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Purpose: When designing liposome formulas for treatment and diagnostic purposes, two of the
most common challenges are 1) the lack of a specific release mechanism for the encapsulated
contents and 2) a short circulation time due to poor resistance to biological fluids. This study
aimed to create a liposome formula with prolonged in vivo longevity and pH-sensitivity for
cytoplasmic drug delivery.

Materials and methods: Liposomal particles were generated using hydrogenated soy (HS)
phosphatidylcholine, cholesteryl hemisuccinate (CHEM), polyethylene glycol (PEG) and
diethylenetriaminepentaacetic acid-modified phosphatidylethanolamine with film hydration
and extrusion methods. The physicochemical properties of the different formulas were
characterized. pH-sensitivity was evaluated through monitoring release of encapsulated calcein.
Stability of the radiolabeled liposomes was assessed in vitro through incubation with human
serum. The best formula was selected and injected into healthy rats to assess tissue uptake and
pharmacokinetics.

Results: Liposomal particles were between 88 and 102 nm in diameter and negatively charged on
the surface. Radiolabeling of all formulas with indium-111 was successful with good efficiency.
1%PEG-HS-CHEM not only responded to acidification very quickly but also underwent heavy
degradation with serum. The 4%PEG-HS-CHEM, which exhibited both comparatively good
pH-sensitivity (up to 20% release) and satisfactory stability (stability >70% after 24 h), was
considered the best candidate for in vivo evaluation. Tissue distribution of 4%PEG-HS-CHEM
was comparable to that of 4%PEG-HS-Chol, a long-circulating but pH-insensitive control, show-
ing major accumulation in liver, spleen, intestine and kidneys. Analysis of blood clearance showed
favorable half-life values: 0.6 and 14 h in fast and slow clearance phases, respectively.
Conclusion: 4%PEG-HS-CHEM showed promising results in pH-sensitivity, serum stability,
tissue uptake and kinetics and is a novel liposome formulation for multifunctional theranostic
applications.

Keywords: hydrogenated soy phosphatidylcholine, cholesteryl hemisuccinate, PEGylated
liposome, pH-triggered release, long in vivo half-life

Introduction

The importance of nanotechnology to medical applications such as diagnosis and
the delivery of therapeutic agents has received much recognition. Theranosis, a
new interdisciplinary field in the realm of biomedical sciences, has the ultimate
goal of forming optimized and personalized diagnostic and therapeutic strategies.'?

submit your manuscript

Dove

http:

Ly@mo

International Journal of Nanomedicine 2016:11 5697-5708 5697
© 2016 Duan et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
BY NG

and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you
hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S111274
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:dyduan81@gmail.com

Duan et al

Dove

The development of theranostic agents has greatly benefited
from the advancement of micro- or nano-scale drug delivery
and release mechanisms and from the progress made in
diagnostic imaging.

Compared to platforms such as copolymers, dendrim-
ers, micelles and metallic- and oxide-based nanoparticles,
liposome-based theranostic carriers have received much
attention due to their biodegradable nature, versatility in
composition and ease of surface modification. Early explo-
ration of liposomal nanoparticles as a type of drug delivery
vehicle resulted in a few successful FDA-approved drug
products.* However, the development of liposomes for
large-scale clinical applications has been met with two major
challenges: rapid elimination by the reticuloendothelial
system (RES) and inefficient drug release.”® Various
strategies have been developed. The circulation time of
liposomes in the bloodstream can be prolonged with the
insertion of sterically stabilizing amphiphiles such as
polyethylene glycol (PEG)-modified phospholipids.® !
Fusogenic and/or pH-sensitive lipid combinations can be
used to facilitate cytoplasmic delivery.10:12-2!

Non-invasive imaging techniques such as single photon
emission computed tomography (SPECT), positron emitting
tomography (PET) and magnetic resonance imaging (MRI)
have long been the go-to methods for diagnosis of diseases
in cardiology, neurology and oncology. These imaging
modalities often utilize radioactive or magnetic probes
that target specific tissues or physiological processes, so
that the molecular and cellular natures of disorders can be
visualized.?>?* However, it is challenging to find multiple
favorable qualities such as ease of fabrication and label-
ing, long circulating half-life, high labeling specificity, low
imaging background and minimum toxicity in one single
tracer molecule. Therefore, versatile drug delivery platforms
are being developed and have shown promising and even
superior characteristics over traditional diagnostic agents.

This study aimed to develop a liposome-based thera-
nostic that combines an extended biological half-life, a
pH-sensitive release mechanism and ready-to-label surface
chelation chemistry. When considering the ingredients for
the liposome formulations, we selected a group of lipids
for their unique physicochemical nature. Hydrogenated soy
phosphatidylcholine (HSPC), the major building block of
our liposome formulas (57% in molar ratio), was chosen
for its desirable stability due to its high transition tempera-
tures (7, =53°C)."” Cholesteryl hemisuccinate (CHEM), the
hemisuccinate derivative of cholesterol (Chol), is a popular
ingredient appearing in various pH-sensitive liposome

constructs.®'*1*21242 Like other PEGylated lipids, PEG,,
conjugated distearoyl phosphatidylethanolamine (DSPE-
PEG

2000
sterically stabilized liposomes usually at 5%—8% of molar

) has been proven to prolong the circulation of

ratio.!®!! Diethylenetriaminepentaacetic acid-derivatized
DSPE (DSPE-DTPA) is a chelate-modified phospholipid
that allows chelation to the metal tracers that enable imaging
with SPECT, PET and MRI. The generated liposomes were
characterized for physicochemical properties, resistance to
serum degradation and ability to release encapsulated content
upon acidification. One of the formulas was selected as the
best candidate and injected into healthy rats and assessed for
tissue distribution and clearance, in comparison to a non-pH-
sensitive formula.

Materials and methods

Materials

HSPC, Chol, CHEM, 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N-[methoxy(polyethylene glycol)-2000]
(DSPE-PEG,,,
phoethanolamine-N-diethylenetriaminepentaacetic acid
(DSPE-DTPA) were purchased from Avanti Polar Lipids
Inc (Alabaster, AL). Phosphate-buffered saline (PBS) pH
7.2 (1x) was obtained from Life Technologies (Burlington,
ON, Canada). Chloroform, indium (III) chloride (InCl,),
sodium acetate (NaOAc), trifluoroacetic acid and tetrabu-

) and 1,2-distearoyl-sn-glycero-3-phos-

tylammonium phosphate (TBAP) were purchased from
Sigma-Aldrich (St Louis, MO, USA). High-performance
liquid chromatography (HPLC)-grade methanol (CH,OH),
acetonitrile (CH,CN) and methylene chloride (CH,Cl,) were
obtained from Thermo Fisher Scientific (Waltham, MA,
USA). Radionuclide "'InCl; in 0.05 M HCI solution was
supplied by Nordion Inc (Ottawa, ON, Canada). Deionized
and filtered water used in experiments was obtained through
a Barnstead Nanopure Infinity water system (Dubuque, 1A,
USA). A Waters HPLC system (Milford, MA, USA) consisting
ofa 1525 Binary Pump, 717+ Autosampler, 2998 Photodiode
Array Detector, 474 Scanning Fluorescence Detector, as well
as a PerkinElmer Radiomatic Flow Scintillation Analyzer
(Waltham, MA, USA) was used to assay the fluorometric and
radiometric characteristics of different liposome formulas.

Preparation of liposomal nanoparticles

A Hashimoto® Automated Multifunctional Liposome
Manufacturing Equipment (“liposome automaker” in the
following texts) and a Hashimoto® Liposome Auto-Extruder
(“liposome auto-extruder” in the following texts) were used
in the preparation and extrusion of the liposome samples.
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Table | The chemical components and molar ratios of liposomes in this study

Liposome Lipid components Molar ratio Loaded with calcein
4%PEG-HS-Chol HSPC/Chol/DSPE-PEG,, /DSPE-DTPA 57:38:4:1 No
| %PEG-HS-CHEM HSPC/CHEM/DSPE-PEG,, /DSPE-DTPA 57:41:1:1 No
2%PEG-HS-CHEM HSPC/CHEM/DSPE-PEG,, /DSPE-DTPA 57:40:2:1 No
4%PEG-HS-CHEM HSPC/CHEM/DSPE-PEG,, /DSPE-DTPA 57:38:4:1 No
4%PEG-HS-Chol-Cal HSPC/Chol/DSPE-PEG,, /DSPE-DTPA 57:38:4:1 Yes
1%PEG-HS-CHEM-Cal HSPC/CHEM/DSPE-PEG,, /DSPE-DTPA 57:41:1:1 Yes
2%PEG-HS-CHEM-Cal HSPC/CHEM/DSPE-PEG,, /DSPE-DTPA 57:40:2:1 Yes
4%PEG-HS-CHEM-Cal HSPC/CHEM/DSPE-PEG,  /DSPE-DTPA 57:38:4:1 Yes

2000

Abbreviations: PEG, polyethylene glycol; HSPC, hydrogenated soy phosphatidylcholine; Chol, cholesterol; DSPE-PEG

PEG,,, conjugated distearoyl phosphati-

2000" 2000

dylethanolamine; DSPE-DTPA, diethylenetriaminepentaacetic acid-derivatized DSPE; CHEM, cholesteryl hemisuccinate; Cal, calcein.

A total of 60 umol of lipid molecules in various ratios
(Table 1) was first dissolved in a chloroform/methanol
(10:1, v/v) mixture and pumped into the mixing tube of the
liposome automaker, where it was then subjected to vortex
action of 2,000 rpm at 60°C for 30 min under reduced
pressure to form a thin lipid film. At the end of the lipid
film formation, the organic solvent mixture was completely
evaporated. A total of 6 mL of PBS with or without 80 mM
calcein as solute (pH was re-adjusted to 7.4 after dissolution
of calcein) was pumped into the mixing tube to mix with the
lipid film under a vortex of 2,500 rpm at 60°C for 3 min to
generate multilamellar vesicles (MLVs). The MLV suspen-
sion was later transferred into a sonicator where it received
sonication for 20 min to form small unilamellar vesicles
(SUVs). The sonication process was cooled to 4°C by a
circulator to prevent over-heating. The finished SUV lipo-
some was then centrifuged at 2,500 g for 10 min at 15°C, in
order to precipitate the titanium (Ti) powder residue from the
in-line coating of the sonicator. The supernatant was carefully
removed and put under a second centrifugation (2,500 g,
5 min, 15°C) for further precipitation of Ti powder.

The Ti-free SUV liposome was first warmed up to 60°C
in water bath and then injected into the auto-extruder for
extrusion. Extrusion was carried out by passing the liposome
suspension through membrane filters with five different
pore sizes 800, 600, 400, 200 and 100 nm sequentially at
room temperature. For the calcein-encapsulated liposomal
nanoparticles, a centrifugation procedure was used to remove
free calcein in the suspension: 0.5 mL of liposome aliquot
was added to an Ultra-0.5 mL (30,000 MWCO) filtration
device (Millipore, Billerica, MA, USA) and centrifuged at
14,000 g for 25-30 min at 15°C. The purified liposome was
collected from the filter basket and brought back to original
volume through dilution in 1x PBS. For the study, a total of
eight different formulas of liposomes were generated, and
their ingredients and ratios are listed in Table 1.

Size determination and characterization
Hydrodynamic diameters and polydispersity of liposomal
particles were measured in ultrapure water through dynamic
light scattering using a Malvern Nano ZS Zetasizer
(Malvern, UK). Zeta potential values were measured in 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffer (final pH 7.2) using dip cells of the same Zetasizer.
The electrode was cleaned between each measurement to
guarantee accuracy.

Lipid recovery in liposome products

A small portion of lipid components was expected to be lost
during the manufacturing and extrusion of liposomes. There-
fore, the amounts of two major lipids phosphatidylcholine and
Chol or CHEM in each liposome preparation were measured
to determine how much of the lipids were in the final product.
Freshly prepared liposome samples were analyzed with a
Waters HPLC system that comprised a 1,525 Binary Pump, a
717 Autosampler and a 2,996 PDA Detector (Waters, Milford,
MA, USA) equipped with a Phenomenex Luna C18(2) col-
umn (Torrance, CA, USA), using an ion-pair reversed phase
method. Samples were dissolved in mobile phase CH,CL/
CH,OH/CH,CN/H,0 (200:560:180:60) modified with 15 mM
TBAP and eluted at 1.6 mL per min. The UV absorbance at
225 nm was monitored. The identities and concentration of
test lipids were determined by using chromatograms of pure
lipid standards of various concentrations as reference.

Encapsulation efficiency of calcein

The amount of encapsulated calcein was measured follow-
ing a reported method,® using a Cary Eclipse fluorescence
spectrophotometer (Agilent Technologies, Santa Clara,
CA, USA) with 4__at 475 nm and A at 510 nm. With an
endoliposomal concentration of 80 mM, the fluorescence of
calcein was self-quenched. When the liposomal structure
is disrupted by detergent, the encapsulated calcein can
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escape and cause a spike in the fluorescence reading. The
calcein-encapsulated liposome suspension was treated with
Triton X-100 (0.1% w/w) to release all calcein. The effect
of Triton X-100 was corrected by subtracting readings from
non-Triton X-100-treated samples.

Calcein release

The pH-dependent leakage of liposomal calcein was mea-
sured using a modified method from the literature.* Briefly,
a 10 uL purified calcein-capsulated liposome sample was
first diluted 100 times in HEPES buffers (10 mM HEPES,
140 mM sodium chloride) of acidic pH and a physiological
pHof7.2. pH4.5 and 5.5 were used to imitate the endosomal
pH environment to which liposomes are exposed to after
internalization. The diluted samples were incubated at 37°C
and under constant swirl at 400 rpm for 30, 60, 90, 120 and
180 min. Samples were then removed and measured in a
fluorescence spectrophotometer with 4 at475 nmand 4__
at 510 nm. Measurement of fluorescence was also taken at
0 min for each pH group for baseline. The total release of
encapsulated calcein was determined following the steps
above with the presence of Triton X-100 (0.1% w/w).
The percentage of calcein release was calculated using the
following equation:

Release (%) = ((1,, — 1))/(1,,, — 1)) X100

I, represents the intensity measured at the certain test pH,
I, represents the baseline measurement and /, , represents the

100% release under the treatment of Triton X-100.

Surface radiolabeling and in vitro stability
A 450 uL aliquot of the non-calcein-doped liposome formulas
was first diluted with 50 uL of 0.5 M NaOAc solution to adjust
its pH to around 5.0. A 24 puL of 0.05 M HCI solution with
2mCi (74 MBq) of '"'InCl, and 27 nmol of non-active InCl,
(as carrier) was added to the liposome suspension for radio-
labeling. The reaction was incubated with 600 rpm mixing
at 37°C for 1 h. The percentage of the radiochemical purity
(%RCP) of '""In-labeled liposome was assessed with a Waters
HPLC system (1525 Binary Pump and 717 Autosampler)
connected to a Phenomenex BioSep S2000 SEC column
(300x7.8 mm) and a PerkinElmer Radiomatic 150TR Flow
Scintillation Counter. Samples were diluted and eluted in
Ix PBS buffer at pH 7.2 at 1 mL per min. The radiomatic
signal for '""In-liposomes appeared between 5.5 and 6.0 min,
whereas any signal appearing in the later retention time was
considered to be a fragment of '''In-labeled liposome or
unbound ""'In stripped off the liposome.

The stability of radiolabeled liposome was analyzed
following a published method.?® An aliquot of '''In-liposomes
was diluted with human serum (Thermo Fisher Scientific,
Waltham, MA, USA) at two different ratios (2 and 0.5 pwmol
lipid/mL serum) and incubated at 37°C with continuous
mixing for up to 48 h. The stability of ''"In-liposomes was
assayed with the same radio-HPLC method described earlier.
At different times, a small volume of the incubation was
removed and examined for the %RCP of the !!!In-liposome
in the sampled solution.

'"""In-Liposome tissue distribution

The use of animals in this study was conducted in accordance
with the guidelines of the Canadian Council on Animal Care
(CCAC) and with approval from the Animal Care Committee
at the University of Ottawa. We studied the tissue uptake of
Mn-labeled 4%PEG-HS-Chol and 4%PEG-HS-CHEM using
male Sprague Dawley rats from Charles River Laboratories
(Wilmington, MA, USA) weighing 357.8445.4 g. An average
dose of 1.307£0.279 mCi (48.4£10.3 MBq) of radiolabeled
liposome suspension with specific activity at 5.2 mCi
(192.4 MBq) per umol lipid was injected into the animals (nine
animals for each formula, three animals per time point) under
sedation. Animals were allowed to recover from anesthesia
before returning to regular housing. At each time point of
2, 24 and 48 h after the injection of the liposome, a group of
three animals were euthanized and their tissues such as heart,
liver, kidney, muscle, femur, spleen, blood, brain, intestine,
lung, stomach, urine/bladder, testes and thyroid were extracted,
weighed and analyzed for total gamma counts using a Perki-
nElmer Wizard3 2480 Automatic Gamma Counter. The tissue
uptake was expressed as the percentage of injected dose per
gram (%ID/g) or per organ (%ID). To study blood clearance
of the '""In-labeled liposomes, rats (n=2 per formula) received
an injection of ~0.1 mCi (3.7 MBq) of !''In labeled liposome
with similar specific activity as the biodistribution study.
At selected time points post injection (15, 30, and 60 min, 2, 4,
6,24 and 48 h), blood samples were collected from the tail vein,
weighed and measured for liposome-associated radioactivity.
To determine the total activity in blood, the blood volume of
each animal was estimated using the following equation: blood
volume of rat (mL) =0.06x body weight (g) +0.77.%” Blood
liposome content at 2, 24 and 48 h from tissue uptake experi-
ments was pooled in the clearance analysis in order to achieve
a larger sample size (n=5) at the respective time points.

Data analysis and statistics
Average values (mean) and corresponding standard deviation
(SD) were calculated with Microsoft Excel (Redmond,
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WA, USA) expressed as mean + SD, and the number of
measurements or samples was expressed as n. Statistical
analyses such as one-way analysis of variance (ANOVA)
and Student’s #-test, and non-linear curve fitting were per-
formed with Excel or GraphPad Prism 5 (GraphPad Software,
La Jolla, CA, USA). In order to determine the statistical
significance of differences between test groups and controls,
we applied one-way ANOVA with matched measurement
followed by Dunnett’s post hoc tests when analyzing the
data from pH-induced calcein release and the serum stability
challenge. The two-tailed Student’s ¢-test was used to
compare characteristics between empty and calcein-loaded
liposomes and uptake in selected tissues between liposome
formulas. In all of our analyses, a P-value of <0.05 was
considered to be statistically significant, whereas ns indicates
not statistically significant.

Results
Physicochemical characterization of

liposomal nanoparticles

Highly homogeneous liposomal nanoparticles were produced
with expected physical and chemical parameters (Table 2).
The mean size of liposomal particle ranged from 88 to 102 nm.
Calcein encapsulation did not result in significant alteration
in particle diameter or polydispersity (P>0.05). The zeta
potential assay showed that all particles bear negative surface
charges, and again no differences were observed between
formulas with and without calcein (P>0.05). Two major
lipid components phosphatidylcholine and Chol/CHEM
were measured in the final liposome products. Among all
formulas, the rate of recovery of HSPC ranged from 85%
to 96%, whereas Chol/CHEM ranged from 92% to 98%.
No statistical difference was observed with the incorporation
of calcein (P>0.05). All four calcein-encapsulated formulas
showed comparable encapsulation efficiency.

pH-dependent calcein release

The calcein leakage of liposomal nanoparticles in acidic
solutions and physiological pH was evaluated (Figure 1).
While the pH-insensitive formula 4%PEG-HS-Chol-Cal
released no more than 10% of its encapsulated content
(Figure 1D), the three CHEM-based liposome formulas
demonstrated 20% or more release in response to an acidic
environment over a period of 180 min (Figure 1A—C). With
only 1% PEGylated lipid, 1%PEG-HS-CHEM-Cal released
13%—14% of its calcein content at 30 min, whereas release
from 2% and 4%PEG-HS-CHEM-Cal appeared more
gradual. At the physiological pH, 1%PEG-HS-CHEM-Cal
had an initial release of 13%, almost doubling that of 2% and
4%PEG-HS-CHEM-Cal, indicating its innate instability
and tendency to leak out its content. Under acidic pHs, the
three CHEM-based liposome showed significant increase of
release over time (P<<0.05). The pattern of release by the same
liposomes at pH 7.2, however, showed no significant increase
(P>0.05). Therefore, 1%, 2% and 4%PEG-HS-CHEM-Cal
were responsive to acidification of their environment. Unlike
the CHEM-based liposomes, 4%PEG-HS-Chol-Cal exhibited
no pH-sensitivity given its identical release trend at each of
the three pH conditions.

'"""Indium labeling and in vitro

radiolabeling stability
High RCP was achieved without purification post
radiolabeling: 4%PEG-HS-Chol at 100.0%+0.0%, 4%PEG-
HS-CHEM at 98.0%%1.9%, 2%PEG-HS-CHEM at
98.5%12.7% and 1%PEG-HS-CHEM at 98.2%=0.7%.
The influence of lipid composition on serum stability is
presented in Figure 2. As the well-known sterically stable
lipid combination, the Chol-based formula 4%PEG-HS-
Chol retained 93.3%14.5% (2 umol lipid/mL serum) and
83.8%%12.3% (0.5 umol lipid/mL serum) of its integrity

Table 2 Size, polydispersity, zeta potential, calcein encapsulation and lipid recovery of liposomes

Sample ID Mean Polydispersity Zeta potential Calcein Recovery of Recovery of
diameter (mV) encapsulation phosphatidylcholine Chol/CHEM
(nm) (mg/pmol lipid) (%) (%)
4%PEG-HS-Chol 90.55+1.33 0.103£0.014 —13.3£0.1 n/a 95.70+7.83 96.58+4.63
1%PEG-HS-CHEM 88.06+1.10 0.124+0.012 —18.11£0.7 n/a 86.6914.76 98.33+£3.95
2%PEG-HS-CHEM 98.26+1.05 0.120+0.013 —14.610.7 n/a 89.7312.34 98.2213.13
4%PEG-HS-CHEM 98.43+0.65 0.109+0.021 —12.710.6 n/a 93.23+4.39 97.05+4.01
4%PEG-HS-Chol-Cal 96.6310.89 0.155+0.008 —13.4104 0.100+0.026 85.07+2.03 91.73t£1.22
1%PEG-HS-CHEM-Cal 91.17£0.68 0.142+0.001 -21.9£1.1 0.132+0.027 87.5318.24 97.71£0.63
2%PEG-HS-CHEM-Cal 101.6310.64 0.085+0.028 —15.6£0.7 0.093+0.003 87.9115.17 92.32+2.53
4%PEG-HS-CHEM-Cal 95.18+0.59 0.143£0.022 —13.6£0.6 0.099+0.013 92.38+8.98 96.22%1.26
Note: Three measurements were taken with each sample and the final values were expressed as mean + standard deviation.
Abbreviations: Chol, cholesterol; CHEM, cholesteryl hemisuccinate; PEG, polyethylene glycol; HS, hydrogenated soy; n/a, not applicable; Cal, calcein.
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Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Duan et al

A 4%PEG-HS-CHEM-Cal
_ ool ns—‘
o ) ok ns

257 [ i

8 201

1]

9 151

g

10

8 51

©

o

pH 4.5 pH 5.5

Dove

B 1%PEG-HS-CHEM-Cal

sk ook

Rk

? ns ‘ ns ol
é 25 1 ns ns s
@ 20 _I ns
©
@ 15 .
()
=10
k=
©
o0 ' _

pH 4.5 pH 5.5

[J30min ] 60min [ 90 min [ 120 min [ 180 min

[J30min []60min ] 90 min [ 120 min [ 180 min

C 2%PEG-HS-CHEM-Cal

T 25 T e
~ ns
8 20 1 §‘ —‘ ns
©

@ 151

2.

c 10

S o

pH 4.5 pH 5.5 pH 7.2

D 4%PEG-HS-Chol-Cal

:\‘; 25 :** **t** n**
~ ns ook ns

3 201 |ns i ns

©

@ 154

2

c 101

©

o r

pH 4.5 pH 5.5

[J130min ] 60min [ 90 min [l 120 min [l 180 min

[J130min []60min []90min [ 120 min [l 180 min

Figure | Percentage release of calcein from the four liposomes under acidic and physiological pHs.

Notes: Calcein-encapsulated liposomes 4%PEG-HS-CHEM-Cal (A), |%PEG-HS-CHEM-Cal (B), 2%PEG-HS-CHEM-Cal (C) and 4%PEG-HS-Chol-Cal (D) were tested in
buffers of pH 4.5, 5.5 and 7.2 at 37°C. Measurements (n=3) were taken at 30 (initial time point), 60, 90, 120 and 180 min, respectively, into incubation. The release of calcein
at each time point is expressed as a percentage of total release (mean% + SD). Release at 30 min was compared to that of all other time points, and the statistical significance

is expressed as follows: ns, P>0.05; *P<<0.05; **P<<0.001; ***P<<0.0001.

Abbreviations: PEG, polyethylene glycol; HS, hydrogenated soy; CHEM, cholesteryl hemisuccinate; Cal, calcein; Chol, cholesterol; ns, not significant; SD, standard deviation.

(as the measurement of RCP) at 24 h (Figure 2D). The three
CHEM-based liposome formulas, however, underwent vari-
ous degrees of degradation (Figure 2A—C) (P<<0.05 versus
PBS control). After a 24-hour incubation, the stability of
nlabeled 4%PEG-HS-CHEM dropped to 27% at 2 umol
lipid/mL serum and 39% at 0.5 wmol lipid/mL serum. With
lower molar ratio of PEGylated lipid, 1% and 2%PEG-HS-
CHEM had a more pronounced decline in stability, having
merely one-third and a quarter of their starting RCP after
24 h. Results from incubation in PBS solution revealed
that irrespective of the lipid composition, all '''In-labeled
liposomes remained stable for as long as 24 h.

Biodistribution and blood clearance of
'"""In-labeled liposomes

Out of the three CHEM-based pH-sensitive formulas,
4%PEG-HS-CHEM was selected to proceed with the tissue
distribution and clearance study, due to its better stability
with serum compared to 1% and 2%PEG-HS-CHEM.

The uptake results of 4%PEG-HS-CHEM and 4%PEG-
HS-Chol are presented in Table 3. The two formulas
demonstrated similar tissue distribution (Figure 3A and
B). Both !!"In-labeled liposomes had highest uptake in the
spleen, reaching close to 5%ID/g at 24 h and remaining
unchanged at 48 h, while there was less accumulation of the
activity in the liver, intestine, kidneys, heart and lungs. The
blood activity concentration of both formulas was highest
at 2 h post injection at ~2%ID/g, and then dropped at 24 h.
Change in tissue uptake over time suggested both formulas
were able to remain in the circulation system at early time
points post injection and were later removed from the blood
by the spleen and liver, a result comparable to existing reports
of liposomes of similar compositions.?® We also identified
the major organs of accumulation and/or catabolism as the
liver, spleen, intestine and kidneys (Figure 4A-D). At 24 h
post injection, the liver accounted for the accumulation of
12% of 4%PEG-HS-Chol and 10% of 4%PEG-HS-CHEM,;
4% —6% of liposome-associated activity was found in the
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| @ 2 umol lipid/mL serum [ 0.5 ymol lipid/mL serum A PBS control |

Figure 2 Radiolabeling stability of the four '"'In-labeled liposomes under varied serum concentrations and PBS at different time points.
Notes: '''In-labeled 4%PEG-HS-CHEM (A), 1%PEG-HS-CHEM (B), 2%PEG-HS-CHEM (C) and 4%PEG-HS-Chol (D) were incubated in human serum at two different ratios
(2 and 0.5 umol lipid/mL), as well as in PBS (control) at 37°C for evaluation of stability in serum. The stability of each liposome formula is expressed as a percentage of the
radiochemical purity of the labeled liposomes (mean% + SD). Statistical significance between individual serum challenge versus control condition is expressed as follows: ns,
P>0.05; *P<<0.05; **P<<0.001.
Abbreviations: PBS, phosphate-buffered saline; PEG, polyethylene glycol; HS, hydrogenated soy; CHEM, cholesteryl hemisuccinate; Chol, cholesterol; ns, not significant;
SD, standard deviation.

Table 3 Biodistribution of '''In-liposomal nanoparticles in healthy Sprague Dawley rats

A 4%PEG-HS-CHEM B 1%PEG-HS-CHEM
> >
£ 100 4 £ 10 "
S o S o
Q £ Q£
%9 757 %0 751 2h 4h 6h 24h
Qo0 Lo Ovs Ans ns ns ns
g% 50 1 g_‘—:' 50 - ® vs Ans ns ns ns
&3 2h 4h 6h 24h 273
8 £ 251 Ovs Ans ns ns ns g T o5 &
B = ® vs Ans ns ns ns T«
© O © O
= 0 = 0
RN 0 5 10 15 20 25 N 0 5 10 15 20 25
Time (h) Time (h)
C 2%PEG-HS-CHEM D 4%PEG-HS-Chol
> >
100
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Time (h) Time (h)

Tissues Biodistribution of '''In-labeled liposome in rats (%ID/g)

4%PEG-HS-Chol 4%PEG-HS-CHEM

2h 24 h 48 h 2h 24 h 48 h
Urine 0.264%+0.079% 0.263%+0.072% 0.237%+0.049% 0.215%+0.121% 0.133%+0.010% 0.138%+0.032%
Liver 0.446%+0.028% 0.735%+0.079% 0.633%+0.027% 0.499%+0.080% 0.574%+0.019% 0.422%+0.091%
Femur 0.163%*0.008% 0.213%*0.038% 0.174%+0.037% 0.102%+0.022% 0.112%+0.028% 0.096%10.014%
Muscle 0.036%10.011% 0.040%=0.004% 0.038%*0.003% 0.027%*0.006% 0.018%*0.004% 0.015%+0.003%
Spleen 1.747%+0.271% 4.996%+0.508% 4.918%*0.796% 2.602%10.947% 4.915%+0.432% 4.677%*1.458%
Blood 2.401%20.161% 0.818%+0.020% 0.275%+0.043% 1.531%+0.281% 0.450%+0.077% 0.132%+0.023%
Brain 0.054%:+0.002% 0.024%:+0.002% 0.013%+0.003% 0.040%+0.013% 0.013%+0.003% 0.005%:+0.000%
Intestine 0.157%+0.014% 0.271%+0.035% 0.244%+0.011% 0.105%+0.034% 0.168%+0.019% 0.142%+0.020%
Kidney 0.312%+0.045% 0.444%+0.065% 0.418%*0.024% 0.188%*0.067% 0.210%+0.016% 0.214%+0.026%
Heart 0.451%*0.057% 0.360%*0.058% 0.367%*0.195% 0.252%10.022% 0.140%=0.009% 0.112%+0.026%
Lung 0.610%+0.015% 0.452%+0.089% 0.310%*0.049% 0.461%+0.093% 0.187%+0.014% 0.142%+0.009%
Stomach 0.027%+0.006% 0.035%+0.011% 0.049%+0.009% 0.017%+0.002% 0.027%+0.006% 0.037%+0.019%
Thyroid 0.074%:+0.009% 0.100%+0.017% 0.089%:+0.006% 0.079%:+0.049% 0.041%:+0.005% 0.040%:+0.006%
Testis 0.059%:+0.007% 0.078%+0.008% 0.078%+0.013% 0.042%+0.010% 0.036%+0.005% 0.033%+0.001%

Notes: Eighteen animals were injected with '!'In-4%PEG-HS-Chol or '''In-4%PEG-HS-CHEM. Blood samples were taken through tail vein at 2, 24 and 48 h post injections
before animals were sacrificed for tissue counting and weighing. Values were expressed as averaged percent injected dose/gram of tissue (%ID/g) (mean * standard

deviation, n=3).
Abbreviations: PEG, polyethylene glycol; HS, hydrogenated soy; Chol, cholesterol; CHEM, cholesteryl hemisuccinate.
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Figure 3 Tissue uptake of '"In-labeled 4%PEG-HS-Chol (A) and 4%PEG-HS-CHEM (B) in healthy rats.
Notes: A group of three animals were sacrificed at 2, 24 and 48 h after the injection of each type of radiolabeled liposome. Tissues (bladder, liver, femur, muscle, spleen,
blood, brain, intestine, kidney, heart, lung, stomach, thyroid and testis) were extracted for gamma counting and weight measurement. The uptake values are expressed as the

percentage of injected dose per gram (%ID/g * SD).

Abbreviations: PEG, polyethylene glycol; HS, hydrogenated soy; Chol, cholesterol; CHEM, cholesteryl hemisuccinate; SD, standard deviation.

spleen and intestine. Compared to its Chol-based counter-
part, 'In-labeled 4%PEG-HS-CHEM had significantly less
accumulation in all examined tissues (lung, liver, kidneys and
blood [P<<0.05 or less]) except for the spleen (P>0.05). The
clearance of both liposome formulas from blood circulation
is illustrated in Figure 5. A two-compartment exponential
decay model was fitted to estimate the biological half-life
for the two liposomes (Table 4). The 4%PEG-HS-Chol had
a 0.9 h half-life in fast-phase clearance and a 15 h half-life
in slow-phase clearance. The clearance of pH-sensitive
4%PEG-HS-CHEM was only slightly faster, with a 0.6 h
fast half-life and a 14 h slow half-life.

Discussion

This study represents our first development of a novel
liposome-based theranostic agent that combines targeted
drug delivery and molecular imaging applications. The 1%,
2% and 4%PEG-HS-CHEM exhibited the capability of
pH-induced release in response to acidification of the exter-
nal environment. Among the three CHEM-based liposome

formulas, we found that the 4% molar PEG-lipid anchor
conferred the best stability to the liposomes when incubated
with human serum. Our tissue distribution study revealed that
4%PEG-HS-CHEM had moderate accumulation in the liver
and spleen and little uptake in the lungs, heart, intestine and
kidneys. About 55% of the CHEM-based liposome cleared
during the fast clearance phase and the remainder cleared in
the slow phase. Overall, our liposome formula 4%PEG-HS-
CHEM demonstrated great potential for theranostic applica-
tions. To further prove their suitability, tissue-based uptake
and animal imaging studies are warranted. Depending on the
intended applications, our CHEM-based liposome formulas
would require extra modifications to further enhance their
targeting ability and stability, to allow them to carry other
imaging agents and to promote their responsiveness and/or
drug release efficiency.

Potential applications of theranostics include image-
guided drug delivery, imaging drug release, monitoring
therapeutic outcomes, delivering radiation therapy and image-
guided surgery.® The recent development of liposome-based
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Figure 4 Accumulation of '"'In-labeled 4%PEG-HS-Chol and 4%PEG-HS-CHEM.

Notes: The majority of injected liposomes (expressed as percentage of injected dose %ID + SD, n=3) were found in liver (A), intestine (B), spleen (C) and kidney (D).
Statistical significance between the two formulas is expressed as follows: *P<<0.05; **P<<0.001.
Abbreviations: PEG, polyethylene glycol; HS, hydrogenated soy; Chol, cholesterol; CHEM, cholesteryl hemisuccinate; SD, standard deviation.
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Figure 5 Blood clearance of '"In-labeled 4%PEG-HS-Chol and 4%PEG-HS-CHEM.
Notes: The percentage of injected liposome (%ID £ SD, n=5 at 2, 24 and 48 h, n=2
for the rest) in blood was calculated and plotted against time. A two-compartment
elimination curve was used to model the blood activity over time for both formulas:
4%PEG-HS-Chol, y=43.26e 0¢7324.56.74e 00472, r=0.993; 4%PEG-HS-CHEM, y=55.
23e719%444.77e7005057x 2=0.991. Statistical significance between the two formulas
is expressed as follows: ¥P<<0.05; **P<<0.001.

Abbreviations: PEG, polyethylene glycol; HS, hydrogenated soy; Chol, cholesterol;
CHEM, cholesteryl hemisuccinate; SD, standard deviation.

theranostics holds the potential to personalize treatments,
decrease invasiveness in diagnosis and therapy and monitor
therapeutic outcomes in real time.">?

The imaging function requires the labeling of theranostic
carriers with radioactive or non-radioactive isotopes on the
bilayer surface or through encapsulation. While some prefer
the design that shields the imaging elements from the outer
biological environment, others appreciate surface chelation
for its versatility in the choice of radionuclides and its high
labeling efficiency. Early surface-labeling studies tagged
liposomes with technetium-99m via non-specific ionic
attraction, but the radionuclides quickly dissociated once
the carriers were injected into humans.*® To better retain the
imaging metal isotopes, many tried incorporation of chelate—
phospholipid derivatives into the liposome formulation that
enables surface chelation of metal cations. Seo et al*'** exper-
imented with copper cation-specific bifunctional chelators
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Table 4 Kinetic parameters of 4%PEG-HS-Chol and 4%PEG-HS-CHEM

Sample ID Fast (a1) component

Slow () component

t,, (h) (95% CI) Fraction (%) t,, (h) (95% CI) Fraction (%)
4%PEG-HS-Chol 0.91 (0.55-2.59) 43.26:+4.84 15.26 (10.74-26.39) 56.74+4.94
4%PEG-HS-CHEM 0.55 (0.35-1.23) 55234471 13.65 (8.34-37.56) 4477447

Notes: A two-compartment exponential decay model was fitted over the % injected liposome-associated activity to estimate the clearance half-life (t

n in hours, with

confidence interval) and fraction % of removed liposome content from blood, in both the fast and slow phase.
Abbreviations: PEG, polyethylene glycol; HS, hydrogenated soy; Chol, cholesterol; CHEM, cholesteryl hemisuccinate; Cl, confidence interval.

(BFCs) such as 6-[p-(bromoacetamido)benzyl]-1,4,8,11-
tetraazacyclotetradecane-N,N’,N”,N”’-tetraacetic acid,
(6-(6-(3-(2-pyridyldithio)propionamido)hexanamido)benzyl)-
1,4,8,11-tetraazacyclotetradecane-1,4,8,11-tetraacetic acid,
4-(2-(2-pyridyldithioethyl)ethanamido)-11-carboxymethyl-
1,4,8,11-tetraazabicyclo(6.6.2)hexadecane, as well as dis-
tearoyl and dipalmitoyl maleimide lipids serving as the base
for BFCs, in order to generate copper-64 surface-labeled
liposomes for PET imaging and therapy monitoring. Other
chelate—isotope combinations such as indium-111 and
DTPA,?%335 technetium-99m (in the form of pertechnetate)
and hydrazine nicotinamide***” have also been assessed and
proven feasible for creating stable liposomes for SPECT
imaging. We selected DTPA-derivatized phospholipid for our
liposome formulation due to its known versatility in chelating
metal of different imaging modalities. Helbok et al*® synthe-
sized PEG-modified DTPAderivative-based liposomes that
are suitable for labeling with several metallic trivalent ions
suchas indium-111 (SPECT), technetium-99m-CO, (SPECT),
lutetium-177 (radiotherapy) and gallium-68 (PET) with high
RCP and specific activity. DTPA derivatization also showed
potential for MRI when chelated with gadolinium.*
Another important aspect of theranostic carriers, espe-
cially in the context of image-guided drug delivery, is the
delivery and release mechanism. PEGylated and other
polymer/copolymer-based lipid anchors have been exten-
sively used to avoid clearance by the RES and to prolong
blood circulation. To overcome the lack of drug release from
liposomal particles, stimuli-specific release mechanisms have
been added to improve the bioavailability of encapsulated
therapeutics at the target tissues. The types of stimuli include
light,* pH,'*!* enzymatic degradation* and gain or loss of
heat.'>#42 Previous approaches to generate pH-sensitive lipo-
somes using CHEM in conjunction with various lipids have
been reported. At physiological pH, the lipid combinations
such as egg PC/dimethyldioctadecylammonium bromide/
CHEM, " egg PC/oleyl alcohol/CHEM" and diolein/CHEM?*
conferred net negative charges to liposomal particles and
maintained a stable bilayer. Once placed under acidic pH, the
weakly anionic and/or cationic amphiphilic lipids within the

bilayer became partially protonated, causing the liposomes to
undergo rapid aggregation and membrane fusion due to the
removal of electrostatic colloidal stabilization.?** However,
for the pH-sensitive liposome, decrease in pH-responsiveness
has been observed as the molar ratio of PEGylated lipid
anchor or the size of PEG group increased,®?*#4 creating a
stability—pH-sensitivity dilemma. Observations of our PEGy-
lated CHEM-based liposomes reflect this same conundrum.
Strategies to enable slow clearance and more efficient drug
release would improve our current design. Xu et al utilized
poly(2-ethyl-2-oxazoline)(PEtOz), a substitute for conven-
tional PEG-derivatized phospholipids, in their liposome
applications. They demonstrated that PEtOz-modified
liposomes were not only more sensitive to an acid pH
environment than conventional PEGylated liposomes but also
demonstrated favorable stability in both in vitro and in vivo
experiments.* Adding extra releasing mechanisms is also
considered crucial for promoting drug delivery. For instance,
magnetically and pH dual responsive dendrosomes were
created by incorporating magnetic nanoparticles and folate-
targeted dendrimers inside PEG-modified 1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine/CHEM liposomes.*’
These dual-sensitive carriers demonstrated enhanced release
of encapsulated dendrimer-rhodamine conjugate upon
exposure to acidic environment and magnetic field. Li et al
constructed a type of pH and esterase—dual-sensitive lipo-
some complex. To form the lipoplexes, zwitterionic polymer
poly(carboxybetaine) was conjugated with chemotherapy
drug camptothecin via an ester bond that is cleavable under
low acid pH and by esterase. The lipoplexes were capable of
releasing camptothecin in a sustained manner in response to
pH and esterase in both in vitro and in vivo assessment.*°

Conclusion

In this study, we investigated liposomes of different composi-
tions in order to identify an optimal formula that is capable
of cytoplasmic delivery of therapeutic agents and prolonged
circulation in the blood stream. Our novel liposome formula
4%PEG-HS-CHEM demonstrated satisfactory serum
stability, suitable pH-responsiveness, high radiolabeling
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efficiency with '''In, slow blood clearance and moderate to

little uptake in major organs. These are all considered to be

favorable features of a theranostic vehicle.?
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