strategy to utilize PEG10.000 coating to optimize our novel thermosensitive liposomes 
was not successful.
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Introduction

The success of intravenous administration of chemotherapeutic anticancer drugs is 
often limited by a low therapeutic index of the drug in question [1,2]. Nanosized 
drug delivery systems have been developed to improve the therapeutic efficacy and/
or to reduce unwanted side effects of chemotherapeutic drugs. Liposomes are the 
most intensively studied targeted nanoparticle system so far, with several liposomal 
nanomedicines being approved, but also polymer based systems have entered the 
clinical evaluation stage [3-7]. Nanoparticulate drug targeting systems can extravasate 
from the blood vessels when the vasculature is discontinuous, which has been reported 
to occur in various tumor types and inflamed tissues [8-10]. Circulating nanoparticles 
invade these pathological areas through such leaky vasculature via the so-called 
enhanced permeation and retention (EPR) effect [9,11-13].
Nanoparticles like liposomes are opsonized by plasma proteins, like complement 
factors and immunoglobulins, and are subsequently recognized by the RES 
macrophages, which causes rapid clearance from the blood circulation [14-17]. The 
opsonization process can be reduced by PEGylation since poly(ethylene glycol) (PEG) 
forms a steric barrier around the liposomes opposing protein-liposome interactions 
and therefore the rate of elimination from the blood circulation by RES macrophages 
can be reduced substantially [18-21].
Previously, temperature-sensitive liposomes with tunable release characteristics 
were designed (Chapter 2 of this thesis). These liposomes were grafted with the 
temperature-sensitive poly(N-(2-hydroxypropyl)methacrylamide mono/dilactate 
having a cholesterol anchor (chol-pHPMAlac). Temperature-sensitive N-(2-
hydroxypropyl)methacrylamide mono/dilactate polymers show lower critical 
solution temperature behavior meaning that they are soluble in an aqueous solution 
at a low temperature but dehydrate and aggregate when the polymers are heated 
above this temperature (also referred to as the cloud point (CP) of the polymer).  
Chol-pHPMAlac forms a hydrophilic shield around the liposomes below the CP. 
Above the CP, chol-pHPMAlac becomes dehydrated and subsequently interacts 
with the lipid bilayer inducing bilayer destabilization and release of a loaded drug 
(DOX) from the liposomes. Unfortunately, the release of DOX took only place 
at a significantly higher temperature than the CP of chol-pHPMAlac (± 20 °C), 
presumable because the dehydration of the polymer at the CP is insufficient and thus 
the polymer is not hydrophobic enough to penetrate and permeabilize the liposomal 
membrane [22]. On the other hand, at the CP aggregation of the liposomes was 
observed. Likely the polymer is sufficiently hydrophobic to induce aggregation of the 
liposomes above the CP. As a consequence, a significant drawback related to the use 
of these thermosensitive liposomes is that they aggregate at body temperature, which 
limits their clinical application since circulating aggregates could induce pulmonary 
embolism, stroke and myocardial infarction [23,24]. 
It is reported that PEG at the surface of liposomes can form a hydrophilic shield 
opposing aggregation and opsonization. In the present study, liposomes were coated 
with DSPE-PEG10.000 to evaluate whether liposome aggregation could be prevented 
at body temperature while maintaining the temperature sensitivity of the system. 
Therefore, the aim of this study was to develop chol-pHPMAlac grafted liposomes, 
which release their drug content at mild hyperthermia while preventing liposome 
aggregation at body temperature.
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Material and methods

Materials
Thiocholesterol, N,N,-azobisisobutyronitrile (AIBN) and Triton X-100 were purchased 
from Sigma-Aldrich Chemie BV, Zwijndrecht, the Netherlands. 1,4-Dioxane was 
obtained from Biosolve Chemie, Valkenswaard, The Netherlands. 1,2-Dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE) was purchased from Avanti Polar Lipids, 
Alabaster, USA. Egg phosphocholine (EPC) was purchased from Lipoid GmbH, 
Ludwigshafen, Germany and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol)-10000] (DSPE-PEG10.000) was obtained from Bio-
Connect Services BV, Huissen, The Netherlands. Doxorubicin-HCl was purchased 
from Guanyu bio-technology Co., LTD, Xi’an, China. The PSS (polymer standards 
service)-kit Poly(ethylene oxide) and PSS-kit Poly(ethylene glycol) were obtained 
from polymer standards service, Mainz, Germany.

Synthesis of HPMA mono/dilactate polymers with a cholesterol anchor
2-Hydroxypropyl methacrylamide (HPMA), HPMAmono- and dilactate were 
synthesized as described previously [25]. HPMA mono/dilactate polymers with a 
cholesterol anchor (chol-pHPMAlac) were synthesized according to a previously 
reported method [22,26]. In brief, HPMA mono- and dilactate were dissolved in 
distilled 1,4-dioxane at a concentration of 100 mg/mL with a monomer ratio of 25:75 
(HPMA mono/HPMA dilactate, mol/mol). N,N-Azobisisobutyronitrile (AIBN) was 
used as initiator at a ratio of 500:1 (monomer/AIBN, mol/mol). The molar ratio of 
thiocholesterol (chain transfer agent) was 50:1 (monomer/chain transfer agent). Three 
nitrogen/vacuum cycles were applied to remove oxygen. The polymerization reaction 
was performed for 24 hours at 70 °C after removal of oxygen. The polymer was 
precipitated in diethyl ether and the supernatant was discarded after centrifugation. 
The precipitated polymer was dried overnight in a vacuum oven and stored in a 
freezer until further use.

Polymer characterization
The copolymer composition of chol-pHPMAlac was determined by 1H NMR (Gemini 
300 MHz spectrometer) in (CD3)2SO. The ratio of HPMAmonolactate/HPMAdilactate 
(ML/DL) was determined from the integral of the peak at 5.0 ppm (CO-CH(CH3)-O) 
divided by the integral of the peaks at 4.1 and 4.2 ppm (CO-CH(CH3)-OH).
The cloud point (CP) of chol-pHPMAlac was determined by light scattering at 650 
nm at a polymer concentration of 5 mg/mL in 120 mM ammonium acetate buffer (pH 
5.0). The samples were heated from 0 till 70 °C with a rate of 1 °C /min and the CP 
was taken as the onset of increasing scattering intensity [22].
The number average molecular weight (Mn) and weight average molecular weight 
(Mw) of chol-pHPMAlac were measured with GPC using a Plgel 5 µm MIXED-D 
column and PEGs with narrow molecular weights were used as standards. DMF 
containing 10 mM LiCl was used as eluent at an elution rate of 0.7 mL/min. The 
column temperature was 40 °C.
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Liposome preparation
Temperature-sensitive liposomes (DOPE:EPC:chol-pHPMAlac in molar ratio of 
70:25:5) containing varying amounts of DSPE-PEG10.000 were prepared with the 
lipid film hydration method [22,27]. In short, the phospholipids and chol-pHPMAlac 
were dissolved in 5 mL chloroform and a lipid film was formed after evaporation of 
chloroform under reduced pressure, followed by the removal of residual chloroform 
overnight under a nitrogen flow. The lipid film was subsequently hydrated in 5 mL 
240 mM ammonium sulfate buffer (pH 5.4) at a concentration of 6 μmol phospholipid/
mL. The liposomal dispersion was subsequently extruded through two 200 nm filters 
(2 times) and two 100 nm filters (8 times). Next, the extruded liposomes were dialyzed 
against 20 mM HEPES buffer pH 7.4 also containing 8 g NaCl/L and 292 mg EDTA/L. 
The liposomes were loaded with 2 mL doxorubicin (DOX, 5mg/mL) for 4 hours at 
4 °C [22]. Free DOX and free chol-pHPMAlac were removed by ultracentrifugation 
(125.000 g for 45 minutes at 4 °C) of the liposome dispersion. The pelleted liposomes 
were resuspended in 2 mL 20 mM HEPES buffer pH 7.4 (5 mg/mL DOX) and stored 
at 4 °C.

Liposome characterization
The size of the liposomes and the polydispersity index were measured with dynamic 
light scattering (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 measurements were performed in 20 mM HEPES buffer pH 7.4 while 
samples were heated from 15 to 45 °C with a rate of 1 °C/min and measurements were 
performed every minute to determine the aggregation temperature of the liposomes. 
The size of the liposomes was also evaluated at 25 °C for 30 minutes using DLS.
The release of DOX was measured by the change in fluorescence intensity of the 
release medium in time (excitation wavelength 468 nm, emission wavelength 558 
nm). DOX-loaded liposomes (1 µL) were added to 2 mL of preheated 20 mM HEPES 
buffer pH 7.4 of 25, 30, 37, and 42 °C and the fluorescence intensity was measured 
in time. Triton X-100 (10%, 20 µL) was added at the end of the experiment to 
destroy remaining liposomes and to determine the total amount of DOX present. The 
percentage DOX release was calculated using the following equation: (It-I0)/(ITX-I0)
x100 in which It is the fluorescence intensity at time t, I0 the intensity at the start of the 
experiment and ITX the fluorescence intensity after addition of Triton X-100.
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Results and discussion

Polymer synthesis and characterization
Poly(HPMAmono/HPMAdilactate) with a cholesterol anchor (chol-pHPMAlac) was 
synthesized via free radical polymerization using AIBN as initiator and thiocholesterol 
as chain transfer agent (CTA) (Fig. 1). The yield was 27%, which is in line with 
previous findings (chapter 2 of this thesis). The polymers had a Mn of 7.0 kDa and 
a CP of 16.5 °C. The HPMAmonolactate:dilactate ratio in the polymer was 29:71 
according to 1H-NMR, which corresponds to the feed ratio.
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Figure 1. Synthesis of poly(N-(2-hydroxypropyl)methacrylamide mono/dilactate having a cholesterol 
anchor (chol-pHPMAlac).

The characteristics of the synthesized polymer are given in table 1.

Monomer feed ratio
(monolactate:dilactate)

(mol/mol)

CTA:Monomer
(mol/mol)

Copolymer compositiona

(monolactate:dilactate)
(mol/mol)

Yield
(%)

Mn
b

(kDa)
Mw

b

(kDa)
CPc

(°C)

25:75 1:50 29:71 27 7.0 11.0 16.5

Table 1. Characteristics of Chol-pHPMAlac

a Determined by 1H NMR
b Determined by GPC calibrated with narrow molecular weight PEG standards
c Determined by light scattering at 650 nm

Liposome characterization
Liposomes grafted with both chol-pHPMAlac (fixed amount) and varying amounts 
of DSPE-PEG10.000 were prepared by the lipid film hydration method and their 
characteristics are shown in Table 2. The size of the liposomes varied from 120 to 135 
nm with a PDI of ~0.15.
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Stability of chol-pHPMAlac liposomes grafted with 5% DSPE-PEG10.000
Figure 2 shows that liposomes grafted with chol-pHPMAlac were stable < 20 °C as 
evidenced from a small particle size and low PDI. Above this temperature, the particle 
size and PDI increased substantially demonstrating particle aggregation. Chol-
pHPMAlac dehydrates above the cloud point (CP) of the polymer (16.5 °C) rendering 
the surface of the liposomes hydrophobic, which in turn results in aggregation of 
the liposomes. In order to prevent unwanted aggregation of the liposomes above 
the CP of chol-pHPMAlac, the liposomes were coated with 5% DSPE-PEG10.000. 
No aggregation of the PEGylated liposomes was observed upon heating to 45 °C 
indicating that chol-pHPMAlac grafted liposomes coated with DSPE-PEG10.000 
remained stable at elevated temperatures (Figure 2).

Table 2. Characteristics of temperature sensitive liposomes containing 0-5% DSPE-PEG10.000.

Liposome composition
DOPE:EPC:Chol-pHPMAlac:DSPE-PEG10.000

(molar ratio)

Mean diameter
(nm ± sd)

PDI

70:25:5:- 128 ± 14 0.20 ±0.01

70:25:5:0.5 130 ± 4 0.17 ± 0.01

70:25:5:1 135 ± 4 0.17 ± 0.01

70:25:5:2.5 121 ± 4 0.09 ± 0.02

70:25:5:5 131 ± 14 0.08 ± 0.02

Figure 2. Mean diameter (A) and polydispersity index (PDI) (B) of DOPE:EPC:chol-pHPMAlac liposomes 
(molar ratio 70:25:5) with or without 5% DSPE-PEG10.000 coating upon incubation from 15 to 45 °C with 
a heating rate of 1 °C/min.

DOX release from chol-pHPMAlac liposomes grafted with 5% DSPE-PEG10.000
The release of DOX from chol-pHPMAlac liposomes grafted with or without 5% 
DSPE-PEG10.000 was studied. Figure 3 shows that the liposomes without PEG coating 
released ~40% of their content after 30 minutes incubation at 30 °C and 55% of the 
content at 37 °C within 5 minutes, whereas complete release took place within 5 minutes 
at 42 °C (Figure 3A). Chol-pHPMAlac liposomes grafted with 5% DSPE-PEG10.000 
showed a burst release of approximately 20% after incubation at 30, 37, 42 °C and no 
further release occurred after longer incubation times (Figure 3B). Presumably, PEG 
forms a dense hydrophilic barrier around the liposomes which prevents the interaction 
between chol-pHPMAlac and the liposomes. As a consequence, the content release 
of the liposomes at elevated temperatures is inhibited since chol-pHPMAlac is not 
able to destabilize the lipid bilayer. Grafting chol-pHPMAlac liposomes with DSPE-
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PEG10.000 prevents aggregation of the liposomes (Figure 2) but also inhibits the 
destabilization of the lipid bilayer at 30, 37 as well as 42 °C (Figure 3B). It was shown 
in chapter 2 of this thesis that the release of DOX occurred 20 °C above the CP of 
chol-pHPMAlac while no release of DOX was observed when the chol-pHPMAlac 
grafted liposomes were incubated at the CP of chol-pHPMAlac. The dehydration of 
the chol-pHPMAlac is a gradual process that starts at the CP but at this temperature 
the chol-pHPMAlac is most likely not sufficiently hydrophobic and thereby is not 
able to penetrate and permeabilize the bilayer inducing liposome destabilization and 
subsequent release of the drug content. Obviously, chol-pHPMAlac is hydrophobic 
enough at 20 °C above the CP to induce destabilization of the bilayer.

Figure 3. Temperature triggered release of DOX from DOPE:EPC:chol-pHPMAlac liposomes (molar ratio 
70:25:5) grafted without (A) or with (B) 5% DSPE-PEG10.000.

Stability of chol-pHPMAlac liposomes with different grafting densities of DSPE-
PEG10.000
Chol-pHPMAlac liposomes were grafted with 0.5, 1.0 and 2.5% DSPE-PEG10.000 to 
explore whether liposomes with a lower density of DSPE-PEG10.000 retained their 
triggered release pattern without aggregation above the CP of chol-pHPMAlac. Figure 
4 shows that liposomes grafted with 2.5% DSPE-PEG10.000 exhibit a small increase 
in size (from 135 to 200 nm) and PDI (from 0.05 to 0.35) during incubation at 25 
°C for 30 minutes. The size of chol-pHPMAlac liposomes grafted with 1.0% DSPE-
PEG10.000 increased from 150 nm to 270 nm and the PDI increased from 0.1 to 0.5 
whereas a grafting density of 0.5% resulted in liposomes, which aggregated to some 
extent (size increased from 145 nm to 400 nm) during incubation for 30 minutes at 25 
°C. These results demonstrate that prevention of the aggregation of chol-pHPMAlac 
liposomes depends on the grafting density of DSPE-PEG10.000. A higher grafting 
density resulted in more stable liposomes which is in line with expectations.

Figure 4. Mean diameter (A) and polydispersity index (PDI) (B) of DOPE:EPC:chol-pHPMAlac liposomes 
(molar ratio 70:25:5) grafted with 0.5, 1.0 and 2.5% DSPE-PEG10.000 at 25 °C.
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DOX release of chol-pHPMAlac liposomes with different grafting densities of 
DSPE-PEG10.000
The release of DOX from liposomes grafted with 0.5, 1.0 and 2.5% DSPE-PEG10.000 
was studied. Figure 5A shows that liposomes grafted with 0.5% DSPE-PEG10.000 
retained temperature sensitive release characteristics and their release kinetics was 
similar to the release of chol-pHPMAlac liposomes without DSPE-PEG10.000 coating 
(Figure 3A). The DOX release was reduced when liposomes were grafted with 1.0% 
DSPE-PEG10.000 and incubated at elevated temperatures but still a triggered release 
profile was observed at 37 and 42 °C (Figure 5B). However, a grafting density of 
2.5% inhibited the triggered release almost completely upon incubation at elevated 
temperatures (Figure 5C).

Figure 5. Temperature triggered release of DOX from DOPE:EPC:chol-pHPMAlac liposomes (molar ratio 
70:25:5) grafted with 0.5% (A), 1.0% (B) and 2.5% (C) DSPE-PEG10.000.
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Conclusion

The results presented in this chapter show that modifying the lipid bilayer of chol-
pHPMAlac liposomes with DSPE-PEG10.000 reduces the aggregation of these 
liposomes above the CP of chol-pHPMAlac. Most likely, the long hydrophilic PEG 
chains form a hydrophilic shield around the surface of the liposomes, thus preventing 
liposome aggregation. When this hydrophilic PEG shield is too dense, the temperature 
increase-triggered interaction between the hydrophobic chol-pHPMAlac and the 
lipid bilayer is inhibited, preventing the destabilization of the liposomal bilayers and 
subsequent release of entrapped DOX. Though the triggered DOX release property 
was maintained by lowering the PEG density, aggregation increased as the shielding 
capacity was decreased.
The aim of this study was to develop a liposomal formulation that is stable at body 
temperature but shows a triggered and fast release at mild hyperthermia. Obviously, 
such a formulation should not aggregate in the circulation since that would block its 
clinical application. Liposomes grafted with chol-pHPMAlac showed a temperature 
triggered release profile but the aggregation of this formulation could not be prevented 
by utilizing the PEG10.000 coating strategy. Therefore, in the next chapters of this 
thesis, other formulations to realize clinically applicable thermosensitive drug 
delivery are explored.
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Abstract

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 deposition 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 contrast agent (Prohance®, [Gd(HPDO3A)(H2O)]) 
were encapsulated in alginate microgels crosslinked 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 µm 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 minutes 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 conclusion, these alginate 
TSL-Ho-microgels are promising systems for real-time, MR-guided embolization and 
triggered release of drugs in vivo.
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Introduction

The success of systemic administration of chemotherapeutic drugs is limited by 
the unfavorable balance of therapeutic 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, particularly due to significantly reduced 
cardio toxicity and other unwanted side effects. Liposomal DOX showed a significant 
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 antitumor 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 containing 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 chemotherapeutic 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 DOX 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 significant reduction in peak plasma concentration 
and area under the curve of DOX [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 distribution cannot be monitored in vivo, making it 
difficult to predict the efficacy in the tumor. The beads which are currently used for 



80  |  Chapter 5

chemoembolization have a sustained release profile. As a result, the drug is slowly 
released leading to a relatively low tumor concentration. With our formulation we 
aim for triggered drug release, resulting in a local high concentration of the antitumor 
agent. To support this assumption, it was previously shown that high concentrations 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 concentration and 
the antitumor efficacy [38]. 
To overcome these challenges, this research aims to prepare microgels that can be 
visualized in all stadia of treatment. 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 penetration can be visualized (Figure 1). 
For clinical application of TACE, the diameter of the microgels should be around 300 
µm [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 encapsulation 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 embolization. No reopening of the arteries was observed on an angiogram up 
to 8 weeks after embolization, indicating that alginate microgels are suitable materials 
for embolization [30,50,51].

Figure 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.

[Gd(HPDO3A)(H2O)] 
 Fluorescein 
Holmium 
Barium 

mild 
hyperthermia 

Alginate 
Liposome 

Alginate microgel 
administered to tumor 

Same microgel 
after mild hyperthermia 
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Materials and methods

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. Cholesterol 
and barium chloride dihydrate were purchased 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 purchased from Bracco Diagnostic Inc., 
Monroe Township, U.S.A. Sodium alginate (Manucol LKX) was a gift from FMC 
biopolymer, Philadelphia, U.S.A.

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 µm and a cutting tool 
having 120 wires with a thickness of 100 µm. 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 to 100:0) with a total cation concentration of 100 mM. The formed 
microgels were hardened for 2 hours 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.

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) composed 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 µmol total lipids/
mL) followed by rotary evaporation of the solvent 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 µmol 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)].
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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 pH 7.4) with NTSL or TSL (80 µmol 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.

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 10x 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.

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 minutes). 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 percentage of holmium ions 
present in the microgels was calculated with the following equation: (titer EDTA x mL 
EDTA) x (molecular weight of Ho (164.93 g/mol)) / mg microgels. The concentration 
of holmium ions and monomer units in the microgels was calculated to determine the 
ratio between holmium ions and alginate monomer units. The microgels contain 
3 wt% alginate.

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 measurements were performed in 20 mM HEPES buffer pH 7.4.

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 X-100 in water to 
the liposomal dispersion (final concentration of Triton X-100 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 microgels by disrupting the liposomes in the microgels with Triton X-100.
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MR imaging
Magnetic Resonance Imaging (MRI) was used to visualize 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 visualize holmium crosslinked microgels (TR = 570.6 ms, TE = 
9.72 ms, FA = 25°, turbo-factor = 32, 32 slices, voxel size = 0.96x0.96x2.0 mm3). 
T1-weighted spin echo scans (TR = 1000 ms, TE = 8 ms, FA = 90°, turbo-factor = 
15, 3 slices, voxel size = 0.94x0.94x2.0 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 software (7.12, The MathWorks Inc., Natick, MA, USA, 
2000). The temporal evolution of the magnitude of the longitudinal magnetization 
(M) was fitted (Levenberg-Marquardt algorithm) for each pixel with the following 
equation:

M = |A-[(A+B)•e-t•R1*]|  (1)

Where R1
* is the apparent longitudinal relaxation rate, t is the time after the inversion 

pulse and A and B are constants. The sample R1 differs from R1
* by an offset only 

dependent on flip angle (α) and delay between 2 consecutive excitation pulses (Δt):

R1=R1
* + log(cosα)/Δt  (2)

A square ROI (5x5 pixels) was manually selected inside the sample to analyze the R1 
before and after heating.

Fluorescein release
The release of fluorescein from the liposomes and NTSL/TSL-Ho-microgels was 
measured by the change in fluorescence intensity in time (excitation wavelength 500 
nm, emission wavelength 520 nm). Twenty five mL of preheated 20 mM HEPES buffer 
pH 7.4 (37 or 42 °C, heated in water bath) was added to the liposome suspension (50 
µl liposomes with 80 µmol total lipids/ml). Samples (1 mL) were taken at different 
time points (0, 2, 5, 10, 15, 30, 45 and 60 minutes) and subsequently cooled on ice 
to prevent further leakage. Triton X-100 (10%, 170 µL) was added at the end of the 
experiment to destroy remaining liposomes and release entrapped fluorescein. The 
percentage fluorescein released was calculated using the following equation: (It-I0)/
(ITX-I0) x 100 in which It is the fluorescence intensity at time t, I0 the intensity at 
the start of the experiment and ITX the fluorescence intensity after addition of Triton 
X-100.
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 gr wet microgels). Microgels were shaken after which the 
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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 minutes) and subsequently cooled on ice to 
prevent further leakage. Triton X-100 (10%, 430 µL) was added to the microgel pellet 
to disrupt the intact liposomes loaded into the microgels. The percent fluorescein 
released was calculated as described above.

Fluorescence microscopy
Samples were prepared similarly as for the light microscopy 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 wavelength of 520-35 nm and a Plan Fluor 20x 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 
incubation at mild hyperthermia for 10 seconds.

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 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 injection of the 
microgels.

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

Characterization of empty alginate microgels
Alginate microgels were prepared by crosslinking alginate 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 dephasing of the MR signal, which results in local signal voids. 
Barium based particles do not exhibit these paramagnetic characteristics. Figure 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 to 1.35 % of holmium (w/wet weight microgels), which correlates with a holmium 
ion to alginate monomer ratio of 0 to 0.54 (Table 1). The monomer concentration was 
calculated assuming that the microgels contain 3% alginate. Microgels crosslinked 
with solely holmium ions had a holmium ion to alginate monomer ratio of 0.54:1 
indicating that one holmium ion crosslinks two monomer units which is in line with 
previous observations [45]. The diameter of the microgels ranged between 278 and 
294 µm which is a clinically relevant size for transarterial chemoembolization of 
hepatocellular carcinoma [40]. The microgels had a narrow size distribution with a 
standard deviation of ~ 20 µm (Table 1 and Figure 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 barium 
as well as holmium ion crosslinked microgels were detectable. Yet, with increasing 
holmium ion concentrations, the detected MR-signal in these T1-weighted images 
decreased due to the pronounced T2

*-effect. In subsequent experiments, we continued 
to work with microgels crosslinked with a holmium:barium ratio of 5:95. These 
microgels 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.

mM Ho Ho content a

(% w/w, wet weight)
Ho:monomer unit

(ratio mol/mol)
Mean size b

(µm)

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

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.

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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Characterization of temperature-sensitive and non-temperature sensitive 
liposomes encapsulating fluorescein and [Gd(HPDO3A)(H2O)]
Temperature sensitive liposomes (TSL) containing lysolipids were prepared for 
encapsulation in alginate microgels. 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.

A B C D E F 

Light microscopy 

T2
* wt-image  

T1 wt-image  

Ho3+ : Ba2+ (mM) 0:100 2:98 5:95 10:90 25:75 100:0 

Figure 2. Top: Light microscopy images of alginate microgels crosslinked using different holmium and 
barium ion concentrations. The scale bar represents 200 µm. (mM Ho:Ba in crosslinking solution, A 0:100, 
B 2:98, C: 5:95, D 10:90, E 25:75 and F 100:0).
Middle: T2

* wt-image of sedimented alginate microgels crosslinked using different holmium and barium 
ion concentrations.
Bottom: T1 wt-image of sedimented alginate microgels crosslinked using different holmium and barium 
ion concentrations.

NTSL TSL

Lipid composition DSPC:Chol:DSPE-PEG2000 DPPC:MSPC:DSPE-PEG2000

Molar ratio lipids (feed ratio) 56:39:5 86:10:4

Mean size (nm) 108 ± 1 nm 133 ± 1 nm

PDI 0.07 ± 0.02 0.09 ± 0.02

Fluorescein encapsulation (%) 7.6 11.2

Table 2. Characteristics of non-temperature sensitive (NTSL) and temperature sensitive liposomes (TSL) 
encapsulating fluorescein and [Gd(HPDO3A)(H2O)]
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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 ≤ 0.1. The encapsulation 
efficiency of fluorescein was about 8% for the NTSL and 11% for the TSL. Such 
encapsulation efficiencies are expected since fluorescein dissolved 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.

Figure 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 minutes, 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 minutes at 42 °C.

Figure 3. Fluorescence signal and T1 relaxation rate measured by MRI as function of incubation time at 37 
and 42 °C for NTSL (A) and TSL (B). Liposomes were diluted in 20 mM HEPES buffer pH 7.4 to a total 
lipid concentration of 0.16 µmol/mL.

Preparation of holmium crosslinked alginate microgels containing NTSL or TSL 
(NTSL-Ho-microgels or TSL-Ho-microgels)
Alginate droplets containing NTSL or TSL were crosslinked 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.

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

NTSL-Ho-microgels TSL-Ho-microgels

Mean size (µm) 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

Both types of microgels had a mean size around 325 µm and displayed a very low size 
distribution (Table 3 and Figure 4). There was no substantial difference between the 
diameter of empty alginate microgels (Table 1) and microgels loaded with liposomes 
(Table 3). Obviously the encapsulation 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 
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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 β-D-mannuronic acid (M) and 
α-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 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 embolization 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 (≤ 1% w/w), corresponding with ≤ 6 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 microgels. 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 (Figures 2 
and 4A-B). A modest variation in size and holmium content was observed between 
the empty and liposome loaded microgels (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).

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 (Figure 4C-D). During incubation for 1 hour 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 marginally from the 
TSL-Ho-microgels after incubation at 37 °C for 1 hour (~5%). However, a significant 
signal enhancement was observed after mild hyperthermia (42 °C for 5 minutes) 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.
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Figure 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 incubation at 37 °C (1 hour) and 42 °C (5 minutes). In correspondence with 
Figure 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 incubation 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-microgels 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 
hour. Therefore, NTSL-Ho-microgels as well as TSL-Ho-microgels did not release at 
this temperature.

A B 

5 min, 42 °C1 hr, 37 °C 1 hr, 37 °C 5 min, 42 °CC D 

NTSL-Ho-microgels TSL-Ho-microgels 

200 µm 200 µm 

Figure 4. Top: Light microscopy image of NTSL-Ho-microgels (A) and TSL-Ho-microgels (B) at room 
temperature. A black rim is observed around the microgels due to the difference in refractive index of the 
microgels and the surrounding medium [61].
Bottom: T1-wt MR images of NTSL-Ho-microgel (C) and TSL-Ho-microgel (D) dispersions at room 
temperature, after incubation at 37 °C (1 hour) and 42 °C (5 minutes). Signal enhancement/whitening in the 
supernatant of the TSL-Ho-microgels at 42 °C indicates the release of [Gd(HPDO3A)(H2O)].
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Additionally, the release of fluorescein was examined (Figure 6). Individual NTSL-
Ho-microgels and TSL-Ho-microgels were imaged with a fluorescence microscope at 
room temperature and after mild hyperthermia for 10 seconds. 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 hyperthermia, 
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 signal was not restricted to the microgels only but also detected in the 
surrounding medium. This observation demonstrates that fluorescein was released 
from TSL-Ho-microgels. 

** 
** ** ** ** 

** 

** 
** * 

Figure 5. Signal intensity in the supernatant (A) and microgel pellet (B) of NTSL-Ho-microgel and TSL-
Ho-microgel dispersions at room temperature (RT) and after incubation at 37 °C (1 hour) and 42 °C
(5 minutes). An increase in signal intensity indicates the release of [Gd(HPDO3A)(H2O)]. * p 0.01 – 0.05, 
** p<0.0001

Before mild 
hyperthermia 

After mild 
hyperthermia 

a. b.

d. e.

c.

f.

NTSL-Ho-microgels TSL-Ho-microgels

300 µm 300 µm 

300 µm 300 µm 

Figure 6. Fluorescence microscopy images of NTSL/TSL-Ho-microgels at room temperature and after 
incubation at mild hyperthermia for 10 seconds. Fluorescein appears green in these fluorescence images.
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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 minutes 
(Figure 7). NTSL-Ho-microgels displayed hardly any release of fluorescein or 
[Gd(HPDO3A)(H2O)] at 37 or 42 °C for 60 minutes, which is in line with the lack 
of release in case of NTSL only (Figure 4). As can be seen in Figure 7B, TSL-Ho-
microgels released fluorescein and [Gd(HPDO3A)(H2O)] only marginally 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-microgels released 
both fluorescein and [Gd(HPDO3A)(H2O)] completely within 2 minutes. For both 
types of microgels (containing NTSL or TSL) the release kinetics matches the kinetics 
of the liposomes not encapsulated in microgels at the investigated temperatures.

Figure 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.

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 
10-60 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 fluorescein/[Gd(HPDO3A)(H2O)] and alginate exist.

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 Figure 8. Prior to administration, the kidney tissue appeared relatively 
homogeneously 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.
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In our work, alginate microgels containing temperature sensitive liposomes were 
exploited for embolization. Several strategies for embolization have been reported 
previously. Clinically, a chemotherapeutic drug is administered 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 
exposure. 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 visualized 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.

Conclusion

This paper shows that temperature sensitive MR-imageable 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 temperature triggered release of [Gd(HPDO3A)(H2O)] 
was demonstrated 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.

A B

Figure 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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Abstract

The objective of this study was to develop and characterize alginate microspheres 
suitable for embolization with on-demand triggered doxorubicin (DOX) release and 
whereby the microspheres as well as the drug releasing process can be visualized in 
vivo using MRI. For this purpose, barium crosslinked alginate microspheres were 
loaded with temperature sensitive liposomes (TSL/TSL-Ba-ms), which release their 
payload upon mild hyperthermia. These TSL contained DOX and [Gd(HPDO3A)
(H2O)], a T1 MRI contrast agent, for real time visualization of the release. Empty 
alginate microspheres crosslinked with holmium ions (T2

* MRI contrast agent, Ho-
ms) were mixed with TSL-Ba-ms to allow microsphere visualization. TSL-Ba-ms and 
Ho-ms were prepared with a homemade spray device and sized by sieving.
Encapsulation of TSL in barium crosslinked microspheres changed the triggered 
release properties only slightly: 95% of the loaded DOX was released from free 
TSL vs. 86% release for TSL-Ba-ms within 30 seconds in 50% FBS at 42 °C. TSL-
Ba-ms (76 ± 41 μm) and Ho-ms (64 ± 29 μm) had a comparable size, which most 
likely will result in a similar in vivo tissue distribution after an i.v. co-injection and 
therefore Ho-ms can be used as tracer for the TSL-Ba-ms. MR imaging of a TSL-Ba-
ms and Ho-ms mixture (ratio 95:5) before and after hyperthermia allowed in vitro 
and in vivo visualization of microsphere deposition (T2

*-weighted images) as well 
as temperature-triggered release (T1-weighted images). The [Gd(HPDO3A)(H2O)] 
release and clusters of microspheres containing holmium ions were visualized in a 
VX2 tumor model in a rabbit using MRI.
In conclusion, these TSL-Ba-ms and Ho-ms are promising systems for real-time, MR-
guided embolization and triggered release of drugs in vivo.
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Introduction

Liver cancer is the fifth most frequently diagnosed cancer in men and the second 
most frequent cause of cancer death worldwide. Among primary liver cancers, 
hepatocellular carcinoma (HCC) represents the major histological subtype, accounting 
for 70 to 85% of the total liver cancer burden worldwide [1]. More than 700.000 
cases of this malignant disease are diagnosed yearly with a five year survival of 
less than 5% [2]. Nowadays, surgical resection is the primary curative therapy for 
patients with HCC. Unfortunately, only 20-35% of the patients are eligible for partial 
resection or liver transplantation and the recurrence rate is high [3-5]. Additionally, 
systemic chemotherapy is mostly ineffective for these patients because only low drug 
concentrations are reached in the tumor, while the treatment results in severe adverse 
events and patient morbidity [2,6].
Transarterial chemoembolization (TACE) is a more effective treatment modality than 
systemic chemotherapy [6,7]. During the TACE procedure, a catheter is positioned 
in the arterial supply of a tumor via which a chemotherapeutic drug is administered 
followed by embolic particles [8,9]. These embolic particles block the feeding vessels 
of the tumor and restrict nutrient and oxygen supply to the tumor cells. In addition, 
the blockage of the blood vessels by the embolic particles reduces the washout of the 
chemotherapeutic drug, which results in higher drug concentrations in the tumor area 
(i.e. increased efficacy) and reduced systemic exposure (i.e. less side effects) [9,10].
Recently, drug eluting beads (DEBs), which consist of embolic particles with sizes 
ranging from 70-150 µm to 500-700 µm and loaded with a chemotherapeutic drug, have 
been developed for the TACE procedure [9,11,12], delivering the embolic particles 
and the chemotherapeutic drugs at once [13-15]. One of the clinically used DEB 
formulations is based on crosslinked polyvinyl alcohol (PVA) modified with sulfonic 
acid groups to obtain negatively charged microspheres (DC beads®). A high drug 
concentration of positively charged cytostatics such as doxorubicin and irinotecan can 
be achieved in these PVA DEBs via an ion exchange mechanism [12,16,17]. Clinical 
trials have shown that embolization with DEBs leads to a significant reduction in 
peak plasma concentrations and area under the curve of doxorubicin [18,19] while 
increasing the antitumor efficacy compared to conventional TACE [20,21].
A drawback of these clinically used DEBs is, however, that they lack the ability 
to be visualized both during and after administration. Therefore, it is not possible 
to monitor the microsphere distribution in the tumor tissue, which is likely a very 
important factor for the treatment efficacy. Furthermore, the beads which are currently 
used for chemoembolization display a sustained release profile leading to low drug 
concentrations in the tumor over long periods of time (weeks) [17,22]. In contrast, it 
was recently shown by several studies that rapid intravascular release of doxorubicin 
from temperature sensitive liposomes leads to high intravascular drug concentrations, 
which subsequently enhances the drug penetration into the tumor [23-25]. This 
approach may lead to 20-30 times higher total drug deposition in tumor tissue 
compared to free drug administration and 5 times more than a Doxil-like formulation 
[26,27] thereby improving antitumor efficacy [26,28].
Therefore, the objective of this study was to develop and characterize microspheres 
that combine embolization with on-demand triggered drug release and whereby the 
microspheres as well as the drug releasing process can be visualized. To this end, 
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we previously encapsulated temperature sensitive liposomes in alginate microspheres 
[29]. Alginate microspheres have been used for arterial embolization [30,31] and 
showed to be excellent embolization agents on the short term as well as the long term 
[28,31,32]. Furthermore, MR imaging agents were incorporated in the microspheres 
(i.e. holmium ions; T2

* contrast agent) as well as in the liposomes (i.e [Gd(HPDO3A)
(H2O)]; T1 contrast agent) allowing the visualization of both the microspheres and the 
triggered drug release. In this article we take this concept to a next level by encapsulating 
a cytostatic drug (doxorubicin) and a contrast agent in the liposomes. Unfortunatly, 
the system described in our previous study [29] is not compatible with doxorubicin 
release since holmium ions used for crosslinking the alginate microspheres hamper 
doxorubicin release (see results and discussion section). Here an improved system, 
consisting of TSL loaded in barium crosslinked alginate microspheres (TSL-Ba-ms) 
and empty microspheres crosslinked with holmium ions (Ho-ms), is presented and 
characterized (Fig. 1). Moreover, the applicability of this system was evaluated in vivo 
in a VX2 tumor in the auricle of a New Zealand White rabbit.

TSL 

TSL-Ba-ms Ho-ms 

+ 

Mild 
hyperthermia 

Doxorubicin 
[(Gd(HPDO3A)(H2O)] 
Temperature sensitive liposome (TSL) 
Barium ion 
Holmium ion 
Alginate 

Fig. 1 Schematic representation of temperature sensitive liposomes (TSL) loaded in alginate microspheres 
crosslinked with barium ions (TSL-Ba-ms). The TSL are loaded with doxorubicin (DOX) and [Gd(HPDO3A)
(H2O)] (T1 MRI contrast agent). The DOX and [Gd(HPDO3A)(H2O)] will be released from the TSL-Ba-ms 
during mild hyperthermia. The release of [Gd(HPDO3A)(H2O)] can be monitored by MRI. Empty alginate 
microspheres crosslinked with holmium ions (T2

* MRI contrast agent, Ho-ms) are co-injected with TSL-
Ba-ms to allow microsphere visualization by MRI.
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Materials and methods

Materials
The phospholipids 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and 
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene 
glycol)-2000] (DSPE-PEG2.000) were purchased from Lipoid GmbH, Ludwigshafen, 
Germany, and 1-stearoyl-2-hydroxy-sn-glycero-3-phosphocholine (MSPC) was 
obtained from Avanti Polar Lipids, Alabaster, U.S.A. Doxorubicin-HCl was purchased 
from Guanyu bio-technology Co., LTD, Xi’an, China. [Gd(HPDO3A)(H2O)] 
(Prohance®) was acquired from Bracco Diagnostic Inc., Monroe Township, U.S.A. 
Barium chloride dihydrate, Triton X-100, zinc sulfate heptahydrate, fetal bovine serum 
and ethylenediaminetetraacetic acid disodium salt dehydrate (EDTA) were purchased 
from Sigma-Aldrich Chemie BV, Zwijndrecht, The Netherlands. Holmium chloride 
hexahydrate was obtained from Metall rare earth limited, Shenzhen, China. Sodium 
alginate (Manucol LKX) was a gift from FMC biopolymer, Philadelphia, U.S.A.

Liposome preparation
Temperature sensitive liposomes (TSL) were prepared via the well-known lipid film 
hydration method as described previously [33,34]. DPPC, MSPC and DSPE-PEG2.000 
were dissolved in chloroform (15 mL) in a molar ratio of 86:10:4. Chloroform was 
evaporated under reduced pressure to form a lipid film. Residual chloroform was 
removed overnight under a nitrogen flow. Next, the lipid film was hydrated in 20 
mL 120 mM ammonium sulfate (pH 5.4) containing 375 mM [Gd(HPDO3A)(H2O)] 
at 60 °C for 15 minutes (80 µmol phospholipids/mL). The liposomal dispersion was 
extruded through two 200 nm filters (2 times) and two 100 nm filters (8 times). The 
continuous phase of the liposome dispersion was substituted by 20 mM HEPES buffer 
pH 7.4 containing 8 g NaCl/L via a PD-10 gel filtration column. The liposomes (15 
mL) were remotely loaded with doxorubicin (DOX, 15 mL, 5 mg/mL) at 37 °C for 90 
minutes at a pH of 7.4 [35]. Unencapsulated DOX and [Gd(HPDO3A)(H2O)] were 
removed by ultracentrifugation (125.000 g for 45 min at 4 °C). The liposomes were 
resuspended in 20 mM HEPES buffer pH 7.4 (15 mL) at a DOX concentration of 5 
mg/mL.

Liposome characterization
Dynamic light scattering (DLS, Malvern ALV CGS-3 system) was used to determine 
the size of the liposomes and their polydispersity index. Intensity correlation functions 
were measured using a wavelength of 632.8 nm and a scattering angle of 90°. The 
measurements were performed in 20 mM HEPES buffer pH 7.4 at 25 °C.
In order to measure the loading efficiency, liposomes were disrupted with Triton 
X-100 (0.1% final concentration) and the DOX concentration in the samples was 
determined using fluorescence measurements (excitation wavelength 485 nm, 
emission wavelength 600 nm FLUOstar Optima, BMG Labtech). A calibration curve 
of DOX from 0 to 6 µg/mL in 20 mM HEPES buffer pH 7.4 containing 0.1% Triton 
X-100 was used to determine the DOX concentrations in the samples.
The temperature triggered release of DOX was measured by the change in fluorescence 
intensity in time (3 hours) at 37 and 42 °C (excitation wavelength 468 nm, emission 
wavelength 558 nm, Fluorolog connected to a water bath, Horiba scientific). DOX-
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loaded liposomes (1 µL) were added to preheated (2 mL) 20 mM HEPES buffer (pH 
7.4) or 50% fetal bovine serum (FBS) at 37 or 42 °C. Triton X-100 was added at 
the end of the experiment to destroy remaining liposomes and thereby release the 
DOX which was still encapsulated. The percentage DOX release at both temperatures 
was calculated using the following equation: (It-I0)/(ITX-I0)x100 in which It is the 
fluorescence intensity at time t, I0 the intensity at the start of the experiment and ITX 
the fluorescence intensity after addition of Triton X-100.

Alginate microsphere preparation
The experimental setup for the preparation of alginate microspheres consisted of a 
homemade spraying device connected to a collecting vessel which is schematically 
displayed in Fig. 2. The spraying devise consisted of a syringe pump connected to 
a glass nozzle via plastic tubing. Furthermore, a nitrogen flow was connected to the 
nozzle to induce the formation of droplets.
All types of alginate microspheres used in this study (i.e. barium crosslinked 
microspheres encapsulating TSL and empty microspheres crosslinked with barium 
ions or holmium ions) were prepared with the following protocol. An alginate solution 
(3% w/v in 20 mM HEPES buffer pH 7.4) was passed through the nozzle (1.5 mL/
min) simultaneously with nitrogen gas (0.8 Bar) to form alginate droplets. The 
droplets were hardened in a crosslinking solution containing 100 mM barium chloride 
or 100 mM holmium chloride. The microspheres were allowed to solidify for 2 hours 
in the crosslinking solution and subsequently they were sized with a 300 µm sieve to 
remove large microspheres and aggregates. In a second sieving step, the microspheres 
were collected on a 50 µm sieve and washed 3 times with 20 mM HEPES buffer pH 
7.4 (in total 500 mL).
Microspheres loaded with TSL were prepared by mixing 6% alginate (w/v, in 20 mM 
HEPES buffer pH 7.4) in a 1:1 (w/w) ratio with TSL (resulting in a final alginate 
solution of 3% w/v containing 40 µmol phospholipids/mL). The alginate droplets 
were hardened in 20 mM HEPES buffer containing 100 mM barium chloride to 
form TSL-Ba-ms. Empty alginate microspheres crosslinked with barium ions (Ba-
ms) were prepared by spraying the alginate solution (3% w/v) in 20 mM HEPES 
buffer pH 7.4 containing 100 mM barium chloride. Alginate microspheres crosslinked 
with holmium ions (Ho-ms) were prepared by spraying the alginate solution in a 
crosslinking aqueous solution of 100 mM holmium chloride.

Syringe 
pump 

Alginate 
solution 

Crosslinking solution 

N2 
gas N2 gas 

Fig. 2 Experimental setup for the preparation of alginate microspheres.
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Microsphere characterization
Morphological examination and size distribution determination of the microspheres 
before and after sieving were investigated with fluorescence (TSL-Ba-ms) and bright-
field (Ho-ms) microscopy (BZ-9000, Keyence equipped with a GFP BP filter with 
an excitation wavelength of 472-30 nm and an emission wavelength of 520-35 nm 
and a Plan Fluor 20x lens, Nikon). The images were analyzed with calibrated BZ II 
Analyzer software to determine the diameter of the microspheres. The average size of 
the microspheres was based on the measured diameter of 500 microspheres.
In order to determine the DOX concentration in the TSL-Ba-ms, 30 mg of wet TSL-Ba-
ms was disrupted in 20 mL ethylenediaminetetraacetic acid (EDTA, 5% w/v in reverse 
osmosis water) containing 0.1% Triton X-100. Subsequently, the DOX concentration 
in TSL-Ba-ms was determined by fluorescence measurements as described above.
The DOX release kinetics from TSL-Ba-ms were examined at 37 and 42 °C whereby 
the DOX concentration in the samples was measured by UPLC. Preheated medium 
(20 mL, 20 mM HEPES buffer pH 7.4 or 50% FBS) at 37 or 42 °C was added to TSL-
Ba-ms (75 mg wet weight) and samples (1.5 mL) were taken in time. Subsequently, 
the samples were mixed with the same volume of cold (4 °C) 20 mM HEPES buffer 
pH 7.4 to prevent further leakage of DOX. The samples were divided into two vials; 
one vial was used to determine the amount DOX released and the second vial was 
used to determine the total amount of DOX.
Release samples (1 mL) containing FBS were centrifuged (2000 g, 5 min, 4 °C) to 
sediment the microspheres. Acetonitrile (0.25 mL) and an aqueous solution of ZnSO4 
(0.6 gr/mL, 35 µL) were added to the supernatant (0.75 mL) to precipitate proteins 
[36] and avoid clogging of the UPLC column, followed by another centrifugation 
step. An aqueous solution of ZnSO4 (0.6 gr/mL, 45 µL), acetonitrile (333 µL) and 
Triton X-100 (10%, 10 µL) were added to the second vial containing 1 mL sample 
for the determination of the total amount DOX present in the FBS samples. These 
samples were also centrifuged prior to UPLC measurements.
Release samples in HEPES buffer were centrifuged and 0.25 mL acetonitrile was 
added to 0.75 mL supernatant. EDTA (5%, 2 mL) and Triton X-100 (10%, 20 µL) were 
added to the second vial containing 1 mL sample for the determination of the total 
amount DOX. Subsequently, the samples were centrifuged and 0.25 mL acetonitrile 
was added to 0.75 mL supernatant.
DOX concentrations in the TSL-Ba-ms samples were determined by UPLC using a 
BEH C18 1.7 µm column (Waters) at 50 °C and a fluorescence detector (excitation 
wavelength 480 nm, emission wavelength 585 nm). The eluent consisted of 1% 
perchloric acid and 25% acetonitrile in milli-Q water at an elution rate of 0.5 mL/
min. The injection volume was 7.5 µL and the chromatographic runtime per sample 
was 3 minutes.
Magnetic resonance imaging (MRI) was used to visualize the Ho-ms and to monitor 
the temperature triggered [Gd(HPDO3A)(H2O)] release from the TSL-Ba-ms. Four 
different samples were imaged (i.e. TSL-Ba-ms:Ho-ms (95:5 and 100:0), and Ba-
ms:Ho-ms (95:5 and 100:0)) before and after mild hyperthermia (15 minutes at 42 
°C) using the MRI sequences as described below. This allows distinghuishing of the 
contribution of each component in this system (i.e. [Gd(HPDO3A)(H2O)], barium 
and holmium ions) on the MRI visualization of microspheres and/or [Gd(HPDO3A)
(H2O)] release.
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Magnetic resonance imaging
All MRI experiments were performed on a clinical 1.5-Tesla MR scanner (Achieva; 
Philips Health care) with an 8 elements head coil (in vitro experiment) or a 47 mm 
microscopy coil (in vivo experiment). 
The following MR sequences were used in this study: T1-weighted MR images were 
obtained using a spin echo sequence (TR = 450 ms, TE = 18 ms, FA = 90°, turbo-
factor = 3, 16 slices, voxel size = 0.30x0.30x2.0 mm3). T2

*-weighted MR images were 
obtained using a 3D gradient echo sequence (TR = 15.1 ms, TE = 9.20 ms, FA = 30°, 
32 slices, voxel size = 0.30x0.30x1.0 mm3). Furthermore, T1-maps were obtained by 
sampling the signal recovery after inversion using a Look-Locker (LL) sequence
(TR = 7.44 ms, TE = 3.5 ms, FA = 5°, turbo-factor = 5, 1 slice, voxel size = 
0.80×0.80×3mm3, 50 timepoints at 60 ms interval).
The images obtained from each LL measurement were automatically fitted with in-
house developed Matlab software (7.12, The MathWorks Inc., Natick, MA, USA, 
2000). The temporal evolution of the magnitude of the longitudinal magnetization 
(M) was fitted (Levenberg-Marquardt algorithm) for each pixel with the following 
equation:

M = |A-(A+B)·e-t/T1*|  (1)

Where T1
* is the apparent longitudinal relaxation rate, t is the time after the inversion 

pulse and A and B are constants. The sample T1 differs from T1
* by an offset only 

dependent on flip angle (α) and delay between 2 consecutive excitation pulses (Δt):

1/T1=1/T1
* + ln(cosα)/Δt  (2)

Finally, T2
*-maps were obtained by sampling the signal decay using a multi-echo 

gradient echo sequence (TR = 100 ms, TE = 8 ms, ΔTE = 8 ms, 8 echos, FA = 90°, 
turbo-factor = 8, 1 slice, voxel size = 0.80×0.80×3 mm3).
For the in vitro experiment (see section 2.5) the samples were placed in a sample 
holder containing water, which was placed in the middle of the 8 elements head coil 
for imaging. For the in vivo experiment (see section 2.8) the tumor bearing ear was 
placed in the middle of a 4.7 cm microcoil.
For T1 and T2

* quantification one square ROI (5x5 pixels) was manually selected 
inside the microsphere pellet and supernatant before and after heating.
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Animal model
All experimental protocols and procedures were approved by the local experimental 
animal welfare committee and conform the national and European regulations for 
animal experimentation. Female New Zealand White rabbits (2.5-3.5 kg) were 
purchased from Charles River, France. All rabbits were allowed to acclimatize for at 
least one week before use.
VX2 tumor cells [37,38] were propagated in both flanks of a New Zealand White 
rabbit (analgesia with 4 mg/kg Carprofen®). The tumor was removed under analgesia 
and sedation (Carprofen® 4 mg/kg, Dexdormitor® 0.125 mg/kg and Narketan® 15 mg/
kg) when reaching a tumor diameter of ~ 3 cm. A VX2 cell suspension was generated 
by dissecting and fragmenting tumor tissue using a cellstrainer (Easystrainer 100 µm, 
Greiner Bio-One). A tumor in the auricle of a New Zealand White rabbit was induced 
by injecting 200 µL of the cell suspension (8.5x108 cells/mL PBS) subcutaneously 
into the auricle of the rabbit under analgesia and anesthesia (Carprofen® 4 mg/kg, 
Dexdormitor® 0.125 mg/kg and Narketan® 15 mg/kg).

In vivo imaging
When the tumor in the auricle reached a diameter of ~2 cm after 2 weeks the in 
vivo imaging study was performed. Carprofen® (4 mg/kg, 0.25 mL), Dexdormitor® 

(0.125 mg/kg, 0.75 mL) and Narketan® (15 mg/kg, 0.45 mL) were administered 
subcutaneously for analgesia and anesthesia. The rabbit was positioned in the MRI 
scanner with the tumor bearing auricle in a warm water bath at 37 °C. A mixture of 
152 mg TSL-Ba-ms and 8 mg Ho-ms suspended in 1 mL mM HEPES buffer pH 7.4 
was injected intratumorally. Next, the water bath in which the tumor was positioned, 
was heated up to 46 °C (such that the interior of the tumor reached at least 42 °C) for 
15 minutes to induce release of [Gd(HPDO3A)(H2O)]. T1 and T2

*-weighted images 
and T1 and T2

* maps were made (as described in section 2.6) prior to the injection of 
the microspheres and immediately after the intratumoral injection of the microspheres 
as well as after the incubation at elevated temperatures.
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Results and discussion

Preparation and characterization of temperature sensitive liposomes 
encapsulating doxorubicin (DOX) and [Gd(HPDO3A)(H2O)]
Temperature sensitive liposomes (TSL) containing lysolipids were prepared via the 
lipid film hydration method (the characteristics of the TSL are described in table 1) 
[35,39]. These TSL were passively loaded with [Gd(HPDO3A)(H2O)] (a T1 MRI 
contrast agent) during hydration of the lipid film and subsequently remotely loaded 
with doxorubicin (DOX). The mean diameter of the liposomes was 134 nm with a PDI 
≤ 0.1. The encapsulation efficiency of DOX was nearly quantitative as expected for 
remotely loaded liposomes [35,40].

TSL

Lipid composition DPPC:MSPC:DSPE-PEG2.000

Molar ratio lipids (feed ratio) 86:10:4

Mean diameter (PDI) 134 nm (0.09 +/- 0.02)

DOX encapsulation (%) >99%

Table 1 Characteristics of temperature senstitive liposomes (TSL) loaded with DOX and [Gd(HPDO3A)
(H2O)].

Fig. 3 shows the release of DOX from TSL before encapsulation in the alginate 
microspheres as a function of incubation time at 37 and 42 °C in 20 mM HEPES 
buffer pH 7.4 (Fig. 3A) and in 50% fetal bovine serum (FBS) (Fig. 3B), respectively. 
TSL released less than 10% of their content after 3 hours incubation in HEPES buffer 
at 37 °C while at 42 °C complete release took place within 30 seconds. In 50% FBS 
at 37 °C, the TSL showed a release of ~15% within 5 minutes and reached 30% 
release after 3 hours. The release rate at 37 °C in 50% FBS was higher than in HEPES 
buffer (Figure 3 A-B) likely because proteins destabilized the lipid bilayer [41-43]. 
At 42 °C more than 95% of the loaded DOX was released within 30 seconds in 50% 
FBS (Figure 3B), which is comparable with the release of DOX in HEPES buffer at 
the same temperature, indicating that DOX is released nearly quantitatively at 42 °C 
independent of the presence of proteins in the release medium.

Preparation of barium crosslinked alginate microspheres loaded with TSL (TSL-
Ba-ms)
Alginate microspheres containing TSL were prepared with the spraying device 
shown in Fig. 2. An alginate solution containing TSL was sprayed into 20 mM 
HEPES buffer pH 7.4 containing 100 mM barium chloride. The mean diameter of the 
unfractionated TSL-Ba-ms was 30 µm with a standard deviation of 21 µm while the 
mean diameter was 76 µm with a standard deviation of 41 µm after sieving (Fig. 4C-
D). This demonstrates that many microspheres had a size below 50 µm, which were 
subsequently successfully removed by sieving. The encapsulation efficiency of TSL 
into the alginate microspheres was 60% based on DOX measurements. This relatively 
low encapsulation efficiency is based on the instability of TSL in the alginate solution 
since alginate can be inserted into the lipid bilayer [44] leading to DOX leakage from 
the TSL before formation of the TSL-Ba-ms. The presence of DOX loaded liposomes 
in the alginate microspheres could also be qualitatively observed with fluorescence 
microscopy (Fig. 4A). 
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Fig. 3 Temperature triggered release of DOX from TSL (DPPC:MSPC:DSPE-PEG2.000 86:10:4) in 20 
mM HEPES buffer pH 7.4 (A) or 50% fetal bovine serum (B) at 37 and 42 °C. Temperature triggered DOX 
release from TSL-Ba-ms in 20 mM HEPES buffer pH 7.4 (C) and 50% FBS (D) at 37 and 42 °C.

A B 

Fig. 4 Fluorescence microscopy image of TSL-Ba-ms (A) and bright-field microscopy image of alginate 
microspheres crosslinked with holmium ions (Ho-ms) (B) after sieving. The size distribution of TSL-Ba-ms 
before (C) and after (D) sieving was analyzed with calibrated BZ II Analyzer software.
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Characterization of empty alginate microspheres crosslinked with holmium ions
Empty microspheres crosslinked with solely holmium ions (Ho-ms) were prepared 
and sieved similar to the TSL-Ba-ms described above. This resulted in Ho-ms with 
a mean diameter of 64 µm and a standard deviation of 29 µm (Fig. 4B), which is 
similar to the diameter of TSL-Ba-ms (Fig. 4A). Since Ho-ms and TSL-Ba-ms have a 
comparable size, they most likely have a similar in vivo tissue distribution after an i.v. 
co-injection and therefore Ho-ms can be used as tracer for the TSL-Ba-ms.

Release of doxorubicin (DOX) from TSL-Ba-ms
The release of DOX from TSL-Ba-ms at 37 and 42 °C in 20 mM HEPES buffer pH 
7.4 (Fig. 3C) and the same buffer with 50% FBS (Fig. 3D) was evaluated over a time 
period of 3 hours. At 37 °C, TSL-Ba-ms displayed a marginal release (20%) of DOX 
after incubation in HEPES buffer for 3 hours. At 42 °C, approximately 75% of DOX 
was released within 30 seconds while a maximum release of 85% was achieved after 
1 minute in HEPES buffer. This incomplete DOX release from TSL-Ba-ms in HEPES 
buffer (containing 0.8% NaCl) is most likely due to the interaction of positively 
charged DOX and negatively charged alginate. Addition of Triton X-100 did not lead 
to extra release of DOX which would be the case if some liposomes remained intact 
after applying mild hyperthermia. The incomplete release of DOX was also observed 
visually since TSL-Ba-ms remained slightly pink after incubation at 42 °C. 
In 50% FBS, TSL-Ba-ms showed a DOX release of 30% after 3 hours incubation at 
37 °C. At 42 °C however, the TSL-Ba-ms released DOX nearly quantitatively within 
3 minutes. The difference in DOX release found in HEPES and 50% FBS can be 
explained by the presence of proteins. Presumably, proteins in the release medium 
desorb DOX from the negatively charged alginate since it is reported in other studies 
that DOX can interact with plasma proteins [45,46].
Previously, we prepared microspheres containing liposomes which were crosslinked 
with barium as well as holmium ions in a molar ratio of 95:5 [29]. When TSL 
containing DOX were loaded into these microspheres, no release of DOX occurred 
upon mild hyperthermia. Likely, the released DOX interacted with the holmium ions 
present in the microspheres since a color shift from red to purple was observed during 
incubation at 42 °C. This holmium-DOX complexation was reported previously 
[47,48] and also evidenced by the fact that the purple color of a solution containing 
DOX and holmium ions returned to red after the addition of EDTA, which captures 
the holmium ions (data not shown). Thus it was concluded that DOX was released 
from the liposomes during mild hyperthermia, however the formation of holmium 
ion-DOX complexes prevented the release of DOX from the microspheres.

Visualization of microspheres and [Gd(HPDO3A)(H2O)] release by MRI
As mentioned in the introduction holmium ions and [Gd(HPDO3A)(H2O)] are MRI 
contrast agents that allow visualization of the microspheres and triggered drug release, 
respectively. To investigate in more detail the contribution of each component in our 
system (i.e. barium ions, holmium ions and [Gd(HPDO3A)(H2O)]) on the MR signal, 
T1 and T2

*-weighted (wt) MR images were obtained of i) TSL-Ba-ms mixed with Ho-
ms (ratio 95:5), ii) TSL-Ba-ms only, iii) Ba-ms mixed with Ho-ms (ratio 95:5) and 
iv) Ba-ms only.
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Fig. 5 shows T2
*-wt and T1-wt MR images of these four combinations before and 

after incubation at mild hyperthermia (42 °C for 15 minutes). The microspheres 
sedimented and the microspheres were therefore present in a pellet at the bottom of 
the tube. As expected, the holmium containing microspheres were clearly detectable 
as a black layer on the T2

*-wt image before and after mild hyperthermia (Fig. 5I, J, 
M, N), whereas microspheres containing barium only (Ba-ms) were not observed on 
T2

*-wt images (Fig. 5O, P). Interestingly, TSL-Ba-ms were also clearly detectable 
on T2

*-wt images before hyperthermia because of the T2
*-effect of [Gd(HPDO3A)

(H2O)] at high concentrations (Fig. 5K). However, upon temperature triggered release 
and subsequent dilution of [Gd(HPDO3A)(H2O)], the T2

*-effect of gadolinium 
decreased and the TSL-Ba-ms were no longer visible on the T2

*-wt image (Fig. 5L). 
The temperature triggered [Gd(HPDO3A)(H2O)] release was best visualized on T1-wt 
images (Fig. 5A-D). These images show a significant increase in signal intensity in the 
microsphere pellet as well as in the supernatant of the TSL-Ba-ms after applying mild 
hyperthermia (Fig. 5B, D). This demonstrates that MRI allows the visualization of 
the microspheres (containing holmium ions) as well as the release of [Gd(HPDO3A)
(H2O)] at the same location in an in vitro situation.
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Fig. 5 T1 and T2
*-weighted MR images of TSL-Ba-ms or Ba-ms mixed with or without Ho-ms (ratio 

95:5) before mild hyperthermia and after incubation at 42 °C for 15 minutes. Signal enhancement in the 
supernatant after mild hyperthermia indicates release of [Gd(HPDO3A)(H2O)] in the T1-wt image. The 
holmium ions appear hypointense in the T2

*-wt image due to local distortion of the magnetic field.
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Additionally, quantitative T1 and T2
*-mapping was performed of the same samples 

described above (i.e TSL-Ba-ms mixed with Ho-ms (ratio 95:5), TSL-Ba-ms only, 
Ba-ms mixed with Ho-ms (ratio 95:5) and Ba-ms only) before and after mild 
hyperthermia (Fig. 6). Furthermore, HEPES and a free [Gd(HPDO3A)(H2O)] solution, 
at approximately the same concentration (0.5 mM) as obtained after [Gd(HPDO3A)
(H2O)] release from the TSL-Ba-ms, were included as control samples. Figure 6 shows 
the mean T1 and T2

*-values in a region of interest (ROI) postioned in the microsphere 
pellet (if present) or the supernatant. The T2

*-values of the supernatant are not shown 
because they were too long to be adequately measured with the sequence used. The 
T1-value of the samples containing TSL-Ba-ms decreased in the microsphere pellet 
as well as in the supernatant after mild hyperthermia (Fig. 6A-B). The T1-values of 
these samples after heating were the same as the T1 of free [Gd(HPDO3A)(H2O)] 
at the same concentration in the microsphere pellet as well as in the supernatant, 
indicating quantitative release of [Gd(HPDO3A)(H2O)] from TSL-Ba-ms after 
applying hyperthermia. As expected, Ba-ms did not show a change in T1-value before 
and after applying mild hyperthermia. The presence of 5% Ho-ms had only a minor 
effect on the T1-values of the microsphere pellet and the supernatant and therefore 
does not interfere with the detection of released [Gd(HPDO3A)(H2O)]. In contrast, the 
T2

*-value of samples containing Ho-ms was, as expected, very short in the presence 
of Ho-ms before and after mild hyperthermia (Fig. 6C). As explained previously, 
[Gd(HPDO3A)(H2O)] exhibits a strong T2

*-effect at high concentrations (i.e. loaded in 
TSL). Therefore, the hyperthermia triggered release of [Gd(HPDO3A)(H2O)] caused 
an increase of T2

* in the TSL-Ba-ms pellet, which confirms the necessity of Ho-ms for 
visualizing the microsphere distribution after applying hyperthermia.

Fig. 6 T1 in the microsphere pellet (A) and supernatant (B) and T2
* in the microsphere pellet (C) of alginate 

microspheres before and after mild hyperthermia (HT; 42 °C for 15 minutes). A region of interested (ROI) 
was positioned in the microsphere pellet (if present) or the supernatant to determine the T1 and T2

*-values 
(Mean + standard deviation).
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In vivo visualization of the release of [Gd(HPDO3A)(H2O)] and the distribution 
of TSL-Ba-ms and Ho-ms in a VX2 tumor present in the auricle of a rabbit
The feasibility of TSL-Ba-ms and Ho-ms (in a ratio of 95:5) to allow in vivo monitoring 
of the microsphere deposition and [Gd(HPDO3A)(H2O)] release was evaluated in the 
auricle tumor of a rabbit after intratumoral injection of TSL-Ba-ms and Ho-ms. In 
addition, the hypothesis that the Ho-ms co-localize with TSL-Ba-ms and therefore 
can be used as a tracer for TSL-Ba-ms, was investigated. T1 and T2

*-wt images and 
T1 and T2

*-maps were made at 3 timepoints: i) before intratumoral injection of the 
microspheres, ii) immediately after the intratumoral co-injection of TSL-Ba-ms and 
Ho-ms (95:5 ratio) and iii) shortly after applying mild hyperthermia. The tumor tissue 
looked relatively homogeneous on the T2

*-wt image prior to administration (Fig. 7A). 
Intratumoral co-injection of TSL-Ba-ms and Ho-ms (95:5) caused signal voids on the 
T2

*-wt images indicating the presence of microsphere clusters in the tumor (Fig. 7B). 
These clusters were still visible as signal voids on the T2

*-wt images after applying 
mild hyperthermia for 15 minutes (Fig. 7C). The T2

*-maps showed the same response: 
intratumoral co-injection of the microspheres caused a significant shortening of the T2

* 
in the tumor (Fig. 7D-E), whereas the application of hyperthermia did not influence 
the T2

* of the tumor (Fig. 7E-F).
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Fig. 7 T2
*-wt images (A-C) and T2

*-maps (D-F) of a tumor in the auricle of a New Zealand White rabbit 
before (A, D) and after (B, E) intratumoral injection of TSL-Ba-ms and Ho-ms. Finally, the tumor was 
heated in the range between 42 and 46 °C for 15 minutes (C, F).
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No significant difference in tumor T1-values was observed after intratumoral co-
injection of the microspheres (Fig. 8A-B). This indicates that [Gd(HPDO3A)(H2O)] 
was not released and thus the TSL loaded into the microspheres remained intact 
during the injection of the microspheres. After the intratumoral co-injection of the 
microspheres, the tumor was heated in the range between 42 and 46 °C for 15 minutes 
to trigger the release of [Gd(HPDO3A)(H2O)] from the liposomes and subsequently 
from the TSL-Ba-ms. A significant drop in T1-values was observed in the tumor after 
applying hyperthermia, indicating release of [Gd(HPDO3A)(H2O)] from the TSL-Ba-
ms (Fig. 8C).
The T1-wt images showed the same response: the tumor tissue looked relatively 
homogeneous on the T1-wt image prior to administration (Fig. 8D), whereas the co-
injection of the microspheres followed by applying hyperthermia caused a shortening 
in T1 (Fig. 8E).
Furthermore, the location of Ho-ms (i.e. largest change in T2

*-value) corresponded 
very closely with the location of the TSL-Ba-ms (i.e. largest change in T1-value) 
making Ho-ms a suitable tracer for TSL-Ba-ms.

Pre-treatment After i.t. injection After hyperthermia 

0

200

400

600

800

1000

1200

1400

0

200

400

600

800

1000

1200

1400

0

200

400

600

800

1000

1200

1400

T 1-
m

ap
 (m

s)
 

A B C 

T 1-
w

t 

D E 

Fig. 8 T1-maps (A-C) and T1-wt images (D-E) of a tumor in the auricle of a New Zealand White rabbit 
before (A,D) and after (B) intratumoral co-injection of TSL-Ba-ms and Ho-ms. Finally, the tumor was 
heated in the range between 42 and 46 °C for 15 minutes (C,E).
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Conclusion

This paper shows that alginate microspheres encapsulating temperature sensitive 
liposomes containing a T1 MRI contrast agent ([Gd(HPDO3A)(H2O)]) and 
doxorubicin (DOX) (TSL-Ba-ms) were successfully developed. The encapsulation 
of TSL in Ba-ms changed the triggered release properties only slightly. Also empty 
holmium (T2

* MRI contrast agent) crosslinked microspheres (Ho-ms) were prepared. 
The incorporation of MR imaging agents in the microspheres (i.e. holmium ions in 
Ho-ms) as well as in the liposomes ([Gd(HPDO3A)(H2O)] in TSL-Ba-ms) allowed 
for visualization of both the microspheres and the triggered drug release in vitro using 
MRI. The microsphere deposition and [Gd(HPDO3A)(H2O)] release after intratumoral 
co-injection of TSL-Ba-ms and Ho-ms was monitored in the VX2 tumor model. The 
deposition of Ho-ms overlapped very closely with the location of the [Gd(HPDO3A)
(H2O)] release from TSL-Ba-ms making Ho-ms a suitable tracer for TSL-Ba-ms. 
In this study, the microspheres were injected intratumoral but these microspheres 
are developed for embolization. Therefore, a future study on tumor embolization is 
needed that also investigates the antitumor efficacy of the proposed system compared 
to free DOX and standard TACE.
Taken together, these microspheres are attractive systems for real-time, MR-guided 
embolization and triggered release of drugs.
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Summary

In the beginning of the 20th century, Paul Ehrlich proposed that drug carrier systems 
ideally deliver drug molecules specifically to target cells while being harmless for 
healthy tissues and called this theory the “magic bullet concept” [1]. Drug molecules 
often lack the selectivity for their target cells and therefore drug carriers are presently 
under investigation to deliver drugs specifically to aimed tissues and organs. 
Several carrying systems have been developed to accomplish targeted drug delivery. 
Liposomes are well-known examples of nanosized drug delivery systems, which can 
encapsulate e.g. cytostatic drugs [2-4]. Liposomal formulations of cytotoxic drugs 
have several advantages: i) encapsulated drugs are protected against enzymatic 
degradation, ii) systemically administered chemotherapeutic drugs often have a short 
circulation half-life, which can be prolonged by encapsulation into liposomes [5] 
and iii) long circulating PEGylated liposomes can accumulate into tumors and other 
inflamed tissues via the enhanced permeation and retention (EPR) effect, providing 
selective passive targeting to these areas [6-9]. Taken these advantages together, drug 
encapsulation into liposomes has resulted in increased drug concentrations in tumors 
while maintaining free drug concentrations low in healthy tissue, resulting in less 
adverse events [10-12]. Liposomes accumulate in tumors via the EPR effect but this 
effect is known to be heterogeneous and varies between tumor types, from patient to 
patient and even varies within one tumor [7,13]. Moreover, the concentration of free 
drug in the tumor is relatively low due to the slow and uncontrolled release of the drug 
from the liposomes and as a consequence, cytotoxic free drug concentrations are not 
always obtained in the tumor [14].
In order to optimize the free drug concentration in the tumor, liposomes have been 
developed that are capable of releasing drugs at the target site in response to a specific 
stimulus. As an example, temperature sensitive liposomes release their content during 
incubation at mild hyperthermia (42 °C) [15,16]. Low temperature sensitive liposomes 
(LTSL, doxorubicin (DOX) loaded liposomes containing lysolipids) in combination 
with mild hyperthermia showed a 20-30 times increase in DOX tumor deposition 
compared to free DOX in nude mice bearing a FaDu human tumor xenograft and a 
5 times increased DOX tumor concentration compared to a Doxil-like formulation 
(non-temperature sensitive liposome encapsulating DOX). Hence, LTSL have shown 
to improve the antitumor efficacy upon mild hyperthermia treatment compared to free 
DOX and the Doxil-like formulation [17,18].

The research described in this thesis was performed as part of the HIFU-CHEM project 
(project of Center for Translational Molecular Medicine (CTMM)) that investigated 
new treatment options for liver and bone malignancies using MRI guided High 
Intensity Focused Ultrasound (HIFU) in combination with ThermoDox® (temperature 
sensitive liposome encapsulating DOX). MRI provides anatomical information for 
planning therapeutic interventions, temperature mapping for local hyperthermia 
control and the monitoring of drug release. MRI guided HIFU in combination with 
ThermoDox® is a promising method providing a non-invasive option for the treatment 
of solid tumors [19].
ThermoDox® is a temperature sensitive liposome, which consists of 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC), 1-stearoyl-2-hydroxy-sn-glycero-3-
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phosphocholine (MSPC) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol)-2000] (DSPE-PEG2.000) encapsulating DOX [15,17]. 
MSPC, a monochain lysolipid, is incorporated in this formulation since it forms 
pores in the lipid bilayer at its phase transition temperature, inducing fast release 
of the content [20-22]. ThermoDox® has an ultrafast release rate with 80% release 
of entrapped DOX in 20 seconds at 42 °C [15,17]. However, a limitation of this 
liposomal formulation is that it releases > 20% of DOX at 37 °C within 15 minutes 
in blood, thereby limiting the amount of DOX delivered to the tumor tissue while 
exposing healthy tissue to DOX [23,24].
Therefore, as part of the CTMM project, in this thesis alternative temperature sensitive 
drug delivery systems were explored that release their content in a fast manner at mild 
hyperthermia while remaining stable at body temperature.

In Chapter 2, we describe the development of temperature sensitive liposomes with 
tunable release characteristics that release their content at elevated temperatures. 
Temperature-sensitive N-(2-hydroxypropyl)methacrylamide mono/dilactate polymers 
are presently under investigation for the design of drug delivery systems and hydrogel 
scaffolds for regenerative medicine [25-29]. These polymers were incorporated 
into liposomes via a cholesterol anchor (chol-pHPMAlac). Polymers with different 
copolymer compositions and molecular weights (resulting in variation in cloud point 
(CP)) were synthesized to evaluate their influence on the DOX release from the loaded 
liposomes. The liposomes had a size between 100 and 150 nm (PDI ~0.1) and a DOX 
encapsulation efficiency > 95%. All the liposomal formulations showed a triggered 
release of DOX and the onset-temperature of the DOX release was dependent on the 
characteristics of the chol-pHPMAlac used. Grafting liposomes with chol-pHPMAlac 
with a higher percentage HPMAmonolactate, and therefore a higher CP, resulted in 
an increase in release on-set temperature. It was further shown that an increase in 
molecular weight of chol-pHPMAlac resulted in a decrease of the release temperature. 
Liposomes with a chol-pHPMAlac (10.0 kDa and a CP of 19.0 °C) grafting density of 
5% were identified as the best performing formulation since they were stable at body 
temperature while a fast release was obtained at mild hyperthermia (> 90% during 10 
min incubation at 47 °C). It was also shown that these liposomes released their DOX 
content quantitatively upon exposure to HIFU.

Encouraged by these results, we further evaluated the chol-pHPMAlac grafted 
liposomes with different in vitro assays in Chapter 3 to get insight into the interaction 
between chol-pHPMAlac grafted liposomes with blood cells and other cells with 
which the liposomes come in contact after intravenous (i.v.) administration. The 
size of chol-pHPMAlac (8.5 kDa and a CP of 16 °C) grafted liposomes remained 
stable after 24 hour incubation at 37 °C in serum, which is important because 
pulmonary embolism, stroke and myocardial infarction can be induced by aggregated 
nanoparticles [30,31]. Neither cellular association nor cellular uptake was observed 
for RAW 264.7 (macrophages), HUVEC (endothelial cells) and AML-12 cells 
(hepatocytes), which indicates that chol-pHPMAlac grafted liposomes are likely 
not removed rapidly from the blood circulation by these cells after administration. 
Furthermore, chol-pHPMAlac liposomes did not show signs of cytotoxicity using 
the MTS assay even at the highest phospholipid concentration (150 µM) after 24 
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hour incubation. In general, nanoparticles can activate blood platelets leading to the 
formation of a thrombus, which can occlude blood vessels resulting in necrosis of the 
tissue supplied by that vessel [32,33]. The amount of fibrinogen and P-selectin on the 
surface of platelets is a good indicator for platelet activation [34-38]. However, upon 
incubation with chol-pHPMAlac liposomes no significant binding of fibrinogen and 
expression of P-selection was found. Taken these results together, it is expected that 
chol-pHPMAlac liposomes are not cleared rapidly from the blood circulation after i.v. 
administration and these liposomes do most likely not generate serious complications 
e.g. the formation of thrombi after injection.

We show in Chapter 3 that the size of chol-pHPMAlac grafted liposomes were 
stable during incubation in serum at 37 °C for 24 hours using nanoparticle tracking 
analysis (NTA). These liposomes showed a complete DOX release at 47 °C within 
10 minutes. Nevertheless, dynamic light scattering measurements (Chapter 2 and 
3) revealed that liposomes grafted with this chol-pHPMAlac with a CP of ~20 °C 
aggregated at body temperature (37 °C). Since aggregates can induce pulmonary 
embolism, stroke and myocardial infarction [30,31], we made an effort to prevent 
aggregation of the developed liposomal system while retaining the triggered release 
at elevated temperatures in Chapter 4. Poly(ethylene glycol) (PEG) is a hydrophilic 
polymer, which forms a steric barrier around the liposomes reducing opsonization 
by proteins and consequently decreases elimination from the blood circulation [39-
42]. We hypothesized that PEGylation could reduce the aggregation of the liposomes 
at body temperature (and above the CP of the polymer) due to the formation of a 
hydrophilic shield around the liposomes. PEGylation indeed reduced the liposome 
aggregation but unfortunately simultaneously inhibited the triggered release of DOX 
from the liposomes and consequently prevented the realization of the goal. Therefore 
in the next chapters of this thesis, other formulations were explored.

Besides nanoparticles, also micro-sized drug delivery systems are often used for local 
drug delivery in tumor therapy. Drug eluting beads (DEBs) with sizes ranging from 
70-150 µm to 500-700 µm and loaded with cytostatic drugs are used for embolization 
of tumors [43-45]. These DEBs are administered in the arterial supply of the tumor 
where they block the feeding vessels of the tumor and restrict nutrient and oxygen 
supply to the tumor cells. The blockage of the blood vessels reduces the washout 
of the chemotherapeutic drug and hence increases the drug concentration in the 
tumor area while minimizing the systemic exposure. In preclinical as well as clinical 
studies it was shown that DEBs release their content locally in a sustained manner in 
a tumor after i.a. injection and embolization [46-48]. Further, it was recently shown 
in several studies that rapid intravascular release of DOX from temperature sensitive 
liposomes after mild hyperthermia at the tumor site leads to high intravascular drug 
concentrations, which subsequently enhances the drug penetration into the tumor 
and therefore improves the anti-tumor efficacy [15,49]. Therefore, the objective 
of Chapter 5 was to develop and characterize alginate microspheres that combine 
embolization with on-demand triggered drug release. For that purpose, alginate 
microspheres loaded with temperature sensitive liposomes (TSL) were developed, 
which release their payload after mild hyperthermia. These TSL contained fluorescein 
(a drug mimicking dye) and [Gd(HPDO3A)(H2O)], a T1 MRI contrast agent, for real 
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time monitoring of the release by MRI. These alginate microspheres were crosslinked 
with barium ions and holmium ions (T2

* MRI contrast agent) to allow microsphere 
visualization (TSL-Ho-microspheres). TSL-Ho-microspheres released fluorescein 
and [Gd(HPDO3A)(H2O)] simultaneously and completely within 2 minutes at 42 
°C showing that [Gd(HPDO3A)(H2O)] is a good indicator for the release in vivo. 
Holmium crosslinked microspheres and the release of [Gd(HPDO3A)(H2O)] were 
visualized in vitro using MRI. In addition, microsphere clusters were observed in an 
ex vivo kidney after injection of TSL-Ho-microspheres. These results show that, as 
expected, TSL-Ho-microspheres can be visualized by MRI in tissue.

In Chapter 6, the concept of combining embolization with on-demand triggered drug 
release was taken a step further by encapsulating a cytostatic drug (DOX) together 
with a contrast agent ([Gd(HPDO3A)(H2O)]) in thermosensitive liposomes. However, 
when TSL containing DOX were loaded into microspheres crosslinked with barium 
and holmium ions, no release of DOX occurred at mild hyperthermia likely because 
holmium-DOX complexes were formed, which hampered the release of DOX. 
Therefore, alginate microspheres encapsulating TSL were crosslinked with solely 
barium ions (TSL-Ba-ms) while empty microspheres were crosslinked with solely 
holmium ions (Ho-ms) to allow MRI visualization of the microspheres. TSL-Ba-ms 
had a mean diameter of 76 µm and released DOX quantitatively within 3 minutes 
at 42 °C in 50% serum. Ho-ms had an average diameter of 64 µm and since this 
size was similar to that of TSL-Ba-ms, they are expected to display a similar in vivo 
tissue distribution after an i.a. co-injection. A mixture of TSL-Ba-ms and Ho-ms 
in a ratio of 95:5 was visualized on a T2

* and a T1-weighted (wt) image before and 
after incubation at mild hyperthermia (42 °C for 15 minutes) in vitro. The holmium 
containing microspheres were clearly detectable on the T2

*-wt image before and 
after mild hyperthermia while [Gd(HPDO3A)(H2O)] release was only observed after 
mild hyperthermia in the supernatant as well as in the microsphere pellet on a T1-wt 
image. The deposition of the microspheres and [Gd(HPDO3A)(H2O)] release after 
co-administration of TSL-Ba-ms and Ho-ms was monitored in the VX2 tumor model 
in the auricle of a New Zealand White rabbit. Microsphere clusters appeared on the 
T2

*-wt image after the co-administration of TSL-Ba-ms and Ho-ms. These clusters 
remained visible after applying mild hyperthermia. No change in T1 was observed 
after co-administration of the microspheres indicating the presence of intact TSL. A 
significant drop in T1-values was observed in the tumor after applying hyperthermia, 
indicating the release of [Gd(HPDO3A)(H2O)] from the TSL-Ba-ms. The location of 
Ho-ms overlapped with the location of [Gd(HPDO3A)(H2O)] released from TSL-Ba-
ms making Ho-ms a suitable marker for TSL-Ba-ms. In conclusion, these microspheres 
are attractive systems for real-time, MR-guided embolization and triggered release of 
drugs.
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Optimizing release properties of chol-pHPMAlac grafted liposomes
The research described in this thesis was performed as part of a CTMM project that 
investigated novel biodegradable temperature-sensitive drug delivery carriers, which 
release their content fast at mild hyperthermia to achieve high drug concentrations in 
the tumor. Simultaneously no leakage at 37 °C should occur since premature release 
of the drug before arrival at the tumor limits the amount of drug delivered to the tumor 
tissue and induces exposure of healthy tissue to the drug. The best chol-pHPMAlac 
liposomal formulation described in Chapter 2 released its content quantitatively at 47 
°C in 10 minutes while remaining stable at body temperature (< 10% release at 37 °C 
in 30 minutes). Unfortunately, our temperature-sensitive system did not completely 
fulfill our expectations (Chapter 2). The release of DOX took place at significantly 
higher temperatures (± 20 °C) than the CP of chol-pHPMAlac, presumably because 
the dehydration of the polymer is insufficient at the CP and thus the polymer is not 
hydrophobic enough to penetrate and permeabilize the liposomal membrane at that 
temperature. As a consequence, a drawback of these thermosensitive liposomes is that 
they aggregate at body temperature, which obstructs their clinical application since 
circulating aggregates could induce pulmonary embolism, stroke and myocardial 
infarction [30]. Therefore, we made an effort to prevent aggregation of our liposomal 
system while retaining the triggered release at elevated temperatures by PEGylation 
in Chapter 4. Unfortunately, this strategy to utilize a PEG coating to optimize our 
novel thermosensitive liposomes was not successful. Therefore, other approaches 
are proposed to prevent aggregation of the liposomes or to induce the release from 
the liposomes at the CP of chol-pHPMAlac. One option to prevent aggregation is 
to couple a hydrophilic block (HPB, e.g. PEG or HPMA) to the chol-pHPMAlac 
resulting in chol-pHPMAlac-HPB. The cholesterol will facilitate the incorporation 
into the liposomes, while HPMAlac is the temperature-sensitive moiety and HPB will 
form a hydrophilic shield around the liposomes. At the CP of chol-pHPMAlac-HPB, 
the polymer will start to dehydrate but aggregation is most likely prevented by the 
HPB since PEGylation also prevented the aggregation of chol-pHPMAlac grafted 
liposomes in Chapter 4. In this approach, the release of the content will most likely 
not be inhibited by the HPB since the hydrophilic shield is formed solely around the 
liposome and not between the HPMAlac chains.
Another strategy to induce content release at the CP of the polymer would be to vary 
the position of the lipid anchor on the polymer chain. The chol-pHPMAlac used 
in this thesis has an anchor group at the terminal end of the polymer chain while 
polymers with lipid anchors distributed over the polymer chain are less flexible upon 
grafting on liposomes and might therefore induce permeabilization of the liposomes 
and release of the loaded drug at temperatures slightly above the CP of the polymer. 
A final option would be to change the lipid composition of chol-pHPMAlac grafted 
liposomes since it was reported previously that the release from poly(NIPAM-co-
ODA) grafted liposomes composing of DPPC or EPC was incomplete while an 
enhanced and complete release was observed from DOPE liposomes modified with 
poly(NIPAM-co-ODA) [50-52].
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Optimizing the preparation method of alginate microspheres
The alginate microspheres described in Chapter 5 are prepared using a Jet Cutter. 
This technique is ideal for the preparation of monodisperse microspheres but the Jet 
Cutter is not suitable for the production of microspheres containing toxic components 
(e.g. DOX) due to the formation of aerosols. Therefore, a homemade spray device 
is described in Chapter 6. The disadvantages of this technique are 1) a low yield 
because a relatively large percentage of the alginate solution is sprayed onto the vessel 
wall, 2) difficulties to clean the spraying device since the inside of the collecting 
vessel and the nozzle are difficult to reach and 3) the fragility of the device since it is 
fabricated of glass. In literature, several other methods for the preparation of alginate 
microspheres are described, of which some are more reproducible and safer. Examples 
are microfluidics [53], electro spraying [54], ink jetting [55] and compressed air 
spraying [56]. These methods could be explored for the preparation of TSL-Ba-ms.

In vivo evaluation of TSL-Ba-ms and Ho-ms
We report introductory data of the visualization of TSL-Ba-ms and Ho-ms in vivo 
in the VX2 model in Chapter 6. The microsphere deposition and [Gd(HPDO3A)
(H2O)] release after co-administration of TSL-Ba-ms and Ho-ms was visualized in 
this model. The location of Ho-ms corresponded very closely with the location of 
[Gd(HPDO3A)(H2O)] released from TSL-Ba-ms making Ho-ms a suitable marker for 
TSL-Ba-ms. To explore this formulation further, an additional VX2 study is needed 
in which microspheres are evaluated with and without applying mild hyperthermia 
and with or without the encapsulation of [Gd(HPDO3A)(H2O)] in the TSL-Ba-ms. 
Furthermore, the DOX concentration in blood and tumor should be measured to 
evaluate if high drug concentrations are reached in the tumor (i.e. efficacy) while 
retaining the systemic exposure low (i.e. side effects).
Up till now, a water bath was used to heat the tumor. This is a very easy and efficient 
heating method but clinically less applicable since only superficial tumors can be 
heated and this method is not very convenient for patients. Therefore, in the proposed 
in vivo studies, RFA and HIFU can be considered as more clinical relevant heating 
modalities.

In conclusion, chol-pHPMAlac grafted liposomes developed in this thesis show 
promising results for temperature triggered local drug delivery although some 
modifications of this system are needed. Furthermore, substantial progress has been 
made in the development of alginate microspheres suitable for embolization with on-
demand triggered drug release and whereby the microspheres as well as the drug 
releasing process can be visualized.
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Nederlandse samenvatting
 
Aan het begin van de 20e eeuw beschreef Paul Ehrlich het “magic bullet” (“magische 
kogel”) concept voor het eerst. Volgens dit concept worden farmaca specifiek 
afgeleverd bij de gewenste cellen terwijl gezonde weefsels niet blootgesteld worden. 
De meeste farmaca missen deze selectiviteit voor de gewenste cellen en daarom 
wordt er momenteel onderzoek gedaan naar dragersystemen (de zogenoemde 
nanomedicijnen) die de farmaca gericht afleveren bij de gewenste weefsels en 
organen. Liposomen zijn een voorbeeld van veel onderzochte nanomedicijnen, 
en deze systemen kunnen worden beladen met o.a. cytostatica. Het beladen van 
liposomen met cytostatica heeft een aantal voordelen: i) cytostatica zijn beschermd 
tegen enzymatische afbraak, ii) systemisch toegediende cytostatica hebben vaak een 
korte halfwaardetijd, deze kan verlengd worden door het beladen in liposomen en iii) 
lang circulerende, gePEGyleerde liposomen accumuleren in tumoren en ontstoken 
weefsel via het versterkte permeatie en retentie effect (VPR effect). Hierdoor worden 
hoge farmaconconcentraties bereikt in de tumor terwijl gezonde weefsels blootgesteld 
worden aan lagere concentraties van de cytostatica. Zoals hierboven genoemd kunnen 
liposomen in de tumor accumuleren via het VPR effect. Het is bekend dat dit effect 
zeer heterogeen is en varieert tussen verschillende tumorsoorten, van patiënt tot patiënt 
en zelfs binnen een tumor. Bovendien is de vrije concentratie van het farmacon in de 
tumor relatief laag door de langzame en ongecontroleerde afgifte van het farmacon 
uit de liposomen. Cytotoxische concentraties worden hierdoor niet altijd bereikt in de 
tumor.
Er zijn verschillende liposomen ontwikkeld die farmaca kunnen vrijgeven in de tumor 
na een specifieke stimulans zodat er hogere concentraties van het vrije farmacon in de 
tumor kunnen worden bereikt. Een voorbeeld van liposomen die hun inhoud vrijgeven 
als gevolg van een specifieke stimulans zijn temperatuurgevoelige liposomen die 
hun inhoud vrijgeven tijdens een korte blootstelling aan milde hyperthermie (42 
°C). Een 20-30 keer hogere doxorubicine (DOX, een cytostaticum) concentratie 
werd bereikt in tumoren na toediening van temperatuurgevoelige liposomen in 
combinatie met milde hyperthermie, in vergelijking met de toediening van vrij DOX. 
Daarnaast is er aangetoond dat temperatuurgevoelige liposomen in combinatie met 
milde hyperthermie een verbeterde antitumoreffectiviteit hebben in vergelijking met 
toediening van vrij DOX en niet temperatuurgevoelige liposomen in combinatie met 
milde hyperthermie.

Het onderzoek beschreven in dit proefschrift maakte deel uit van het HIFU-CHEM 
project (CTMM) dat nieuwe behandelmethodes voor kwaadaardige lever- en bot 
tumoren onderzoekt waarbij gebruik gemaakt wordt van MRI gestuurde Hoge 
Intensiteit Gefocust Ultrageluid (HIGU) in combinatie met ThermoDox.
ThermoDox is een temperatuurgevoelig liposoom dat bestaat uit DPPC, MSPC en 
DSPE-PEG2000 en is beladen met DOX. MSPC, een lysolipide mono-keten, is 
opgenomen in deze formulering omdat het poriën vormt in de lipide-bilaag zodra 
de faseovergangtemperatuur wordt bereikt en hierdoor voor een snelle afgifte van 
de inhoud van de liposomen zorgt. ThermoDox heeft een zeer snelle afgiftesnelheid 
met 80% afgifte van DOX in 20 seconden bij 42 °C. Echter, een beperking van deze 
formulering is dat er meer dan 20% DOX wordt afgegeven binnen 15 minuten in bloed 
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van 37 °C, waardoor de hoeveelheid DOX, die afgeleverd wordt in het tumorweefsel 
beperkt is terwijl gezonde weefsels worden blootgesteld aan DOX.

Daarom, als onderdeel van het bovengenoemde CTMM project, worden er in dit 
proefschrift alternatieve temperatuurgevoelige dragersystemen onderzocht die de 
inhoud snel afgeven bij verhoogde temperaturen terwijl deze systemen stabiel zijn bij 
lichaamstemperatuur.

In Hoofdstuk 2, beschrijven we de ontwikkeling van temperatuurgevoelige 
liposomen met stuurbare afgiftekarakteristieken die hun inhoud afgeven bij verhoogde 
temperaturen. Temperatuurgevoelige N-(2-hydroxypropyl)methacrylamide mono/
dilactaat polymeren worden momenteel onderzocht als geneesmiddeldragers. Deze 
polymeren kunnen in liposomen worden ingebouwd door middel van een cholesterol-
anker (chol-pHPMAlac). Polymeren met verschillende copolymeercomposities 
en molecuulgewichten (resulterend in variatie in transitie temperatuur (TT)) zijn 
gesynthetiseerd om de invloed op het afgiftepatroon van DOX na het inbouwen van 
deze polymeren in liposomen te onderzoeken. De liposomen hadden een diameter 
tussen 100 en 150 nm en een DOX beladingseffectiviteit van > 95%. Alle liposomen 
vertoonden een temperatuur getriggerde afgifte van DOX en de afgiftetemperatuur 
was afhankelijk van de karakteristieken van het gebruikte chol-pHPMAlac. Het 
inbouwen van een chol-pHPMAlac met een hoger percentage HPMAmonolactaat, 
en daardoor een hogere TT, resulteerde in een verhoging van de afgiftetemperatuur. 
Daarnaast is aangetoond dat het verhogen van het molecuulgewicht resulteerde in een 
verlaging van de afgiftetemperatuur. Liposomen met 5% chol-pHPMAlac (10 kDa en 
een TT van 19.0 °C) werden geïdentificeerd als de beste formulering aangezien deze 
formulering stabiel was bij lichaamstemperatuur terwijl een snelle afgifte plaatsvond 
tijdens milde hyperthermie (> 90% tijdens 10 minuten incubatie op 47 °C). Daarbij 
vond er ook een kwantitatieve afgifte van DOX plaats tijdens blootstelling aan HIGU.

Aangemoedigd door deze resultaten, zijn de liposomen met chol-pHPMAlac verder 
onderzocht in vitro in Hoofdstuk 3 om meer inzicht te krijgen in de interactie tussen de 
chol-pHPMAlac liposomen en de bloedcellen en andere cellen waarmee de liposomen 
in contact komen na intraveneuze toediening. De diameter van de liposomen met 
chol-pHPMAlac (8.5 kDa en een TT van 16 °C) bleef stabiel na een incubatie van 
24 uur op 37 °C in serum, wat belangrijk is aangezien een longembolie, beroerte 
en hartaanval geïnduceerd kunnen worden door geaggregeerde nanomedicijnen. 
Er vond geen celbinding en celopname plaats in RAW 264.7 cellen (macrofagen), 
HUVECs (endotheel cellen) en AML-12 cellen (hepatocyten), wat erop duidt dat 
chol-pHPMAlac liposomen waarschijnlijk niet snel verwijderd worden uit de 
bloedcirculatie door deze cellen na intraveneuze toediening. Bovendien vertoonden 
chol-pHPMAlac liposomen geen cytotoxiciteit. In het algemeen gesproken kunnen 
nanomedicijnen bloedplaatjes activeren, wat kan leiden tot de vorming van een 
trombus die bloedvaten kan verstoppen, resulterend in necrose van de weefsels die 
aangevoerd worden door dit vat. De hoeveelheid fibrinogeen en P-selectine op het 
oppervlak van bloedplaatjes is een goede indicatie voor bloedplaatjesactivering. 
Echter, er werd geen verhoging in de hoeveelheid fibrinogeen en P-selectine op het 
oppervlak van bloedplaatjes gevonden na incubatie met chol-pHPMAlac liposomen. 
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Gezien de behaalde resultaten is het te verwachten dat chol-pHPMAlac liposomen 
niet snel verwijderd zullen worden uit de bloedcirculatie na intraveneuze toediening 
en deze liposomen zullen waarschijnlijk geen serieuze complicaties zoals de formatie 
van een bloedprop genereren na toediening.

Hoofdstuk 3 laat door middel van nanodeeltjesanalyse zien dat de diameter van 
chol-pHPMAlac liposomen stabiel bleven tijdens incubatie in serum bij 37 °C voor 
24 uur. Deze liposomen gaven de inhoud compleet vrij binnen 10 minuten bij 47 
°C. Daarentegen lieten dynamische lichtverstrooiingmetingen (Hoofdstuk 2 en 3) 
zien dat liposomen waarin chol-pHPMAlac met een TT van ~20 °C is ingebouwd, 
aggregeerden op lichaamstemperatuur. Aangezien aggregaten een longembolie, 
beroerte en hartaanval kunnen induceren, is in Hoofdstuk 4 geprobeerd de liposomen 
zo te optimaliseren dat ze niet aggregeren maar nog wel hun inhoud afgeven tijdens 
milde hyperthermie. Polyethyleenglycol is een hydrofiel polymeer dat een sterische 
barrière kan vormen om liposomen en daardoor de opsonisatie door eiwitten kan 
verminderen met als gevolg dat de liposomen minder snel uit de bloedcirculatie 
worden verwijderd. De hypothese was dat het PEGyleren van chol-pHPMAlac 
liposomen het aggregeren van de liposomen op lichaamstemperatuur (en dus boven de 
TT van het polymeer) kan voorkomen door de vorming van een hydrofiele schil om de 
liposomen. Het PEGyleren van de liposomen zorgde inderdaad voor de vermindering 
van aggregatie maar tegelijkertijd remde het PEGyleren ook de geactiveerde afgifte 
van de liposomen tijdens hyperthermie waardoor we ons doel niet konden realiseren. 
Daarom zijn in de volgende hoofdstukken andere formuleringen onderzocht.

Naast nanomedicijnen worden ook micro-dragersystemen gebruikt voor de lokale 
afgifte van farmaca in een tumor. Farmacon-eluerende deeltjes (FEDs) met een 
diameter van 70-150 µm tot 500-700 µm en beladen met een cytostaticum, worden 
gebruikt voor het emboliseren van tumoren. Deze FEDs worden toegediend in de 
arteriële bloedvaten van een tumor die daardoor geblokkeerd worden met als gevolg 
een verminderde toevoer van zuurstof en voedingsstoffen naar de tumorcellen. Door 
de blokkade van deze bloedvaten wordt er ook minder cytostaticum uit de tumor 
weggewassen waardoor de cytostaticumconcentratie in de tumor toeneemt, terwijl 
de systemische blootstelling verminderd wordt. Preklinische en klinische studies 
hebben aangetoond dat de FEDs hun inhoud erg langzaam vrijgeven na embolisatie. 
Daarentegen hebben verschillende studies aangetoond dat een snelle intravasculaire 
afgifte van DOX ervoor zorgt dat er hogere vrije farmaconconcentraties worden 
bereikt in tumoren. Dit leidt tot een verbeterde antitumoreffectiviteit. Het doel van 
Hoofdstuk 5 is daarom om alginaat microsferen te ontwikkelen en karakteriseren die 
embolisatie combineren met een op “on-demand” getriggerde afgifte van farmaca. 
Alginaat microsferen werden beladen met temperatuurgevoelige liposomen die 
hun inhoud afgaven na milde hyperthermie. Deze temperatuurgevoelige liposomen 
bevatten fluoresceïne (modelstof voor een farmacon) en [Gd(HPDO3A)(H2O)], een 
T1 MRI contrastmiddel, waardoor de afgifte gemonitord kan worden met behulp 
van MRI. Deze alginaat microsferen werden gecrosslinkt met barium- en holmium-
ionen (T2

* MRI contrastmiddel) zodat de microsferen zelf ook gevisualiseerd 
kunnen worden met MRI (TSL-Ho-ms). De TSL-Ho-ms gaven de fluoresceïne en 
[Gd(HPDO3A)(H2O)] simultaan en kwantitatief vrij binnen 2 minuten bij 42 °C wat 
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aantoont dat [Gd(HPDO3A)(H2O)] een goede indicator is voor de afgifte in vivo. De 
holmium gecrosslinkte microsferen en de release van [Gd(HPDO3A)(H2O)] werden 
gevisualiseerd in vitro met behulp van MRI. Bovendien werden microsfeerclusters 
waargenomen in een ex vivo nier na de toediening van TSL-Ho-ms. Deze resultaten 
laten zien dat, zoals verwacht, TSL-Ho-ms gevisualiseerd kunnen worden in weefsel 
met MRI.

In Hoofdstuk 6 wordt het concept waarin we embolisatie combineren met getriggerde 
farmaconafgifte verder ontwikkeld door het beladen van de temperatuurgevoelige 
liposomen met een cytostaticum (DOX) en een contrastmiddel ([Gd(HPDO3A)
(H2O)]). Echter, er vond geen afgifte plaats bij milde hyperthermie wanneer deze DOX 
beladen temperatuurgevoelige liposomen werden ingebouwd in met barium-holmium 
ionen gecrosslinkte microsferen. Waarschijnlijk werden er complexen gevormd 
tussen DOX en holmium ionen waardoor de afgifte van DOX verhinderd werd. 
Daarom werden de temperatuurgevoelige liposomen beladen in met barium ionen 
gecrosslinkte microsferen (TSL-Ba-ms) terwijl lege alginaat microsferen werden 
gecrosslinkt met holmium ionen (Ho-ms) zodat de microsferen toch gevisualiseerd 
konden worden met MRI. De TSL-Ba-ms hadden een diameter van 76 µm en gaven 
DOX kwantitatief vrij in 3 minuten bij 42 °C in 50% serum. De Ho-ms hadden een 
diameter van 64 µm en aangezien deze diameter vergelijkbaar is met de diameter 
van TSL-Ba-ms, werd eenzelfde weefselverdeling verwacht voor beide microsferen 
in vivo na co-toediening. Een mengsel van TSL-Ba-ms en Ho-ms in een verhouding 
van 95:5 werd gevisualiseerd op een T2

* en een T1 gewogen afbeelding voor en na 
incubatie bij milde hyperthermie (42 °C voor 15 minuten) in vitro. De holmium 
gecrosslinkte microsferen waren duidelijk zichtbaar op het T2

* gewogen beeld voor en 
na milde hyperthermie terwijl de [Gd(HPDO3A)(H2O)] afgifte alleen zichtbaar was 
op het T1 gewogen beeld na milde hyperthermie. De distributie van de microsferen 
en de afgifte van [Gd(HPDO3A)(H2O)] na co-toediening van TSL-Ba-ms en Ho-ms 
werd waargenomen in een VX2 tumor in het oor van een konijn. Microsfeerclusters 
verschenen op een T2

* gewogen beeld na co-toediening van de TSL-Ba-ms en Ho-
ms. Deze clusters bleven zichtbaar na het toepassen van milde hyperthermie. Er 
werd geen verschil in T1 waargenomen na het co-toedienen van de microsferen wat 
erop wijst dat de liposomen nog intact zijn. Een significante daling in T1 waardes 
werd gemeten in de tumor na milde hyperthermie wat aangeeft dat de TSL-Ba-ms 
[Gd(HPDO3A)(H2O)] hebben afgegeven. De locatie van de holmium gecrosslinkte 
microsferen kwam overeen met de locatie van de [Gd(HPDO3A)(H2O)] afgifte van 
de TSL-Ba-ms waardoor de Ho-ms geschikte markers zijn voor de TSL-Ba-ms. 
Concluderend kan gezegd worden dat, deze microsferen aantrekkelijke systemen zijn 
voor beeldgestuurde embolisatie en getriggerde afgifte van farmaca.
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“On Top Of The World”

I’ve had the highest mountain
I’ve had the deepest rivers

You can have it all but life keeps moving

I’ve tried to cut these corners
Try to take the easy way out

I kept on falling short of something

I could gave up then but
Then again I couldn’t have cause

I’ve traveled all this way for something

And I know it’s hard when you’re falling down
And it’s a long way up when you hit the ground

Get up now, get up, get up now.

Take it in but don’t look down

Waiting on this for a while now
I’ve been waiting to smile

Been holding it in for a while
Take you with me if I can

Been dreaming of this since a child
I’m on top of the world.

(Imagine Dragons)




