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The development of actively targeted, responsive delivery vectors holds great promise for cancer therapy. Here,
we investigated whether enhanced therapeutic activity of temperature sensitive liposomes (TSL) could be ob-
tained by mild hyperthermia-triggered release of the chemotherapeutic drug doxorubicin (DOX) after
hCTMO1 monoclonal antibody (anti-MUC-1) binding and uptake into cancer cells. We showed that traditional
TSL (TTSL) liposome systems maintained their physicochemical and thermal properties after conjugation to
hCTMO1 full IgG. Receptor-mediated cellular uptake and cytotoxic efficacy of antibody-targeted TTSL (TTSL-
Ab) were investigated using 2D and 3D cell culturemodels. Significant enhancement in cellular uptake and cyto-
toxic activity after 1 h of heating at 42 °Cwas observed for TTSL-Ab compared tonon-targeted liposomes inMUC-
1 over-expressing breast cancer cells (MDA-MB-435). Tissue distribution and in vivo therapeutic activity were
studied using different heating protocols to explore the effect of mild hyperthermia on the tumor accumulation
of targeted TTSL and their therapeutic effect. Application of local, mild hyperthermia (42 °C) significantly in-
creased the tumor accumulation of targeted TSL compared to non-targeted liposomes, associated with a moder-
ate improvement in therapeutic activity and survival.

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

Liposome-based chemotherapeutics is a clinically established tech-
nology offering an improved overall safety profile and reduced toxicity
compared to free drugs [1]. Long circulating liposome systems have
been repeatedly shown to accumulate passively at some tumor sites
by the enhanced permeability and retention effect (EPR) [2]. However,
their clinical therapeutic efficacy has not necessarily improved [3],
mainly due to poor drug bioavailability. To enhance the efficacy of lipo-
somal anticancer agents, two approaches have been considered exten-
sively based on active targeting and externally triggered content
release.

Contrary to passive targeting of liposomes that solely depend on the
EPR effect, active targeting relies on engineering the liposome surface
with targeting ligands that bind specifically to overexpressed receptors
at their target site [4–7]. Considerable efforts have been made for the
development of actively targeted liposomes, but their translation in
the clinic is yet to be successful. One of the reasons is that their tumor
accumulation is restricted by several barriers that prevent them from
reaching their target cells [8,9], in addition to the need for effective con-
tent release after accumulation occurs.
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Temperature-sensitive liposomes (TSL) have the advantage of con-
trolled release of their therapeutic contents upon mild heating around
the lipid bilayer phase transition temperature. ThermoDox® is a TSL
containing a lysolipid, first described by Needham et al. [10], currently
representing the most clinically advanced heat-responsive liposome
system [11]. Recent preliminary results reported from a Phase III trial
against primary hepatocellular carcinoma in combinationwith radiofre-
quency ablation [12] have shown some degree of clinical efficacy but
also have already indicated that further improvements should be
considered.

In order to improve the therapeutic potency of liposomal anticancer
drugs, interest in developing new genres of liposome systems aim to
combine the advantages of both active targeting and triggered release
properties. Once bound to specific antigens on tumor cells, targeted
TSL can then release their content by application of HT, either at the sur-
face of the cells [13] or intracellularly following internalization [14,15].
Kullberg et al. [16,17] have recently reported that cytoplasmic delivery
of anti-HER2 TSL can be enhanced by attaching them to the pore-
forming protein, listeriolysin O. To increase the capacity of targeted
TSL for intracellular delivery, multifunctional TSL have been developed
by co-encapsulation of magnetic nanoparticles and doxorubicin to
take the advantage of both biological targeting and physical targeting
by the application of external magnetic fields [18]. Other studies have
shown that potentiating intracellular content release by exposure to ex-
ternal HT significantly improves the cytotoxic activity of TSL [15,18].
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Despite the promising biological activities reported in vitro, evaluation
of targeted TSL in combination with mild HT in vivo has yet to be per-
formed. The effects of HT on both targeted TSL accumulation in the
tumor and drug release after intracellular uptake in vivo have not been
previously explored.

In this study, we attempted to unravel the potential of combining
monoclonal antibody-targeted TSL with local HT in vivo. We designed
MUC-1-targeted TSL by conjugation of the clinically tested hCTMO1
mAb to the termini of “traditional” TSL (TTSL) directed against the
MUC-1 antigen. Although MUC-1 is expressed on the surface of many
normal epithelial cells, its expression is upregulated in the majority of
epithelial cancers. On tumor cells, MUC-1 loses its apical distribution
and becomes hypo-glycosylated [19]. These tumor-associated changes
and cellular internalization properties by receptor recycling [20] make
it an attractive candidate for cancer therapy. TTSL is a long blood circu-
lating, temperature-sensitive liposome with the capacity to release its
doxorubicin contentsmoderately (not abruptly) onmild heat activation
[21]. TTSL have been reported to achieve high accumulation at the
tumor site that can be further enhanced by HT [21–23]. Here, we hy-
pothesized that the biological activity of TTSL liposomes could be im-
proved by surface conjugation of anti-MUC-1 hCTMO1 IgG antibody to
achieve specific binding onto cancer cells and subsequent internaliza-
tion. Once inside target cancer cells, content release could be triggered
by the application of HT.

To achieve these goals, we studied the tissue distribution and tumor
accumulation ofMUC-1-targeted TTSL (TTSL-Ab) in comparison to non-
targeted TTSL using theMDA-MB-435 xenograft model. We applied dif-
ferent therapeutic protocols by varying the timing and sequence be-
tween HT and injection of liposomes to also allow HT to vasodilate
tumor vessels and increase TTSL tumor accumulation. Our in vivo inves-
tigations were also designed with and without application of a second
mild HT session at 24 h after intravenous administration to trigger lipo-
somal drug release after maximum tumor accumulation. Moderate im-
provement in the biological activity and survival was observed from
TTSL-Ab with a second HT, compared to non-targeted TTSL. Our results
suggested that targeted TTSL in combinationwithmildHT can offer new
opportunities in the development of advanced cancer therapeutics.

2. Results

2.1. Preparation and characterization of MUC-1 TTSL-Ab liposomes

hCTMO1 Ab conjugation to TTSL liposomes was performed by the
post-insertion method that is based on the translocation of DSPE-
PEG2000-Ab micellar lipids in exchange with liposomal bilayers [24]. In
this way, the Ab ligandwill be presented at the outer surface of the lipo-
somes andmaintain its binding capacity [25]. Briefly,mal-DSPE-PEG2000

Abmicelles were prepared by conjugation of thiolated Ab (Ab-SH)with
maleimide (mal)-DSPE-PEG2000 micelles (Fig. S1A). Conjugation was
confirmed by an upper shift of the anti-MUC-1 Ab band on SDS–PAGE
(band 3), indicating an increase in its molecular weight after conjuga-
tion (Fig. S1B). In order to determine the best post-insertion tempera-
ture, post-insertion was done at three different conditions; 60 °C
(1 h), 45 °C (1 h) and 39 °C (5 h) (Fig. S2A). The amount of antibody
post-inserted into TTSL liposomes was then determined in each elution
fraction by quantification of both Ab using BCA assay and lipids using
the Steward assay (Fig. S2B). The optimum post-insertion efficiency
was obtained after 1 h incubation at 60 °C, evidenced by co-
localization ofmal-DSPE-PEG2000 Abmicelleswith the liposome fraction
(Fig. S2B).

The amount of Ab conjugation obtained was 13 μg Ab/μmol lipid
at Ab: lipid 1:1000molar ratio and 26.5 μg Ab/μmol lipid at Ab: lipid
1:500 molar ratio. SPR was used to check the integrity of the anti-
MUC-1 antibody (Ab) after conjugation to TTSL liposomes. SPR
sensorgrams of mal-DSPE-PEG2000 Ab micelles and TTSL-Ab
indicated that the antibody conserved its binding capacity in a
concentration-dependent manner (Fig. S3). Interestingly, we ob-
served that the equilibrium dissociation constant of Ab after conju-
gation to liposomes was lower than the Ab itself indicating higher
binding affinity (Fig. S3D).

No significant change in the size of liposomes was observed after Ab
conjugation. Both TTSL and TTSL-Ab liposomeswere slightly larger than
100 nm in size with low polydispersity index. Moreover, DOX was suc-
cessfully encapsulated (N90%) without affecting the particle size of the
liposomes (Fig. 1B). A decrease in zeta potential (surface charge) was
observed after Ab conjugation and the reduction was proportional to
the amount of the Ab conjugated, in agreement with other previous
studies [26,27].
2.2. DOX release studies

Serum stability and thermal responsiveness of TTSL and TTSL-Ab li-
posomes were studied by quantifying the amount of encapsulated
DOX release at 37 °C and 42 °C, respectively. No significant leakage of
DOX from both TTSL and TTSL-Ab was observed after incubation for
60 min in 50% serum at 37 °C (Fig. 1Ci). At 42 °C rapid release of DOX
was obtained (N80%) after 1 min incubation from TTSL liposomes with
and without Ab (Fig. 1Cii). DOX release data showed that TTSL-Ab lipo-
somes maintained their serum stability and temperature sensitivity
after Ab conjugation.
2.3. Cellular binding of anti-MUC-1 antibody

We then tested the expression of MUC-1 antigen in various human
cancer cell lines (MDA-MB-435, MCF-7 and C33a) (Fig. S4A). MDA-
MB-435 and MCF-7 cell lines were found MUC-1 positive, whereas
C33a cells were considered negative to MUC-1 as no binding of Cy3 an-
tibody was observed under the experimental conditions tested. The
binding capacity of anti-MUC-1 Ab after each step of conjugation to
TTSL liposomes was studied by examining affinity towards MDA-MB-
435 cells using immunostaining with Cy3-labeled secondary antibody
and visualizationwith confocalmicroscopy (Fig. S4B). Binding data con-
firmed that the antibodymaintained its activity after incorporation into
TTSL liposomes, in contrast to complete loss of binding after 1 h incuba-
tion at 80 °C.
2.4. Cellular Uptake of TTSL and TTSL-Ab

The cellular uptake of TTSL-Ab liposomes and their internalization
into MUC-1 + ve cells was studied next by confocal microscopy
(Fig. 2). The cellular uptake of both the lipids (DiI; white channel) and
the encapsulated drug (DOX; red channel) after 1 h and 3 h incubation
with cells were enhanced by the anti-MUC-1 Ab. In comparison, only
moderate cellular uptakewas observed fromnon-targeted TTSL (DiI sig-
nal) after 3 h incubation, presumably through non-specific endocytosis.
No internalization of TTSL without targeting ligand was observed based
on DOX fluorescence, further indicating the poor levels of cellular up-
take compared to targeted TTSL (amount of DOX internalized close to
background levels) (Fig. 2B).

The kinetics of cellular uptake were also studied by imaging DOX-
loaded TTSL and TTSL-Ab (Fig. S5) at different time points. Rapid bind-
ing and internalization of TTSL-Ab liposomes into MDA-MB-435 cells
was observed as early as 1 h after incubation, which increased further
over 24 h. Cellular uptake can be further enhanced by increasing the
density of anti-MUC-1 antibody per liposome from 13 μg Ab/μmol
lipid to 26.5 μg Ab/μmol lipid in TTSL-Ab-I and TTSL-Ab-II, respectively
(Fig. S5). The enhancement in cellular uptake was specific to MUC-1 +
ve cells since no significant difference was observed in internalization
within C33a cells (MUC-1-ve).
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Fig. 1. Design and characterization of TTSL and TTSL-Ab. (A) Schematic presentation of non-targeted TTSL and targeted TTSL-Ab. (B) Size, PDI, and surface properties of TTSL before and
after post-insertion of MUC-1 antibody at two different ratios. (Ci) DOX release from TTSL and TTSL-Ab liposomes after incubation at 37 °C. (Cii) DOX release after heating at 42 °C. DOX
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2.5. Cytotoxic activity of DOX-loaded TTSL and TTSL-Ab

To evaluate the cytotoxic activity of targeted TTSL-Ab compared to
TTSL, cellular viability was measured using the MTT assay in both
MUC-1 + ve and MUC-1-ve cell lines with and without exposure to
HT. To ensure that DOX was becoming bioavailable intracellularly,
mild HTwas applied to trigger release from liposomes after cellular up-
take. Limited cytotoxic activity (~90% cell viability) was observed from
cells treated with TTSL-Ab without exposure to HT. In comparison, in-
tracellularly triggered DOX release from targeted TTSL-Ab liposomes
in MDA-MB-435 (MUC-1 + ve) cells resulted in significant (p b 0.01)
enhancement in cytotoxicity compared to that without heating (only
60% cell viability) (Fig. 3A). The observed cytotoxic effect was also de-
pendent on the density of anti-MUC-1 antibody conjugation to lipo-
somes. These data was in agreement with the cellular uptake findings
above and indicated that although some spontaneous release of DOX
could occur after TTSL-Ab internalization, the intracellular bioavailabil-
ity, therefore activity, of the drug molecules can be significantly en-
hanced by triggering its release with HT. No cytotoxic activity was
observed from non-targeted TTSL with and without HT. Also, both
targeted and non-targeted TTSL did not have any cytotoxic activity on
C33a (MUC-1-ve) cells, which further confirmed the selective (for
MUC-1 expressing cells) activity of targeted TTSL (Fig. 3B). In compari-
son, free DOX showed the highest cytotoxic activity on both cell lines
because of the rapid uptake of drug by the cells in its free from.

2.6. Localization and Cytotoxic Activity of TTSL and TTSL-Ab inMulticellular
Spheroids (MCS)

The therapeutic efficacy of targeted TTSL-Ab liposomes will depend
not only on their cell receptor binding and internalization, but also on
their ability to travel deeper within the tumor interstitium. MCS were
used to better mimic the avascular regions of the tumor tissue. MCF-7
(MUC-1 + ve) MCS were used in these studies instead of MDA-MB-
435 due to the inability of the latter to form MCS. TTSL-Ab-II showed
better cellular uptake and cytotoxic activity compared to TTSL-Ab-I,
therefore this system was selected for further studies using MCS and
in vivo. MCF-7 MCS were treated with DOX-loaded TTSL and TTSL-Ab
and compared to free DOX. After 24 h incubation at 37 °C, liposomes
were removed and MCS were washed with PBS while DOX localization
(DOX signal at 535–674) was assessed by confocal laser scanning mi-
croscopy (Fig. S6A). No significant enhancement in the fluorescence
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intensity of DOXwas observed from TTSL-Ab compared to TTSL that can
be due to limited capacity of these liposomes to transport deeper into
MCS. A moderate increase in DOX penetration was observed from
TTSL-Ab after 15 min heating at 42 °C.
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retarded spheroid growth compared to control (at day 22 p b 0.05 and
p b 0.001, respectively). Spheroid growth retardation observed for
TTSL-Ab was comparable to free DOX, in both cases normalized spher-
oid volumewas less than double after 22 days post-treatment (Fig. S6C).

Targeted TTSL-Ab with and without HT showed greater control
on MCS growth compared to non-targeted TTSL. Although DOX pene-
tration into MCS from TTSL and TTSL-Ab was not significantly different,
the enhancement in spheroid growth retardation was thought to indi-
cate increasedDOX release able to restrictMCS proliferation and growth
(Fig. S6C). Although free DOX showed the highest MCS growth retarda-
tion in vitro, this effect is not representative of in vivo conditions because
free DOX is eliminated rapidly from the blood compartment offering
minimal interaction with tumor cells.

2.7. Tissue Distribution of Intravenously Administered TTSL and TTSL-Ab

The pharmacological behavior of targeted TTSL-Abwas then studied
in vivo. We designed these studies in order to determine the effect of
Protocol 1:  injection withA

Protocol 2:  injection postB

Protocol 3:  injection withC
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attempt to trigger drug release from liposomes that had accumulated in the tumor.
localized HT on the ensuing drug bioavailability within the tumor and
the impact of triggering drug release. Tissue distribution was deter-
mined by comparing three different heating protocols (Scheme 1). In
each protocol two heating sessions were applied. The purpose of the
1st HT was to increase drug accumulation via HT-mediated tumor
vasodilatation [28]. The 2nd HT aimed to release the drug interstitially
following accumulation of liposomes inside the tumor tissue. The
in vivo therapeutic efficacy of the targeted TTSL-Ab was then compared
to non-targeted TTSL.

First, we studied the blood circulation profile of TTSL and TTSL-Ab
due to the importance of prolonged blood circulation on the level of
tumor accumulation [29]. Fig. 4 showed that both TTSL and TTSL-Ab ex-
hibited prolongedDOXcirculation half-life, irrespective to theHTproto-
col applied. This suggested that conjugation of anti-MUC-1 Ab on the
TTSL surface did not compromise their blood circulation time. TTSL-Ab
contained 26.5 μg Ab/μmol lipid (equivalent to 15 Ab molecules per li-
posome) and according to previous studies grafting of MUC-1 antibody
at this density should not interfere with blood circulation [20].
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The shortest blood circulation profile was obtained with Protocol 3,
due to drug release in the tumor vasculature as the 1st HT session was
applied simultaneously with liposome injection. On the other hand, in
the other two protocols the liposome injection was either performed in
the absence of the 1st HT (Protocol 1) or immediately after (Protocol 2).

Comparison between the 14C-DOX tumor levels from TTSL and TTSL-
Ab indicated almost identical valueswithout initial HT (Protocol 1) at all
time points studied (Fig. 4A). Interestingly, TTSL-Ab injected post-HT
(protocol 2) resulted in higher tumor accumulation compared to TTSL
liposomes 1 h after injection (p b 0.05) (Fig. 4B). Similar increase in
14C-DOX within the tumor by TTSL-Ab was also observed in the case
of injections with HT (protocol 3) (Fig. 4C). The highest tumor accumu-
lation was achieved from Protocol 3 resulting in almost 2- to 3-fold in-
crease in 14C-DOX compared to the other two protocols

The effect of antibody conjugation on the tissue biodistribution of
TTSL and TTSL-Ab along with the impact of the different heating proto-
cols was also evaluated (Fig. S7). Due to triggered drug release during
Protocol 3, higher levels of 14C-DOX were detected in the tissues as
early as 1 h after injection. This effect was observed in liver, kidney
and heart, we believe due to early release of free drug in blood circula-
tion. Quantification of 14C-DOX levels in different organs 24 h before
and after application of the 2nd HT session showed the opposite effect.
The accumulation of 14C-DOX across all tissues was generally higher
after treatment with Protocols 1 and 2. We believe this was due to
their longer circulation without release of DOX. Tissue distribution of
DOX from TTSL and TTSL-Ab was almost identical with some increase
in the spleen and liver accumulation with TTSL-Ab. This finding agreed
with previous studies [30,31] and indicated capture of vesicles in the fil-
tering apparatus of these organs.

To further validate the 14C-DOX tissue distribution data, TTSL and
TTSL-Ab administration under the three HT protocols was followed by
whole-body optical imaging of DOX fluorescence 1 h and 24 h after in-
jection (before and after 2ndHT) using an IVIS camera (Fig. 5). In agree-
ment with 14C-DOX tissue distribution, IVIS imaging showed that
Protocols 1 and 2 were associated with higher DOX signals throughout
the body. This was more obvious with the TTSL-Ab compared to TTSL
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(Fig. 5Ai and Bi). Total DOX fluorescence intensity levels at the tumor
site showed that the TTSL-Ab resulted in significantly higher tumor ac-
cumulation using Protocols 2 and 3 only (Fig. 5Bii and Cii) as was the
case with 14C as well.

2.8. Tumor growth retardation and survival

The biodistribution data above indicated a 2-fold increase in tumor
uptake of the targeted TTSL-Ab compared to TTSL. The highest DOX ac-
cumulation was achieved by application of Protocol 3 (liposome
injection simultaneously with an initial HT session). Therefore, we de-
cided to take this heating protocol forward for evaluation of the thera-
peutic activity of TTSL-Ab. MDA-MB-435 tumor-bearing nude mice
were treatedwith both TTSL and TTSL-Ab, with andwithout application
of a 2ndHT session (at 24 h post-vesicle injection). Tumor growth retar-
dation (Fig. 6A) indicated that injection with both TTSL and TTSL-Ab
loaded with DOX showed significant growth retardation compared to
untreated animals. On days 30 and 34, the treatment groups TTSL +
2nd HT, TTSL-Ab and TTSL-Ab + 2nd HT resulted in significant tumor
growth retardation compared to the control group (received single HT
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Mean survival time
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Increase in life span

(%)a
Significance 
(p) vs control

Intravascular release protocol (injection with HT) 

Control - 36.0 0 -
TTSL -2nd HT 1 5 55.0 +45.0 0.0010
TTSL +2nd HT 1 5 55.0 +45.0 0.0010
TTSL-Ab-II -2nd HT 1 5 50.0 +32.0 0.0027
TTSL-Ab-II +2nd HT 1 5 56.5 +49.0 <0.0001

a % of increase in life span = mean survival time of treated  / mean survival of control 100 -100.
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Fig. 6. In vivo tumor growthdelay and survival studies.MDA-MB-435 tumor-bearingmice treatedwith TTSL and TTSL-Ab liposomes applying (protocol 3)with andwithout 30min 2ndHT
24 h after injection. (A) Normalized tumor volume. A one-way ANOVA followed by Tukey'smultiple comparison tests indicated significant tumor growth retardation of treatedmice com-
pared to control. At day 30, the p values of control vs TTSL+2ndHT, control vs TTSL-Ab−2ndHT, and control vs TTSL-Ab+2ndHTwere b0.05, b0.01, and b0.001, respectively. At day 34,
thep values of control vs TTSL+2ndHT, control vs TTSL-Ab−2ndHT and control vs TTSL-Ab+2ndHTwere b0.05, b0.05, and b0.01, respectively. (B) Bodyweight and (C) survival curves
following single administration. Therapy started on day 13 after implantationwith average tumor size of 100mm3. Animalswere injected intravenouslywith TTSL and TTSL-Ab at 5 mg/kg
DOX followed by immediate 1 h HT. Control animals were not injected, and treated with a single session of HT. Each group (n=5–7, average± SEM). (D) Survival analysis of MDA-MB-
435 tumor-bearing mice treated with DOX-loaded TTSL and TTSL-Ab.

339Z.S. Al-Ahmady et al. / Journal of Controlled Release 196 (2014) 332–343
treatment only). However, no statistical significance was observed be-
tween those treatment groups. All treated animals did not show any
signs of toxicity, abnormal behavior or any significant fluctuation in
bodyweight (Fig. 6B). The survival curves indicated that highest increase
in life span was obtained from treatment with TTSL-Ab accompanied
with a 2nd HT session compared to the other treatment groups
(Fig. 6C). All treatment groups displayed significantly prolonged survival
(p b 0.001) compared to the untreated group (Fig. 6D).

3. Discussion

Liposomes can enhance the localization of cytotoxic agents in some
solid tumors and decrease drug uptake by sensitive organs [1]. Next-
generation liposome systems are envisioned to possess active targeting
and triggered drug release capabilities [18]. Several types of actively
targeted liposomes have been developed with increased cellular up-
take; however, none of them have been successfully translated to the
clinic [9]. Despite the increase in specific cellular uptake and cytotoxic
activity from targeted liposomes in vitro [32,33], only some studies
have reported enhanced tumor accumulation in vivo, such as in the
case of 2C5-Doxil-targeted liposomes [34]. Also, previous work using
mAb-targeted liposomes has shown no improvement in overall accu-
mulation within solid tumors [8,35–37]. We believe the reason for
such results is because tumor accumulation for both targeted and
non-targeted pegylated liposomes is dominated by the vascular archi-
tecture and leakiness of the tumor (depends on the density of the
pericytes and smooth muscle cells that cover the blood microvessels),
allowing operation of the EPR effect. Even in the case of extravasation
through the tumor vasculature, targeted liposomes face a number of
barriers to transport through in tumor interstitium before reaching
their potential cellular targets. These factors are in most cases tumor-
type specific, including the density by which tumor cells pack, the bio-
chemical consistency of the tumor extracellular matrix, and the build-
up of high interstitial fluid pressure. The only cases in which mAb-
targeted liposomes have shown better tumor accumulation than their
non-targeted counterparts is in very rapidly growing tumors, where
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tumor cells are growing immediately adjacent to vasculature [9]. How-
ever, even in these cases tumor accumulationwill be dependent on vas-
cular extravasation in addition to the “binding site barrier” effect [38].

The ability of antibody-targeted liposomes to be internalized by cells
can result in improvements in drug bioavailability, especially for drugs
acting against intracellular targets [39]. Kirpotin et al. showed similar
overall tumor accumulation levels for both anti-HER2-targeted and non-
targeted liposomes [8,37]. However, the intra-tumoral microdistribution
and cellular localization of targeted anti-HER2 liposomes were different
due to their cellular internalization capacity. Significant portion of
HER2-targeted liposomes was observed within cancer cells compared
to non-targeted liposomes mainly found in stromal cells [8]. Similarly,
transferrin-targeted oxaliplatin liposomes showed significant tumor
growth control in comparison to non-targeted liposomes as a result of
intracellular drug transport into the cytoplasm of colon 26 tumor cells
by transferrin receptor-mediated internalization [40].

An alternative strategy is to design-targeted liposomes against endo-
thelial cells. Examples of that include the RGD [36] and NGR [41]
targeted liposomes directed against different integrins (ανβ3 and
α5β1) or against the aminopeptidase N (CD13) receptor on angiogenic
endothelial cells. Endothelial cell-targeted liposomes carrying doxoru-
bicin increased tumor accumulation [41] and showed control over
tumor growth and survival [36,41]. Similarly, therapeutic effects have
been reported for targeted liposomes directed against micrometastases
[20] or blood-borne cancers [33], such as those with an affinity towards
B cell lymphoma, overexpressing CD19 surface antigens [33]. In this
case, the role of liposome internalization was not significant. The thera-
peutic activities obtained from targeted liposomes encapsulating doxo-
rubicin or vincristine and directed towards CD19 (internalizing) antigen
or against CD20 (non-internalizing) antigen were dependent on the
type of drug rather than its internalization ability [42]. The faster release
rate of vincristine from anti-CD20 liposomes compared to doxorubicin
explained improved therapeutic activity observed even without inter-
nalization [42]. In addition, different approaches have been investigated
in an attempt to increase the penetration of both liposomes and
antibody-targeted liposomes into solid tumors. One approach involved
the use of the extracellular matrix (ECM) degrading enzyme, hyaluron-
idase, prior to liposome administration [43] or X-ray irradiation that
also acted against ECM integrity [44].

HT is awell-establishedmethod to augment liposomal accumulation
into solid tumors [21,45]. Dewhirst and colleagues observed significant
enhancement in the extravasation of liposomes,monoclonal antibodies,
and antibody fragments into solid tumors by the application of mild
HT [46–49]. This enhancement of tumor accumulation by HT is due
to increases in local blood flow [50], a reported 40%–60% increase
at 41 °C, resulting in increased microvascular permeability [28,49,51].
Interest in designing receptor-targeted liposomes with temperature
sensitivity has increased, with some previous studies showing cell-
specific cytotoxic activity after heating in vitro [15,18]. Whether such
findings hold in vivo in preclinical tumor models by triggering intracel-
lular drug release after tumor accumulation was one of the aims of this
study.

The combinatory functionality of targeting and temperature sensi-
tivity was designed in anti-MUC-1-targeted TSL (TTSL-Ab) liposomes
that have the potential to internalize specifically into tumor cells and
offer on-demand drug release in response to mild HT. The TTSL lipo-
someswere chosen for their long blood circulation and substantial accu-
mulation in the tumor when combined with moderate HT (b42 °C).
Previously, we have shown that TTSL administration into B16-F10
tumor-bearing mice in combination with mild HT could result in dra-
matic increases in tumor drug accumulation 24 h after administration
and heat application [23]. This finding was a result of three factors:
(a) prolonged blood circulation, (b) the stability of TTSL, and (c) the en-
hanced tumor extravasation following HT. We hypothesized that the
therapeutic activity of TTSL can be further improved by conjugation of
anti-MUC-1 antibodies to increase their binding specificity and cellular
internalization, followed by content release inside the tumor cells trig-
gered by application of mild HT.

In this study, anti-MUC-1 TTSL-Ab was successfully prepared
by post-insertion of anti-MUC-1 mal-DSPE-PEG2000 micelles into
preformed TTSL. TTSL-Ab liposomes retained their characteristics,
drug-loading capacity, and thermal-responsiveness that agreed with
previously described targeted TSL [14,52]. In addition to specifically in-
creasing cellular uptake and cytotoxicity to MDA-MB-435 (MCU-1 +
ve) cells after exposure to HT in vitro, the potential of targeted TTSL-
Abwas evaluated in vivo. Liposome encapsulated 14C-DOX accumulated
in the tumor following TTSL-Ab injection after or during HT application
that was thought to be due to improvements in tumor penetration in-
duced by local HT. On the contrary, our results showed that both non-
targeted TTSL and targeted TTSL-Ab accumulated to the same extent
when injected without application of an initial HT session, similar to
what was observed in other studies because of their similar penetration
into the tumor [8]. The observed intratumoral increase of 14C-DOX from
TTSL-Ab is thought to be a result of enhanced retention of the liposomes.
Active binding and internalization via the receptors on MDA-MS-435
tumor cells allowed them to be retained in the tumor for a longer
time and prevented them from being washed out of the tumor vascula-
ture and back into systemic circulation [9]. Application of 30 min mild
HT to trigger drug release from accumulated liposomes 24 h after injec-
tion did not significantly change drug levels in the tumor or efficacy.
Similar findings were observed from in vivo imaging and confirmed
the above organ distribution and tumor accumulation data. Significant
increase in DOX tumor accumulation was achieved from TTSL-Ab
when HT was combined with injection (Protocols 2 and 3) compared
to TTSL (p b 0.05).

Despite the two-fold increase in tumor uptake of TTSL-Ab liposomes
compared to TTSL, onlymodest improvement in tumor growth retarda-
tion and survival was achieved compared to TTSL with and without ap-
plication of a 2nd HT session. Similar moderate improvements in
therapeutic efficacy have been observed previously by triggering intra-
cellular release after tumor accumulation using pH-sensitive anti-HER2-
targeted liposomes [53]. The reason for such data was thought to be pri-
marily due to insufficient bioavailable tumor drug concentration after
single injection to control tumor growth. We may therefore, suggested
that the therapeutic activity of TTSL-Ab developed here can be opti-
mized after repeated administration.

Targeted, temperature-sensitive DOX-loaded liposomes (TTSL-Ab)
have been successfully developed and studied thoroughly as cancer
thermo-chemotherapeutics. TTSL-Ab maintain their physicochemical
and structural integrity with stable retention of the drug and their ther-
mal properties after grafting of antibodies. The role of mild HT as an ef-
fective modality to increase the therapeutic specificity and augment
drug accumulation in the tumor has also been illustrated. These results
have implications for other actively targeted drug delivery systems and
can instruct on the challenges around the design of therapeutically effi-
cacious multi-modal vesicle systems.

4. Experimental methods

4.1. Chemicals and reagents

hCTMO1; anti-MUC-1 IgGmAb, and other chemicals are described in
details in SI text.

4.2. Cell lines

Details of the cell lines used are explained in SI text.

4.3. Preparation of TTSL liposomes

Non-targeted TTSL (25 mM) composed of DPPC:HSPC:CHOL:DSPE-
PEG2000; 54:27:16:3 mol/mol% were prepared by thin film hydration
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method followed by extrusion as explained before (details of the prep-
aration method can be found in SI text). Liposome size and surface
charge were measured by using Zetasizer Nano ZS (Malvern, UK).

4.4. Preparation of targeted TTSL (TTSL-Ab): conjugation of anti-MUC-1 an-
tibody to DSPE-PEG2000 maleimide micelles

For the preparation of targeted TTSL-Ab liposomes, TTSL lipo-
somes (25 mM) composed of DPPC:HSPC:CHOL:DSPE-PEG2000;
54:27:16:3 mol/mol% were first prepared as mentioned earlier
followed by post-insertion of anti-MUC-1 mal-DSPE-PEG2000 micelles
using the previously described procedure with slight modifications
[54]. Details of the chemical conjugation of anti-MUC-1 antibody to
DSPE-PEG2000 Maleimide micelles are as explained in the SI text.

4.5. Post-insertion of DSPE-PEG2000 maleimide micelles into TTSL liposomes

Mal-DSPE-PEG2000 Ab micelles were then post-inserted into
preformed TTSL liposomes at two different Ab: lipids molar ratios
(1:500 and 1:1000) by 1 h incubation at 60 °C. TTSL-Ab liposomes
were then separated from non-incorporated mal-DSPE-PEG2000 Ab mi-
celles by using Sepharose CL-4B column in HBS (pH 7.4). Post-
insertion efficiency was determined by collecting elution fractions
(1 ml each) and analyzed spectrophotometrically for the presence of
Ab (BCA protein assay, at 562 nm) [55] and liposomes (Stewart's
assay, at 485 nm), using Cary 50 Bio Spectrophotometer (Agilent
Technologies). In order to allow for direct comparison, TTSL and TTSL-
Ab liposomes were prepared following the same steps, except for the
post-insertion process where HBS (pH 7.4) was used instead of mal-
PEG2000 Ab micelles.

4.6. DOX loading and release experiments

DOX was then encapsulated into TTSL and TTSL-Ab liposomes by
ammonium sulfate gradient method at 1:20 DOX:Lipids mass ratio by
5 h incubation at 39 C°. Details of DOX loading process are explained
in SI text.

4.7. Surface plasmon resonance study of anti-MUC-1 TTSL-Ab liposome

Surface plasmon resonance study was used to confirm the anti-
MUC-1 antibody binding capacity after conjugation to mal-DSPE-
PEG2000 and post-insertion into TTSL liposomes. For full details, please
refer to (SI text).

4.8. Cellular binding and uptake studies

MDA-MB-435,MCF-7 and C33awere grown on glass cover slip in 24
tissue culture well plate (corning USA) at 40,000 cells per well over
night to reach confluency. Imaging of cellular binding, and uptake was
done using confocal laser scanning microscopy (CLSM) Zeiss LSM 710
(Obserkochen, Germany).

4.9. Cellular binding of anti-MUC-1 Ab

Experimental procedure for cellular binding of anti-MUC-1 Ab is de-
scribed in SI text.

4.10. Cellular uptake of TTSL and TTSL-Ab liposomes

Cellular uptake studies of DOX-loaded and DiI-labeled TTSL and
TTSL-Ab liposomes (150 μM lipids, 10 μM DOX) were performed inde-
pendently due to the overlap in the fluorescent spectrum of DOX and
DiI. First, to study the cellular uptake kinetics, DOX-loaded TTSL, TTSL-
Ab-I, and TTSL-Ab-II uptake by MDA-MB-435 and C33a were studied
after 1 h, 3 h, and 24 h incubation at 37 °C. At the end of incubation,
time cells were washed with PBS to remove any unbound liposomes
and then imaged with CLSM with and without 1 h heating at 42 °C,
using 488 nm laser excitation source, 534 nm output filter, and EC
Plan-Apochromat 40x/1.3 oil to detect DOX fluorescence signal.

The effect of antibody conjugation of the uptake of the liposomes it-
self by MDA-MB-435 cells was also studied after 1 h and 3 h incubation
with DiI-labeled liposomes at 37 °C. At the end of incubation time, cells
were washed with PBS to remove unbound liposomes then fixed with
PFA 4% and visualized with CLSM using 514 nm laser excitation source,
585 nm output filter, and EC Plan-Apochromat 40x/1.3 oil to detect DiI
fluorescence signal.

4.11. Cellular cytotoxicity study (MTT assay)

Cytotoxicity of DOX-loaded TTSL and TTSL-Abwas determined using
MTT dye reduction assay. Briefly, MDA-MB-435 (MUC-1 + ve) and
C33a (MUC-1 − ve) cells were plated in 96-well plates (Coster, USA)
at 8 × 103 and 1 × 104 cells/well, respectively. Cells were incubated at
37 °C overnight before treatment and then treated with free DOX,
TTSL, TTSL-Ab-I, and TTSL-Ab-II at 10 μM for 3 h at 37 °C in CO2 Incuba-
tor. At the end of 3 h, treatment cells were then washed and replaced
with liposome-free media. At this stage, plates were either incubated
at 37 °C for 48 h or treated for 1 h at 42 °C in CO2 incubator followed
by incubated at 37 °C for 48 h to evaluate the effect of triggered drug re-
lease after uptake by the cells. Cell viability was then assessed withMTT
assay. More details are explained in SI text.

4.12. Localization and cytotoxicity studies using multicellular spheroids
(MCS)

Experimental details are explained in SI text.

4.13. Animals and tumor models

Five- to six-week-old female athymic nude mice (20–25 g) were
purchased from Charles River Laboratories, UK. Animal procedures
were performed in compliance with the UK Home Office code of prac-
tice for the housing and care of animals used in scientific procedures.
Mice were acclimatized to the environment for at least 7 days before
implantation of MDA-MB-435 tumor model. More details are explained
in SI text.

4.14. Biodistribution studies of 14C-DOX-loaded TTSL and TTSL-Ab-II

The effect of anti-MUC-1 antibody conjugation to TTSL on their phar-
macokinetics and biodistribution parameters was also studied after
in vivo administration. TTSL and TTSL-Ab-II were prepared in 25 mM
(total lipid concentration) as described earlier and loaded with 14C-
DOX (equivalent to 0.2 μCi/dose) as a drug label. Mice (n = 3–4) were
injected intravenously via tail vein under isoflurane anesthesia with
200 μl liposomes suspension (equivalent to 2.5 μmol of lipids/200 μl,
DOX 5 mg/kg) in HBS. Blood profile, organs, and tumor accumulation
were studied comparing three different heating protocols as described
in Scheme 1. More details are explained in SI text.

4.15. 14C-DOX quantification in blood and tissue samples

Details of 14C-DOX quantification method are explained in SI text.

4.16. In vivo optical fluorescence imaging

Experimental details of IVIS imaging experiment are explained in SI
text.
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4.17. In vivo tumor growth delay and survival studies

The therapeutic activity of anti-MUC-1-targeted TTSL-Ab-II com-
pared to non-targeted TTSL was evaluated after in vivo administration
into MDA-MB-435 (MUC-1 + ve) tumor-bearing athymic nude mice.
When the tumor volume reached 100mm3 (day 13 after implantation),
mice were divided into groups (5–7 mice/group) and treated with sin-
gle administration of TTSL and TTSL-Ab-II (5 mg/kg DOX) by intrave-
nous injection applying hyperthermia protocol 3 (Scheme 1) with and
without application of second heating 24 h after injection. Mice were
also weighed and examined for any sign of toxicity twice a week. Tu-
morsweremeasuredwith calliper as described above and themeasure-
ment was blinded to the experimental conditions. Mice were sacrificed
by cervical dislocation when tumors reached 1000 mm3.

4.18. Statistical analysis

Statistical analysis of the data was performed using Graph Pad Prism
software. A two-tailed unpaired Student t-test and a one-way analysis
of variance followed by the Tukey multiple comparison test were used
and p values b0.05 considered significant.
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are available free of charge via the Internet. Supplementary data associ-
ated with this article can be found in the online version at http://dx.doi.
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