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A B S T R A C T

Thermosensitive liposomes grafted with cholesterol-conjugated poly(N-(2-hydroxypropyl) methacrylamide
mono/dilactate) (chol-pHPMAlac) have been developed for heat-induced release of doxorubicin (DOX). These
liposomes release DOX completely during mild hyperthermia, but their interaction with blood cells and cancer
cells has not been studied. Following intravenous administration, liposomes may interact with plasma proteins
and various types of cells (e.g., endothelial cells, platelets, and macrophages), which would reduce their dis-
position in the tumor stroma. Interaction between liposomes and platelets may further cause platelet activation
and thrombosis, which could lead to vascular occlusion and thromboembolic complications. The aim was to
investigate DOX release kinetics in the presence of serum, stability, in vitro uptake by and toxicity to cancer cells
and somatic cells, and platelet activating potential of the chol-pHPMAlac liposomes. DOX release was de-
termined spectrofluorometrically. Liposome stability was determined in buffer and serum by dynamic light
scattering and nanoparticle tracking analysis. Association with/uptake by and toxicity of empty liposomes to
AML-12, HepG2 (both hepatocyte-derived cancer cells), 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. 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 30min, whereas complete release took place at 47 °C or
higher within 10min. The size of these liposomes remained stable in buffer and serum during 24 h at 37 °C.
Fluorescently labeled but DOX-lacking chol-pHPMAlac-liposomes exhibited poor association with/uptake by all
cells under investigation, were not cytotoxic, and did not activate platelets in both buffered solution and whole
blood. In conclusion, thermosensitive chol-pHPMAlac-grafted liposomes rapidly release DOX during mild hy-
perthermia. The liposomes are stable in a physiological milieu, are not taken up by cells that are encountered in
an in vivo setting, and are non-antagonistic towards platelets. Chol-pHPMAlac-grafted liposomes are therefore
good candidates for DOX delivery to tumors and temperature-triggered release in tumor stroma.

1. Introduction

Liposomes for systemic cancer therapy are generally designed for
stability in the circulation and therefore retain their cargo until uptake
by cells. Consequently, drug release from these liposomes is slow and
uncontrolled, resulting in sublethal concentrations of free drug in the

tumor and poor therapeutic efficacy (Bandak et al., 1999; Landon et al.,
2011). This problem can be resolved with temperature-sensitive lipo-
somes (TSLs) that release water-soluble anti-cancer drugs at a fast rate
upon a heat stimulus (Limmer et al., 2014; Needham et al., 2000;
Tagami et al., 2012). Numerous studies have demonstrated rapid in-
travascular release of doxorubicin (DOX) from thermally triggered
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TSLs, leading to high intravascular drug concentrations and enhanced
drug penetration into tumor tissue (Kong et al., 2000; Landon et al.,
2011; Manzoor et al., 2012; Needham et al., 2000). Under mild hy-
perthermia, the DOX-TSLs yielded 20–30 times greater DOX deposition
in tumor tissue compared to free DOX administration, that in turn
translated to improved tumor cell-killing efficacy (Kong et al., 2000;
Yarmolenko et al., 2010). The application of mild hyperthermia locally
has two other important advantages. Firstly, hyperthermia increases
intratumoral blood flow and vascular permeability (Gaber et al., 1996),
enabling more extensive liposome extravasation into the tumor and
thus higher local drug concentration (Kong et al., 2001; Matteucci et al.,
2000). Secondly, hyperthermia exacerbates the cytotoxicity of some
chemotherapeutics (Hahn et al., 1975; Herman, 1983; Landon et al.,
2011), including DOX (Liu et al., 2001).

Instead of using phospholipids that undergo phase transition at a
temperature (Tm) slightly above body temperature (van Raath et al.,
2016), second-generation TSLs are grafted with thermolabile polymers
that destabilize the phospholipid bilayer at elevated temperatures and
induce release of liposomal content (van Elk et al., 2014). Temperature-
sensitive polymers composed of N-(2-hydroxypropyl)methacrylamide
mono/dilactate exhibit tuneable critical solution temperature behavior
within the physiologically relevant temperature window. These poly-
mers are soluble in aqueous solution at a low temperature but dehy-
drate and aggregate when heated above their cloud point (CP). As
proof-of-concept, polymers of N-(2-hydroxypropyl)methacrylamide
mono/dilactate were synthesized with a cholesterol anchor (chol-
pHPMAlac) and incorporated into DOX-encapsulating liposomes. The
chol-pHPMAlac TSLs released DOX at mild hyperthermia in buffered
aqueous solution (van Elk et al., 2014). The next step towards clinical
translation is to determine the interaction between the chol-pHPMAlac
TSLs and physiologically relevant cell types such as blood cells, en-
dothelial cells, immune cells, and cancer cells.

Previous translational studies on thermosensitive liposome-cell in-
teractions have demonstrated some association with blood cells, en-
dothelial cells, immune cells, primary hepatocytes (Heger et al., 2009b;
van Raath et al., 2016), and cancer cells (Broekgaarden et al., 2014).
The liposome-cell interactions are, however, mostly dependent on li-
posome surface properties and size, and not the fact that they are
thermosensitive. For example, van Raath et al. observed some asso-
ciation between DPPC:DSPE-PEG (96:4) liposomes (Tm of 42.3 °C) and
hamster and human platelets, irrespective of their activation state.
Moreover, the liposomes associated with hamster erythrocytes (in vitro
and in vivo) and human erythrocytes (in vitro), although these findings
may be ascribable to the leakage and subsequent uptake of the fluor-
escent probe by the cells. Liposomes composed of DSPC:DPPC:DSPE-
PEG (85:10:5 and 46:50:4, neutral surface charge), DPPC:DPPE:DSPE-
PEG (46:50:4, neutral surface charge), and DPPC:DMPA:DSPE-PEG
(46:50:4) did not notably associate with resting and activated hamster
platelets (Heger et al., 2009a). Moreover, thermosensitive DPPC:DSPE-
PEG (96:4) liposomes do not induce hemolysis, are minimally taken up
by cultured endothelial cells and hepatocellular carcinoma (HepG2)
cells, but are endocytosed by mouse RAW 264.7 macrophages (van
Raath et al., 2016). Finally, the extent of uptake by cancer cells is de-
pendent on particle size (Broekgaarden et al., 2014). Given the presence
of polymer with presently unknown bio-interactive properties on the
surface chol-pHPMAlac TSLs, the particle-cell interactions may differ
relative to earlier findings.

The aim of this follow-up study was therefore to investigate para-
meters that are relevant for in vivo implementation of the chol-
pHPMAlac DOX-TSLs, which included (1) DOX release kinetics in the
presence of plasma proteins; (2) stability in a quasi-biological en-
vironment; (3) association or uptake of chol-pHPMAlac TSLs by tumor-
comprising cells; (4) cytotoxicity of empty chol-pHPMAlac TSLs to
cancer cells and somatic cells; and (5) platelet-activating potential of
the chol-pHPMAlac TSLs.

2. Materials and methods

2.1. Materials

Thiocholesterol, N,N,-azobisisobutyronitrile (AIBN), Triton X-100
(TX-100), formaldehyde, sodium dodecyl sulfate (SDS), Dulbecco’s
modified Eagle’s medium (high glucose) (DMEM), fetal bovine serum
(FBS), prostacyclin, and antibiotic/antimycotic solution (100×) were
purchased from Sigma-Aldrich (St. Louis, MO). 1,2-Dioleoyl-sn-glycero-
3-phosphoethanolamine (DOPE), 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine (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-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene
glycol)] (DSPE-PEG, average polymer mass of 2000 Da) were obtained
from Lipoïd (Ludwigshafen, Germany). Doxorubicin-HCl was purchased
from Guanyu Bio-technology (Xi’an, China). EGM-2 kit+ EBM medium
and human umbilical vein endothelial cells (HUVECs) were acquired
from Lonza (Basel, Switserland). RAW 264.7 and HepG2 cells were
obtained from ATCC (Manassas, VA). AML-12 cells were provided by
Dr. Riekelt 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-human P-selectin anti-
bodies (clone AK-4) were obtained from BD Biosciences (Franklin
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.

2.2. Synthesis of HPMA mono/dilactate polymers with cholesterol anchor

2-Hydroxypropyl methacrylamide (HPMA), HPMA monolactate,
and HPMA dilactate were synthesized as described previously
(Neradovic et al., 2003). HPMA mono/dilactate polymers with a cho-
lesterol anchor (chol-pHPMAlac) were synthesized according to a pre-
viously reported method (Paasonen et al., 2007; van Elk et al., 2014).
Briefly, HPMA monolactate/dilactate (8mmol) was dissolved in dis-
tilled 1,4-dioxane at a concentration of 100mg/mL and at a mono-
lactate:dilactate molar ratio of 50:50 or 100:0. AIBN was used as in-
itiator at a molar ratio of 500:1 (monomer/AIBN). The molar ratio of
thiocholesterol (chain transfer agent) and the HPMA monomers was
1:50. Three nitrogen/vacuum cycles were applied to remove oxygen
and the polymerization reaction was performed for 24 h at 70 °C. The
obtained polymers were precipitated in diethyl ether and the super-
natant was discarded after centrifugation (3000×g, 15min at 4 °C). The
polymers were dried overnight in a vacuum oven at 25 °C and stored at
−20 °C until further use. Obtained polymers are abbreviated as: chol-
pHPMAlac(x-y), in which x-y refers to the relative amount of HPMA
monolactate (x) and HPMA dilactate (y), respectively.

2.3. Polymer characterization

The copolymer composition of chol-pHPMAlac was determined by
1H-NMR (Gemini 300MHz spectrometer, Varian, Palo Alto, CA) in
(CD3)2SO. The ratio of 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 5mg/mL in 120mM
ammonium acetate buffer, pH=5.0. Samples were heated from 0 to
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70 °C at a rate of 1 °C/min. The CP was defined as the onset temperature
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 narrow molecular weights
as standards. DMF containing 10mM LiCl was used as eluent at an
elution rate of 1.0mL/min. The column temperature was maintained at
65 °C.

2.4. 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 DOPE:EPC:chol-pHPMAlac
(82-18) and a non-temperature sensitive formulation consisting of
DOPE:EPC:DSPE-PEG2000 (70:25:5). The phospholipids and chol-
pHPMAlac were dissolved in 5mL chloroform (15 µmol phospholipids/
mL). A lipid film was formed after evaporation of chloroform under
reduced pressure and the remaining traces of chloroform were removed
overnight under nitrogen flow. The lipid film was subsequently hy-
drated with 5mL of 240mM ammonium sulfate buffer (pH=5.4) to a
concentration of 15 μmol phospholipid/mL. The liposomal dispersion
was extruded 2× through two 200-nm filters (GE Water & Process
Technologies, Trevose, PA) and 8× through two 100-nm filters (LIPEX
extruder, Northern Lipids, Burnaby, Canada). The extruded liposomes
were dialyzed against 20 mM HEPES buffer, pH=7.4, containing 8 g
NaCl/L. The liposomes (3mL) were loaded with doxorubicin (DOX,
5mg/mL, 1.5mL) for 4 h at 4 °C to obtain self-quenching DOX con-
centrations in the liposomes (van Elk et al., 2014). Free DOX and free
chol-pHPMAlac were removed by ultracentrifugation (125,000×g for
45min at 4 °C). The liposome-containing pellet was resuspended in
3mL of 20mM HEPES buffer, pH=7.4, and stored at 4 °C in the dark.

2.5. 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 described in Section 2.4 with some modifications. The
lipid film was hydrated with 5mL phosphate buffered saline (PBS), and
after extrusion the unbound chol-pHPMAlac was removed by ultra-
centrifugation (125,000×g for 45min at 4 °C). The liposomes were
resuspended in 5mL of PBS and stored at 4 °C. Cationic liposomes
consisting of DPPC:DC-cholesterol:cholesterol:Rho-PE, 70:25:5:0.1 (re-
ferred to as DC-cholesterol liposomes) were prepared as described by
Broekgaarden et al. (Broekgaarden et al., 2014) as a positive control
formulation for the cellular association/uptake assays.

2.6. Liposome characterization

The size and the polydispersity index (PDI) of liposomes suspended
in PBS were measured by dynamic light scattering (DLS, CGS-3 multi-
angle goniometer, Malvern Instruments, Malvern, PA). Intensity cor-
relation functions were measured using a wavelength of 632.8 nm, a
scattering angle of 90°, and unimodal analysis. The size of the liposomes
was also determined by nanoparticle tracking analysis (NTA) using a
NanoSight LM10SH instrument with a 532-nm laser and an EMCDD
camera (Malvern Instruments). The advantage of this technique is that
NTA is able to track fluorescent particles in a medium that contains
other (non-fluorescent) particular contaminants. NTA was therefore
used to analyze particle size in FBS, which would not be possible by
DLS. Liposomes were incubated in PBS or FBS at 37 °C for 1 or 24 h,
after which the liposomes were diluted in PBS and measured for 60 s
with a threshold of 4. The captured videos were analyzed with NTA 3.0
image analysis software (Malvern Instruments). The zeta (ζ) potential
was determined in 20mM 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) (van Elk et al.,
2014) using fluorescence spectroscopy (λex= 485 ± 5 nm,
λem=600 ± 5 nm, FLUOstar Optima, BMG Labtech, Ortenberg, Ger-
many). Concentrations were calculated 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,
15mM phospholipids) were added to 20mM HEPES buffer (pH=7.4,
1.6 mL) preheated to 37, 42, 47, 52, or 57 °C and the fluorescence in-
tensity was measured in kinetics mode. 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 intensity at the
start of the experiment, and ITX the fluorescence intensity after addition
of TX-100.

2.7. 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 cul-
tured 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) (AML-
12 and HepG2 cells only), streptomycin (100 µg/mL) (AML-12 and
HepG2 cells only), and amphotericin B (0.25 µg/mL) (AML-12 and
HepG2 cells only). Cells were cultured at standard conditions (37 °C,
5% CO2, humidified atmosphere).

Table 1
Characteristics of chol-pHPMAlac.

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

a Determined by 1H-NMR
b Determined by gel permeation chromatography
c Determined by DLS at 650 nm

Table 2
Characteristics of temperature sensitive and non-temperature sensitive lipo-
somes used in this study.

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 (PBS)b at 37 °C 656 ± 1 nm 135 ± 1 nm 138 ± 3 nm
PDI (PBS)b at 37 °C 0.61 ± 0.01 0.09 ± 0.03 0.08 ± 0.08
ζ-potential (20mM

HEPES, pH=7.4)c
−5 ± 4mV −4 ± 2mV −7 ± 1mV

ζ-potential (20mM
HEPES,
pH=7.4+ 0.8%
NaCl)c

−0.3 ± 1.0 mV 1 ± 2mV −1 ± 2mV

aDetermined by DLS before the heating run
bDetermined by DLS at 37 °C measured during a heating run from 10 to 60 °C at
a heating rate of 1 °C/min
cDetermined by laser Doppler electrophoresis
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2.8. 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 h, the cells were in-
cubated with 10 µL prediluted Rho-labeled liposomes (Section 2.5,
0–150 µM final phospholipid concentration, i.e., a clinically relevant
concentration range) for 30min or 24 h at standard culture conditions.
Cells were washed 2× 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). Relative
fluorescence intensities were plotted versus the phospholipid con-
centration of the liposomes. Moreover, liposome uptake by/association
with cells was visualized by fluorescence- and phase contrast micro-
scopy (BZ-9000, Plan Fluor 20× objective, Keyence, Osaka, Japan).
Cells were cultured and incubated with Rho-liposomes as described
above, washed 2× with PBS after 30min incubation, and imaged
(Texas Red filter set, λex= 562 ± 20 nm, λem= 624 ± 20 nm).

2.9. Cell viability assay

Cell viability was determined with the MTS assay (CellTiter 96,
Promega, Madison, WI) following incubation with liposomes or lipo-
fectamine (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 to 150 µM. Cells were incubated with the liposomes for 24 h.
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 h, 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.

Fig. 1. Heat-induced release of DOX from DOPE:EPC (70:25) liposomes grafted with 5% chol-pHPMAlac(43-57) (A), chol-pHPMAlac(82-18) (B), and DSPE-PEG2000
(C). Release was measured in buffer (20mM HEPES, 0.8% NaCl, pH=7.4) and plotted relative to 100% release following TX-100 treatment (not shown).
Representative traces are shown for N=3 replicate experiments per temperature group.

Fig. 2. Size of DOPE:EPC:Rho-PE liposomes (70:25:0.1) grafted with 5mol%
polymer following incubation at 37 °C in PBS or FBS for 1 or 24 h. Size was
determined by NTA.
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2.10. Liposome-induced platelet activation assays

Liposome-induced platelet activation was evaluated for isolated
platelets and platelets in whole blood. Blood was drawn from healthy
volunteers into citrate-containing Vacutainer tubes (BD Biosciences,
Franklin Lakes, NJ). Platelets were isolated according to a previously
described method (Korporaal et al., 2007; Yousefi et al., 2014). Blood
was centrifuged at 160×g for 15min 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 at a 1:10 ratio (v/v) to lower the pH to 6.5 and chelate
liberated calcium ions. PRP was centrifuged at 400×g for 15min at RT
and the platelet pellet was carefully resuspended in HEPES-buffered
Tyrode’s solution (HT; 145mM NaCl, 5 mM KCL, 0.5mM Na2HPO4,
1mM MgSO4, 5.55mM D-glucose, and 10mM 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×g
for 15min 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 concentration) were mixed with APC-anti-
GP1B (25:1), FITC-anti-fibrinogen (25:1), and PE-anti-P-selectin
(12.5:1). TRAP-6, a strong platelet activator (Yousefi et al., 2014), was
used as a positive control (208 µM final concentration). The mixtures
were incubated at 37 °C for 30min prior to use, after which 10 µL of
isolated platelets or whole blood was added and incubated for 20min at
RT. The incubation was stopped by adding 700 µL fixation buffer (4%
w/v formaldehyde and 137mM NaCl in MilliQ) 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, BD
Biosciences). Ten thousand events were collected in the platelet gate
and data (mean fluorescence intensity, MFI) were analyzed with BD

FACSDiva software (BD Biosciences).

2.11. Statistical analysis

Statistical analysis was performed in GraphPad Prism (GraphPad
Software, La Jolla, CA). A two-way ANOVA was performed followed by
a Bonferroni post-hoc test for statistical analysis of the liposome dia-
meters after incubation in buffer and serum. A one-way ANOVA was
performed followed by a Tukey test for statistical analysis of the lipo-
somal association with/uptake by cells.

3. Results and discussion

3.1. Polymer characterization

Previously, a clear correlation between the cloud point of Chol-
pHPMAlac polymers and the release temperature of liposomes con-
taining these polymers was found (van Elk et al., 2014). Remarkably,
the cloud point of the polymer should be approximately 20–25 °C lower
than the temperature used to trigger release from corresponding lipo-
somes. Therefore, in this study Chol-pHPMAlac(43-57) with a low CP
(16 °C) was synthesized for validation purposes inasmuch as liposomes
grafted with this polymer release their content at mild hyperthermia
(van Elk et al., 2014). 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 physicochemical properties of both polymers are presented in
Table 1. The presence of dilactate in the polymer synthesized with
HPMA monolactate only (the Chol-pHPMAlac(82-18) formulation) can
be explained by dilactate contamination in the starting material, as
evidenced by 1H-NMR.

Fig. 3. Association between fluorescent 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 and AML-12 cells (A), HUVECs (B), HepG2 cells (C) and RAW 264.7 macrophages (D) after 30-minute incubation at
standard culture conditions and measurement in a fluorescence plate reader. The degree of association is proportional to the fluorescence intensity of cells. *,
p < 0.01; **, p < 0.001.
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3.2. Liposome characterization and doxorubicin release profiles

Liposomes were grafted with chol-pHPMAlac(43-57), chol-
pHPMAlac(82-18), or DSPE-PEG2000 (temperature-insensitive
polymer) and characterized (Table 2). The size of liposomes grafted
with chol-pHPMAlac(82-18) and DSPE-PEG2000 remained unchanged
when heated from 10 to 60 °C at a heating rate of 1 °C/min, as evi-
denced by the unaltered size and PDI. Liposomes grafted with chol-
pHPMAlac(43-57) aggregated at 37 °C, given that both size and the PDI
increased by approximately 5- and 6-fold, respectively, at this tem-
perature. Chol-pHPMAlac(43-57) starts to dehydrate above its CP at
16 °C, which renders the surface of the liposomes hydrophobic, causing
the liposomes to aggregate.

Liposomes grafted with chol-pHPMAlac(43-57) released less than
10% of DOX during 30-minute incubation at 37 °C. Conversely, at 42 °C
DOX was released at a rate of 1% per minute, whereas complete DOX
release occurred within 10min at temperatures of ≥47 °C (Fig. 1A),

confirming that the release rate was temperature-dependent. In line
with expectations, liposomes consisting of DOPE (Tm=−16 °C) and
EPC grafted with chol-pHPMAlac(82-18) or DSPE-PEG2000 did not
release DOX during 30-minute incubation at any of the investigated
temperatures (Fig. 1B and C).

3.3. 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-physio-
logical conditions) using NTA (Fig. 2). No significant change in size was
observed for all the liposomal formulations under both conditions,
demonstrating that the liposomes retained their integrity in a protei-
naceous environment and did not aggregate. PEG is a hydrophilic
polymer and forms a steric barrier around the liposomes that increases
their colloidal stability and reduces surface adsorption of proteins
(Allen et al., 1991; Gabizon et al., 1994; Lasic et al., 1991; Torchilin

Fig. 4. Phase contrast microscopy images (top row) and corresponding fluorescence microscopy images (bottom row) of RAW 264.7 macrophages incubated for
30min 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) and with DC-cholesterol liposomes (E) (150 µM final lipid concentration). The degree of association is proportional to the fluorescence
intensity of cells.
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et al., 1994). Chol-pHPMAlac is also hydrophilic at temperatures below
the CP. Chol-pHPMAlac(82:18) is therefore expected to form a hydro-
philic shell around the liposomes similar to PEG.

Interestingly, chol-pHPMAlac(43-57) aggregated at 37 °C (DLS
measurements; Table 2), while the size of the liposomes remained un-
changed 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) inter-
action 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
agitation effects are absent during the DLS assays, allowing the chol-
pHPMAlac-grafted liposomes to aggregate during the measurement.
Furthermore, chol-pHPMAlac(43-57)-grafted liposomes exhibited no
DOX release at 37 °C, indicating that the lipid bilayer was not perturbed
at this temperature despite polymer dehydration and aggregation.

3.4. Association between liposomes and cells

Liposomes can interact with plasma proteins and various types of
cells after intravenous administration, which deters selective targeting.
A major challenge for tumor-targeted drug delivery systems after in-
travenous injection is therefore 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. Moreover, interaction of liposomes with pla-
telets might result in platelet activation, thrombosis, and vascular oc-
clusion. Accordingly, it is important to get insight into the interaction
between chol-pHPMAlac-grafted liposomes with cells and in particu-
larly blood cells that come in contact with the liposomes after

intravenous administration.
The association between fluorescently 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 cancer. Cationic liposomes containing the cationic lipid
DC-cholesterol (DPPC:DC-cholesterol:cholesterol:Rho-PE, 70:25:5:0.1,
diameter= 156 nm, PDI= 0.24, ζ-potential= 67 ± 9mV) were used
as positive control. Liposomes were added to cells at a maximum
phospholipid concentration of 150 µM in these assays since this con-
centration is clinically relevant (Amantea et al., 1997; Gabizon et al.,
2003; Lyass et al., 2000; Mross et al., 2004). When these liposomes are
loaded with DOX (2.5mg/mL) and diluted to a phospholipid con-
centration of 150 µM, the DOX concentration in these assays will exceed
the Cmax of DOX after intravenous administration of Doxil (Amantea
et al., 1997; Gabizon et al., 2003; Lyass et al., 2000; Mross et al., 2004).

Liposomes grafted with chol-pHPMAlac(43-57), chol-pHPMAlac(82-
18), or DSPE-PEG2000 did not associate with cells after 30-minute in-
cubation (Fig. 3). The absence of liposome-cell interactions is most
likely attributable to the polymers grafted on the surface of the lipo-
somes (forming 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 (Dan, 2002). Contrastingly, DC-cholesterol liposomes associated
with all types of cells in a lipid concentration-dependent manner. It has
been reported previously that positively charged nanoparticles bind to
the negative surface of cell membranes (He et al., 2010; Yu et al., 2012).

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,

Fig. 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 and measurement in a fluorescence plate reader. The degree of association is proportional to the fluorescence intensity of cells. *, p < 0.05; **, p < 0.01;
***, p < 0.001.
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while a strong interaction was observed between DC-cholesterol lipo-
somes and all cell types (Fig. 4 and Supplementary Fig. 1).

Finally, liposome-cell interactions were determined after 24-hour
incubation with liposomes. This is a more relevant time frame because
chol-pHPMAlac-grafted liposomes are expected to undergo relatively
slow elimination from the circulation (comparable to PEGylated lipo-
somes) and reside in the tumor for an extended period of time (Ngoune
et al., 2016) despite lymphatic drainage (Swartz and Lund, 2012). Li-
posomes grafted with chol-pHPMAlac(43-57), chol-pHPMAlac(82-18),
or DSPE-PEG2000 exhibited only a marginal increase in cell association
when incubated for 24 h compared to 30-minute incubation (Fig. 5 and
Supplementary Fig. 2). In contrast, DC-cholesterol liposomes exhibited
a profound increase in cell association following 24-hour incubation
versus 30-minute incubation (Fig. 3). Taken altogether, liposomes
grafted with chol-pHPMAlac showed no notable association with
macrophages, endothelial cells, hepatocytes, and hepatocellular carci-
noma cells. These liposomes are therefore not likely to be taken up
directly after intravenous administration, which increases the prob-
ability 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 (see Fig. 6).

3.5. Cytotoxicity of liposomal formulations

Chol-pHPMAlac-grafted liposomes did not associated with or were
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 after 24 h with
the MTS assay. Lipofectamine 2000 was used as positive control since
this liposomal formulation is known to be cytotoxic (Jain, Kumar et al.,
2013). 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 de-
creased 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 (Amantea et al., 1997; Gabizon
et al., 2003; Lyass et al., 2000; Mross et al., 2004)) it is not expected
that these liposomes will induce toxicity after intravenous administra-
tion.

3.6. Platelet activation

Platelets play an important role in hemostasis, wound healing, im-
munity, and tumor biology (Elaskalani et al., 2017; Heger et al., 2014).
Following activation, platelets release an armament of bioactive mo-
lecules and particles that affect platelets and multiple cell types, in-
cluding cancer cells (Goubran et al., 2014), through which they mod-
ulate biological processes. Activated platelets release fibrinogen from
the α-granules. The released fibrinogen binds to integrin αIIbβ3 on the
activated platelets and forms crosslinks between adjacent platelets,
leading to platelet aggregation and fortification of the platelet plug
(Broos et al., 2012; Broos et al., 2011; Nieswandt et al., 2009). In ad-
dition, P-selectin (CD62P) translocates to the membrane outer surface
upon activation and stabilizes the interplatelet fibrinogen bridges.
Moreover, P-selectin mediates the tethering and accumulation of pla-
telets at the site of injury (Armstrong and Peter, 2012; Merten and
Thiagarajan, 2000). The density of fibrinogen and P-selectin on the
surface of the platelets is a good indicator for platelet activation. Ac-
cordingly, platelet activation was assessed in the context of our lipo-
somal formulations to ensure that the liposomes do not induce platelet
activation and corollary thromboembolic complications and tumor-
promoting signaling following systemic administration. Thrombin re-
ceptor activating peptide (TRAP-6) was used as positive control since

Fig. 6. Viability of AML-12 (A), HUVECs (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 and lipofectamine.
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TRAP-6 activates αIIbβ3 receptors and induces P-selectin expression.
Liposomes grafted with chol-pHPMAlac or DSPE-PEG2000 did not in-
duce the expression of P-selectin and the binding of fibrinogen on iso-
lated platelets after 20-minute incubation (Fig. 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 relevant. 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 danger in the context of thrombosis as well as para-
crine immunomodulation and tumor biology.

4. Conclusions

The objectives of this study were to get insight into (1) the stability
of the chol-pHPMAlac-TSLs in quasi-biological circumstances and (2)
the interaction between chol-pHPMAlac-grafted liposomes with cells
with which the liposomes may interact after intravenous administra-
tion. The data demonstrate that the chol-pHPMAlac TSLs are stable and
heat-activatable in a biological milieu, non-associative and therefore
non-toxic to cancer and healthy cells, and safe for systemic

administration in terms of being non-antagonistic to platelets. Overall,
these results suggest that chol-pHPMAlacTSLs are not expected to be
rapidly cleared from the circulation and most likely do not induce
detrimental biological processes after injection. Consequently, lipo-
somes grafted with chol-pHPMAlac constitute a promising carrier
system for intratumoral chemotherapeutic delivery and local tempera-
ture-triggered release. In vivo follow-up studies are therefore warranted
to devlop the formulation further for systemic and targeted cancer
therapies.
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Fig. 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 (blue bar) and represents complete platelet activation. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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