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Thermosensitive liposomes have emerged as a viable strategy for localized delivery and triggered release of
chemotherapy. MR-guided focused ultrasound (MRgFUS) has the capability of heating tumors in a controlled
manner, and when combined with thermosensitive liposomes can potentially reduce tumor burden in vivo.
However, the impact of this drug delivery strategy has rarely been investigated. We have developed a unique
liposome formulation modifiedwith p(NIPAAm-co-PAA), a polymer that confers sensitivity to both temperature
and pH. These polymer-modified thermosensitive liposomes (PTSL) demonstrated sensitivity to focused ultra-
sound, and required lower thermal doses and were more cytotoxic than traditional formulations in vitro. A set
of acoustic parameters characterizing optimal release from PTSL in vitrowas applied in the design of a combined
MRgFUS/PTSL delivery platform. This platformmore effectively reduced tumor burden in vivowhen compared to
free drug and traditional formulations. Histological analysis indicated greater tumor penetration,more extensive
ECM remodeling, and greater cell destruction in tumors administered PTSL, correlating with improved response
to the therapy.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Traditional thermosensitive liposomes (TSL) for triggered release of
chemotherapy are comprised of lipids that undergo temperature-
dependent phase transitions, becoming more permeable at elevated
temperatures [1–4]. More recently, lysolipids have been employed to
modify formulations, greatly increasing the rate and amount of drug
release while reducing the thermal dose threshold for release [5–7].
However, lysolipids have been shown to desorb from the membrane
in the presence of plasma proteins and cellular membrane pools [8,9],
resulting in a reduction in thermosensitivity [9] and premature drug
leakage at physiological conditions (up to 80% within 30 min at 37 °C)
[10–13].

An alternate approach is to incorporate synthetic polymers that are
membrane-disruptive and trigger drug release in response to heating.
Recently we copolymerized N-isopropylacrylamide (NIPAAm) and

propylacrylic acid (PAA) to produce a membrane-disruptive copolymer
that is sensitive to both temperature and pH (Fig. 1) [11], the latter com-
ponent aiming to take advantage of the tumormicroenvironment which
is known to be mildly acidic [12]. We showed that liposomes modified
with NIPAAm-co-PAA stably entrapped drug in serum-containing
media and released more than 50% of entrapped doxorubicin rapidly
when heated (T ≥ 40 °C) or subjected to mild acidity (pH ≤ 6.5) [11].
Thus, these polymer-modified thermosensitive liposomes (PTSL) can
be used for localized deposition of chemotherapy in vivo provided that
solid tumors can be heated in a localized and controlled manner.

Focused ultrasound (FUS) has emerged as a leading modality
for non-invasive, heat-triggered drug release from thermosensitive
liposomes [14]. Studies with TSL have shown improved tumor response
with alternative modalities such as microwave antennas and applicators
[15]. These suffer from limited therapeutic depth and are thus only suit-
able for superficial tumors, and offer less spatial and temporal control of
heating compared to FUS [14,15]. Furthermore, the emergence of
MR-compatible FUS transducers has allowed for the adoption of MR
thermometry as a tool to noninvasively monitor the spatial distribution
of heat deposited by FUS [16–18]. Recent studies have shown that MR-
guided focused ultrasound (MRgFUS) can be utilized to deposit heat
and trigger local drug release from thermosensitive liposomes within
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solid tumors [19–22]. However, the impact of this drug delivery strategy
on tumor growth has rarely been investigated.

Therefore, the main objective of this study was to evaluate the re-
sponse of solid tumors to DOX released fromPTSL via sustainedMRgFUS
heating. First, DOX release from PTSL was assessed as a function of
acoustic intensity and pulsing scheme. Knowledge gained from these
experiments was used to tailor the output from an MRgFUS transducer
to sustain a desired elevated temperature in tumors in vivo. PTSL
were designed to release DOX in mildly acidic and/or hyperthermic
conditions, both of which are achievable in solid tumors. Thus, we
conducted in vitro studies to assess the cytotoxicity of DOX released
from our dual-sensitive PTSL as a function of temperature and pH.
Finally, we evaluated the response of solid tumors to DOX released
from PTSL heated with MRgFUS by measuring tumor growth and
through histological analysis of tumor remodeling at the cellular level.

2. Materials and methods

2.1. Materials

N-isopropylacrylamide (NIPAAm), 2,2′-azobis(2-methylpropionitrile)
(AIBN), propylacrylic acid (PAA), doxorubicin hydrochloride (DOX), 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), andmanganese
sulfate (MnSO4) were purchased from Sigma (St. Louis, MO, USA).
NIPAAm was recrystallized in hexane and AIBN recrystallized in metha-
nol prior to use. 2-Methyl-2-[(dodecylsulfanylthiocarbonyl)sulfanyl]
propanoic acid (DMP) was purchased from Strem Chemicals, Inc.
(Newburyport, MA, USA). 1,2-Dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), L-a-phosphatidyl-choline(soy-hydrogenated) (HSPC), cholester-
ol (CHOL), and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (DSPE-PEG-2000)were purchased
from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). MTT cell proliferation
assay kits, McCoy's 5A medium, human mammary adenocarcinoma
MCF7 cells, and rat mammary adenocarcinoma 13762 MAT B III cells
were obtained from American Type Culture Collection (Manassas, VA).
Fetal bovine serum (FBS) was purchased from Life Technologies (Grand
Island, NY). Dulbecco's Modified Eagle Medium (DMEM), Penicillin–
Streptomycin (PS), and L-Glutamine (L-Glu) were purchased from
Corning (Manassas, VA).

2.2. Polymer synthesis and characterization

p(NIPAAm-co-PAA) was synthesized using RAFT chemistry with
initiator AIBN, chain transfer agent DMP, and monomers NIPAAm
and PAA (Scheme 1), as described in [11] with minor modifications.
NIPAAm (2.18 g, 19.3 mmol), PAA (0.138 g, 1.21 mmol), DMP
(60.8 mg, 167 μmol), and AIBN (15.3 mg, 93.2 μmol) were reacted in
degassed methanol at 60 °C for 17 h. Alternatively, DMP and AIBN con-
centrations were halved to study the effect of degree of polymerization
(DP, DP = M0 / (CTA0 + 2∙I0), where M0, CTA0, and I0 are initial

concentrations of monomer, chain transfer agent, and initiator, respec-
tively). Following precipitation into pentane, dried polymer was dis-
solved in ethanol and dialyzed against deionized water to remove
unreacted monomer and impurities. Samples were then frozen and ly-
ophilized. Polymermolecular weights were determined using a gel per-
meation chromatograph (Viscotek) with dimethylformamide (DMF) as
eluent (1 ml/min) and polystyrene calibration standards. Copolymer
composition was determined via 1H NMR (Varian 400 MHz FT-NMR,
deuterated chloroform as solvent) and analysis of peaks as in [11].

2.3. Preparation and characterization of DOX-loaded liposomes

DOX-loaded liposomeswere prepared by the lipidfilmhydration and
extrusion method followed by pH-gradient-driven DOX loading as
previously described [11],with slightmodifications. Nonthermosensitive
liposome (NTSL), traditional thermosensitive liposome (TSL), and
polymer-modified thermosensitive liposome (PTSL) were generated,
with compositions as follows: NTSL = HSPC:CHOL:DSPE-PEG-2000 at
75:50:3 molar ratio, TSL = DPPC:HSPC:CHOL:DSPE-PEG-2000 at
100:50:30:6, and PTSLwith identical composition as TSL butwith the ad-
dition of copolymer (see below). Chloroform was removed by rotary
evaporation (Buchi R-210), leaving a dried film that was then rehydrated
in 300mMMnSO4 (pH 3.5), giving a suspensionwith lipid concentration
of 10mg/ml. The suspensionwas extruded [11] after which unentrapped
MnSO4 was removed and pH gradient established by dialysis (1 kDa
MWCO) against 20 mM HEPES buffer (pH 7.5). DOX was added to the
dialyzed suspension at a 1:10 drug-to-lipidmass ratio and the suspension
incubated at 38 °C for 1 h and then at room temperature overnight.
Unentrapped DOX was removed by dialysis (1 kDa MWCO) against
20 mM HEPES. For PTSL, polymer at 2.5% molar polymer:lipid was
added to DOX-loaded liposomes and liposomes were incubated at 30 °C
for 1 h and then at room temperature overnight. A final dialysis (50 kDa
MWCO) against HEPES removed unincorporated polymer. For the
in vitro cytotoxicity and in vivo studies, suspensions were sterile-filtered
(0.2 μm) prior to administration. For the in vivo study, a greater concen-
tration of lipid (50 mg/ml)was used to providemore highly concentrated
drug suspensions. Liposome size and zeta potentials were measured via
dynamic light scattering (Brookhaven Instruments, 90Plus Zeta). DOX:
lipid mass ratios were calculated by taking advantage of the self-
quenching properties of DOX [11] and quantifying lipid content via total
phosphorus assay [23].

2.4. Measurement of FUS-triggered release

Drug release from the various formulationswas studied as a function
of time, temperature, and pH. Two heating modalities were compared:
conventional heating with a circulating water bath and heating from
focused ultrasound. Drug release from liposomes heated via bath
was measured as in [11], and compared to release behavior observed
in liposomes exposed to FUS-mediated heating from a 5-MHz transducer
(Sonic Concepts).

Prior to the release studies, a custom-assembled radiation force
balance was used to calibrate the transmitted acoustic intensity
(I, source of heating) from the transducer as a function of peak-to-
peak excitation voltage (Vpp) (Supplementary material, Fig. S1). The
setup illustrated in Fig. 2 was then used to measure temperature eleva-
tion as a function of I. A mixture of 50% glycerol in 20 mM HEPES (v/v)
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Fig. 1.DOX release from p(NIPAAm-co-PAA)-modified thermosensitive liposomes (PTSL).
Release is triggered by both heating and reduction in pH.

Scheme 1. RAFT copolymerization of N-isopropylacrylamide (NIPAAm) and propylacrylic
acid (PAA), originally published in [11].
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