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ABSTRACT: Although lipid nanoparticles are promising drug
delivery vehicles, passive release of encapsulated contents at
the target site is often slow. Herein, we report contents release
from targeted, polymer-coated, echogenic lipid nanoparticles in
the cell cytoplasm by redox trigger and simultaneously
enhanced by diagnostic frequency ultrasound. The lipid
nanoparticles were polymerized on the external leaflet using
a disulfide cross-linker. In the presence of cytosolic
concentrations of glutathione, the lipid nanoparticles released
76% of encapsulated contents. Plasma concentrations of
glutathione failed to release the encapsulated contents.
Application of 3 MHz ultrasound for 2 min simultaneously
with the reducing agent enhanced the release to 96%. Folic
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acid conjugated, doxorubicin-loaded nanoparticles showed enhanced uptake and higher cytotoxicity in cancer cells overexpressing
the folate receptor (compared to the control). With further developments, these lipid nanoparticles have the potential to be used
as multimodal nanocarriers for simultaneous targeted drug delivery and ultrasound imaging.

B INTRODUCTION

Targeted drug delivery remains one of the major challenges in
current pharmaceutical research. Upon injection, many drugs
get distributed in the body according to their pharmacokinetic
and pharmacodynamic properties, resulting in low therapeutic
concentrations at the target site and unwanted side effects. The
drug biodistribution can be suitably altered and side effects can
be minimized by employing targeted delivery systems. A wide
variety of drug carriers and passive and active targeting
strategies have been reported in the literature.' However,
upon reaching the intended site, the rate of drug release from
the carriers is often very slow. For example, one of the
marketed liposomal doxorubicin formulations (Doxil) is
passively targeted to the tumors employing the enhanced
permeation and retention (EPR) effect.” Because of its long
circulation time and slow drug release kinetics, several side
effects of Doxil are reported (e.g, hand-foot syndrome,
neutropenia, anemia, and thrombocytopenia).’
Stimuli-responsive drug delivery vehicles are highly attractive
because of local control over payload release and, consequently,
reduced systemic toxicity. Both biological/endogenous (e.g.,
enzymes,” redox,® and pH’) and nonbiological/exogenous
(e.g, temperature,8 light,9 and ultrasoundlo) triggers have been
used as stimuli to release the payload of these drug carriers. A
combination of a biological and an external trigger can give dual
levels of control for drug release at the targeted site.
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Incorporation of concurrent contrast imaging capability renders
multimodal characteristics to the drug carrier. However, there
are only a few reports of such multimodal nanocarriers
responding to multiple triggering stimuli with simultaneous
imaging capability.'!

Ultrasound has been extensively used as a tool for different
applications using different carriers such as polymers,"
micelles,"® emulsions,** microcapsules,15 microspheres,lé and
liposomes.'” Most of these regported applications use low
frequency ultrasound (LFUS)."*™® Although application of
kHz frequency ultrasound leads to more release compared to
MHz"° frequency, it has very limited clinical applications due to
the associated harmful biological effects. There are only a few
reports of MHz frequency ultrasound utilized to release drugs
from liposomes'®*’7*° and microbubbles conjugated to
liposomes.®"

Acoustically reflective lipid nanoparticles/liposomes (echo-
genic liposomes or ELIPs) have been developed as stimuli-
responsive drug carriers.””>® The ELIPs are prepared in the
presence of a cryoprotectant (e.g, mannitol) that helps in
entrapping air pockets within the liposomes and thereby
making them responsive to acoustic excitation. Ever since the
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first report>* of acoustically reflective liposomes, questions are
raised on the presence and the exact location of entrapped air,
especially when the diameters of the vesicles are small (<1 ym).
Consequently, different terms are currently used for this
system, for example, lipid nanoparticles, lipid dispersions,
bubble liposomes,'”*>*® acoustically reflective liposomes,*” and
echogenic liposomes.®® Although termed differently, these
systems are fundamentally acoustically reflective lipid nano-
particles (ARLINs), as these are made of phospholipids and are
in nanometer dimensions. Thus, we will refer to these lipid
particles as ARLINs in this manuscript. Although the exact
location of the entrapped air in ARLINs remains uncer-
3339741 their echogenic properties have been well
established through comprehensive acoustic experiments.*'~*
The ARLINS are being studied as novel ultrasound imaging
contrast agents for atherosclerotic plaques and cancerous
tumors.*” Extensive ultrasound-mediated drug release stud-
ies®”?** with ARLINs have established their potential as
simultaneous drug delivery and ultrasound imaging agents.

The lipid-based drug delivery systems offer excellent
biocompatible vehicles for both hydrophilic and lipophilic
drugs. However, in the biological system, they get destabilized
due to interactions with plasma proteins and biomembranes,
resulting in leakage of the encapsulated drugs in the circulation
(before reaching the intended site).* This could result in only
a small fraction of drug actually reaching the targeted site.
Polymerization of the lipid bilayer improves stability but their
clinical usage is limited because of poor biocompatibility.

The tripeptide glutathione (L-y-glutamyl-L-cysteinylglycine,
GSH) functions as an important free radical scavenger and
protects cells from harmful effects of reactive oxygen species,
toxins, drugs, and many mutagens. It is one of the most
abundant organic reducing agents present in the human body.
GSH level is elevated in various human cancer tissues (such as
breast,%’47 ovary,46 colon,*® lung,49 bone marrow,*
larynx®") compared to normal tissues. It has been implicated
in drug resistance and in tumor growth.’’ The disulfide
functional group has gained attention in the preparation of
stimuli-responsive drug carriers because of its stability in mildly
oxidizing environments (of atmospheric oxygen and blood-
stream”) and it is lability in the presence of reducing agents.
Due to the large redox potential difference between the
extracellular matrix (thiol concentration: 10—40 M) and the
cytosol of cancer cells (thiol concentration: 0.5—10 mM
because of the presence of GSH),** the reversible disulfide thiol
conversion is being widely used for cytosolic drug delivery.>>~>®

Herein, we have prepared folate conjugated, disulfide-cross-
linked, polymer-coated, acoustically reflective lipid nano-
particles for cytosolic drug delivery. When exposed to mM
concentration of reducing agents, these polymer-coated lipid
nanoparticles release their contents and this release is further
enhanced by applying diagnostic frequency ultrasound (3 MHz,
0.5 MPa, CW) for 2 min. We have also imaged these lipid
nanoparticles by using diagnostic frequency ultrasound. With
further developments, these polymerized lipid nanocarriers
hold promise as a vehicle for ultrasound image guided, targeted
cytosolic drug delivery. To the best of our knowledge, there are
no reports of using polymer-coated acoustically reflective lipid
nanoparticles for simultaneous targeted drug delivery and
ultrasound imaging.
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B MATERIALS AND METHODS

Preparation and Polymerization of ARLINs. The gallate
derivative with three propargyl groups coupled to 1-palmitoyl-2-
oleoyl-sn-glycerol-3-phosphoethanolamine (POPE-G) was synthesized
following a published procedure.’® Stock solution of 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC, Avanti Polar Lipids) was
prepared (1 mg/mL) by dissolving the lipid powder in chloroform and
methanol (9:1) and stored in freezer (—20 °C). Solutions of POPC (3
mg), POPE-G (3.9 mg), and 1,2-dipalmitoyl-sn-glycero-3-phosphoe-
thanolamine-N-(lissamine rhodamine B sulfonyl) ammonium salt
(DPPE-LR, 0.045 mg) were mixed in the molar ratio of 50:49:1,
respectively, in a 10 mL round-bottom flask. The mixture was swirled
to ensure proper mixing of components. Solvent was evaporated using
a rotary evaporator, and the flask was placed under vacuum overnight
to remove any residual solvent traces. Next day, the dried film was
hydrated for 3 h with 3 mL of 10 yM calcein dissolved in 10 mM
HEPES buffer (pH adjusted to 7.4) and 3 mL of 0.64 M mannitol
(final concentration 0.32 M). The lipid dispersion was then bath
sonicated for 10 min with constant swirling and exposed to three
freeze (=70 °C) and thaw (23 °C) cycles to enhance calcein
encapsulation. Sequential extrusion was performed using a mini-
extruder (Avanti Polar Lipids) using 800 nm and 200 nm
polycarbonate filters (Nuclepore, Whatman) in succession.

For cancer cell uptake studies, ARLINs were prepared using the
same protocol, except that the concentration of calcein used was 3
mM. Two different batches were prepared, one with and the other
without (1 mol %, 0.1 mg) 1,2-distearoyl-sn-glycero-3-phosphoetha-
nolamine-N-[folate(polyethylene glycol)-2000] (ammonium salt).

For polymerization, the reported procedure® was modified in order
to make it suitable for our experiments. To the above 6 mL solution,
the cross-linker CL (150 uL of 0.04 M aqueous solution), Cu**
complex (150 uL of 0.053 M aqueous solution prepared by mixing 3
mL of CuCl,, 71.7 mg, 0.53 mmol) solution, 3 mL of PMDETA
solution (442 uL, 2.1 mmol), and sodium ascorbate (150 uL of 27
mg/mL solution, 1.4 umol) were added together. The mixture was
divided into six closed vials and stirred slowly at room temperature for
24 h. After 24 h, the mixture was passed through a Sephadex-G100 gel
(GE healthcare) filtration column in order to remove unencapsulated
dye and other compounds from the ARLINs. Mannitol was added to
the ARLINSs solution to obtain 0.32 M concentration, the solution was
frozen, and subsequently, the ARLINs were placed in a lyophilizer.
The freeze-dried powder was stored in a refrigerator and reconstituted
just before use.

Preparation of Doxorubicin-Loaded ARLINs. To encapsulate
doxorubicin into the lipid nanoparticles, the reported pH gradient
loading method was employed® with some modifications. Briefly, the
lipid film was hydrated with 400 mM citrate buffer (pH 4). After bath
sonication and freeze thaw cycles, the external pH of buffer increased
to 7.4 by the addition of dilute sodium hydroxide. To this lipid
dispersion, 0.2 mg of doxorubicin/mg of lipid was added and the
dispersion was stirred for 30 min at room temperature. The lipid
dispersion was then passed through a Sephadex-G100 gel filtration
column to remove unencapsulated doxorubicin. Encapsulation
efficiency was determined by recording the absorbance of doxorubicin
at 475 nm before and after gel filtration. These lipid nanoparticles were
then polymerized using the same procedure described earlier. After
polymerization, the doxorubicin content was determined by plotting
the absorbance onto the calibration curve established at 475 nm.

Measurement of Size Distribution, Zeta Potential, and
Mobility. The size distribution, zeta potential, and mobility of the
ARLINs were measured by Malvern Zetasizer Nano-ZS90 using
dynamic light scattering (DLS) method before and after lyophilization.
Polystyrene latex disposable cuvettes (DTS 0012 for size and DTS
1061 for zeta potential and mobility) were used, and scattering
measurement was performed at a 90° angle. Each sample (0.1 mg/mL
in 10 mM HEPES buffer pH 7.4) was equilibrated for 60 s and 10
readings were taken for each sample of ARLINs at room temperature.
All the batches were tested and each sample was tested five times to
ensure reproducibility and to calculate the standard deviation.
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Figure 1. (A) Schematic of the experimental setup for in vitro measurement of scattering. (B) Schematic of the in vitro experimental setup for

ultrasound mediated release studies.

Transmission Electron Microscopy. The samples were observed
using a JEOL JEM-2100-LaBg transmission electron microscope
operating at 200 kV at low magnifications and with the beam spread,
which is not converged, to reduce the amount of electron beam
interaction per unit area and, hence, beam damage to sample if it were
to occur. Lyophilized ARLINs sample reconstituted in 10 mM HEPES
buffer pH 7.4 to obtain 1 mg/mL concentration and dropped onto 300
mesh Formvar-coated copper grids previously coated with 0.01% poly-
L-lysine and allowed to stand for a minute before wicking off with filter
paper. After air drying for 2 min, the sample was negatively stained
with 1% phosphotungstic acid for 1.5 min and subsequently wicked off
with filter paper and allowed to dry before viewing.

Atomic Force Microscopy (AFM). The sample (freshly
reconstituted in 10 mM HEPES buffer pH 7.4) was dropped onto a
mica sheet and air-dried for performing the AFM experiments. For
performing AFM imaging, a Multimode atomic force microscope with
Nanoscope III a controller and J type piezo scanner from Veeco
Metrology Group, Santa Barbara, CA, was used. Antimony (n) doped
Si tip was used for obtaining images in tapping mode under laboratory
conditions. Images were taken before and after treatment with S mM
GSH.

Measurement of Echogenicity of ARLINs. Echogenicity of the
ARLINs was measured in vitro using the acoustic setup to measure
scattered response discussed in our previous publications*' (Figure
1A). The setup consisted of two single element focused immersion
transducers (Panametrics-NDT) confocally positioned at right angles
by inserting them through holes drilled on the adjacent walls of a
rectangular polycarbonate chamber that held our sample volume. Each
transducer had an individual diameter of 1.27 cm with a focal length of
3 cm. The transmitting and receiving transducers had nominal central
frequencies of 3.87 and 5.54 MHz and —6 dB bandwidths of 86.4 and
85%, respectively. A programmable function generator (Model 3325A;
Agilent Santa Clara, CA) was used to generate a 32 cycle sinusoidal
wave at 3.5 MHz frequency, which was then amplified using a power
amplifier (Model A-300; ENI, Rochester, NY) before being fed to the
transmitting transducer. The output of the transducer was calibrated
using a needle hydrophone (PZT-Z44—0400, Onda Corporation,
CA). All scattering experiments were performed at an acoustic
pressure of S00 kPa. The scattered signal was received through a
pulser/receiver (Model 5800; Panametrics-NDT, Waltham, MA) with
a 20 dB gain. The received signal was observed in real-time utilizing a
digital oscilloscope (Model TDS2012; Tektronix, Beaverton, OR).
Scattered voltage—time responses were saved on a desktop computer
for postexperimental analysis using LabView (Version 6.0.3; National
Instruments, Austin, TX) connected to the oscilloscope via a GPIB
IEEE 488 cable and GPIB card. The voltage—time responses were
analyzed using a Matlab code (MathWorks, Natick, MA) by taking
Fast Fourier Transforms of S0 oscilloscope acquisitions, which were
averaged and converted to dB scale with unit reference before
extracting the responses at desired frequencies (fundamental, second,
and subharmonics). Each experiment was repeated five times and the
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average responses with corresponding standard deviation errors were
plotted.

Phosphate buffered saline (PBS) solution mixed with 0.5% by
weight of bovine serum albumin (BSA) were prepared and kept
refrigerated for a minimum of 48 h before using them to reconstitute
the freeze-dried ARLINs. Correct amounts of ARLINs were weighed
and dissolved in 100 mL of PBS-BSA solution and poured into the
sample chamber to carry out the scattering measurements. At the lipid
concentration 5 ug/mL, it was sufficiently diluted so that multiple
scattering could be safely neglected.

Ultrasonic Imaging of ARLINs. Terason t3200 Diagnostic
Ultrasound (MedCorp LLC. Tampa, FL) was used to image
reconstituted ARLINS. A layer of Aquasonic 100 (Parker Laboratories,
Inc., Fairfield, New Jersey) ultrasound gel was applied to the 15L4
Linear (4.0—15.0 MHz; MedCorp LLC., Tampa, FL) ultrasound
transducer sound plate. The transducer with gel was placed over the
parafilm covering the wells containing the ARLINSs in a 96-well plate.
The ultrasound scan properties of the ARLINs were set at 0.7
Mechanical Index (MI), 0.6 Thermal Index (TIS), Omni Beam
activated, level C Image Map, level 3 Persistence, high (H) frequency,
level 3 TeraVision, level 51 2D Gain, level 60 Dynamic Range (DR), 3
cm scan depth, and 22 Hz frame rate. The images were labeled and
saved.

Ultrasound (US)-Mediated Release Studies. For US-mediated
release studies with ARLINs, we used a setup similar to the one
described in our previous publication*' (Figure 1B). A single element
unfocused immersion transducer (Model IP301HP; Valpey Fisher
Corporation, Hopkinton, MA) was used to excite the ARLINs
suspension. Frequency (3 MHz) continuous sinusoidal waves utilized
for the release studies were generated using the waveform generator
(Model 33250A; Agilent, Santa Clara, CA) and amplified using a
power amplifier (Model A-150; ENI, Rochester, NY) before being
input to the transducer. The transducer output was calibrated using a
needle hydrophone (PZT-Z44—0400, Onda Corporation, CA). All of
our release studies with ultrasonic excitation were carried out at a
pressure of 0.5 MPa with a 2 min exposure time. The release studies
were performed in 48-well plates with a 500 yL sample volume and a
lipid concentration of 0.02 mg/mL. The entire plate was placed on a
constant temperature water bath to minimize temperature fluctuations
and homogeneity of the sample was ensured by placing small magnetic
stirrers within each well during the course of the experiment. Although
this setup allows reflection of ultrasound wave from the air—water
interface, thereby giving rise to standing wave patterns,®"%* the setup
was found adequate for the present study to demonstrate the validity
of the proof of concept. Also, as mentioned in our previous
publication, we observed negligible (less than 1%) energy transfer to
neighboring wells during stimulation indicating almost no interwell
interference. All experiments were performed three times and in
triplicate each time to ensure reproducibility of results and calculate
standard deviations.
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Redox-Triggered Release Studies. Release studies were carried
out using a fluorescence microplate multidetection instrument
(Spectramax-MS, Molecular devices) using calcein and CoCl,
quenching method. Since subself-quenching concentration (10 xM)
of calcein was used, we could quench external fluorescence by adding
CoCL.'"*7% CoCl, quenches fluorescence of unencapsulated calcein
outside the ARLINS, so the fluorescence signal observed is from the
encapsulated dye only. For the release studies, 0.02 mg/mL ARLINs
were taken into 96-well plate and external calcein was quenched with
10 mM CoCl,. Dithiothreotol (DTT), glutathione (GSH), and
cysteine (CYS) were added in specific concentration to determine the
release of calcein. Fluorescence was monitored at 515 nm (excitation
495 nm) for an hour and, subsequently, the ARLINs were disrupted
using triton-X100 to record background fluorescence (if any). Initial
fluorescence intensity was treated as 100% and percent decrease in
fluorescence intensity was treated as percent release accordingly.

intial fluorescence — final fluorescence
X 100

percent release = —
initial fluorescence

Ultrasound-Enhanced, Thiol-Triggered Release. For these
experiments, a 48-well plate was used, in which 0.02 mg/mL of freeze-
dried ARLINs were suspended in 10 mM HEPES buffer (pH 7.4).
Two different set ups were employed to study the combined effects of
reducing agents and ultrasound on release. In the first set up, ARLINs
were incubated with 5 mM reducing agent and after 60 min, the
solution was exposed to ultrasound (3 MHz, 0.53 MPa) for 2 min. In
the second set up, we applied ultrasound immediately after the
addition of the reducing agent. Control samples were kept and release
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was checked for each experiment. Care was taken to keep two sample
wells as far as possible to minimize the effect of ultrasound in other
wells.

Cell Culture and ARLINs Uptake Studies. For cancer cell uptake
studies, MCF-7 (human breast adenocarcinoma) and HeLa (human
cervical carcinoma) cells were cultured in clear (without added Phenol
Red) RPMI media supplemented with 10% fetal bovine serum and 1%
antibiotics. The culture flasks were incubated at 37 °C in humidified
atmosphere containing 5% CO,. When cells became 90% confluent,
they were suspended using trypsin-versene. The suspended cells then
cultured onto sterile six-well plates until 90% confluent.

For uptake studies with calcein encapsulation, the media was
removed and MCF-7 cells were gently washed with HBBS (Hank’s
Balanced Salt Solution) 2—3 times to completely remove any media.
Subsequently, the ARLINs suspended in HBSS (0.2 mg/mL) were
incubated with the cells for 30 min. After specific time intervals,
ARLINs solution was removed from wells and cells were again rinsed
with HBSS to remove ARLINs on the surface of cells. Hoechst-33342
stain (1 mg/mL, 1:1000 dilution) was used to stain nuclei of cells.
Finally, fresh media was added to cells and were observed under
fluorescent microscope at different time points (10, 20, and 30 min.) A
similar procedure was followed for the uptake studies with
doxorubicin-loaded ARLINs (targeted, nontargeted) using the HeLa
cells.

Percent uptake of ARLINs by HeLa cells was calculated by
measuring fluorescence of the cells lysed with 5% triton. For this, the
cells were seeded onto a 96-well plate and, once confluent, incubated
with ARLINs loaded with 50 mM calcein for 6 h at two different
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concentrations (40 and 20 pg/mL). After incubation, the cells were
washed with HBSS thrice and lysed using 5% triton-X100. The
fluorescence was measured (Ex: 485 nm Em: 515 nm) and then
compared with fluorescence of respective ARLIN solution lysed using
5% triton. Percent uptake was calculated for the folate targeted and
nontargeted ARLINs at both concentrations.

Cell Viability Assay. The cytotoxicity of targeted and nontargeted
ARLINs was determined by AlamarBlue assay, measuring the
fluorescence of resorufin (red) formed by reduction of resazurin
(blue) in the cytosol of viable cells (metabolically active).® Briefly,
HeLa cells were transferred to flat, clear-bottomed, 96-well tissue
culture plates (Corning) at a density of 2 X 10* per well 24 h prior to
the assay (or 70—80% confluency). The culture medium in each well
was carefully removed and replaced with doxorubicin-loaded folate-
conjugated ARLINs, doxorubicin-loaded nontargeted ARLINS, and
doxorubicin solution mixed with media. After incubation at 37 °C for
6, 12, and 24 h, the cells were washed three times with sterile HBSS
and incubated in fresh culture medium. At this point, 20 uL of
AlamarBlue was added to each well and the fluorescence readings (Ex:
560 nm Em: 590 nm) were taken after 3 h of incubation at 37 °C.
Average readings were then compared with control and plotted on the

graph.

B RESULTS AND DISCUSSION

The gallate-derived polymerizable lipid (POPE-G) and the
diazide cross-linker (CL) were synthesized in our laboratory.
The lissamine rhodamine lipid (DPPE-LR) and the DSPE-
PEG-2000-Folate are commercially available (Figure 2). We
prepared the ARLINs incorporating 50 mol % POPC, 49 mol
% POPE-G, and 1% DPPE-LR in 10 mM HEPES buffer (pH
7.4). Nanoparticles were polymerized in the presence of added
diazide CL, CuSO,, and ascorbic acid and subsequently freeze-
dried in the presence of a weak cryoprotectant mannitol. Based
on a literature report, we anticipate that the disulfide cross-links
were formed only on the outside surface of the lipid
nanoparticles59 (Figure 2). Being a weak cryoprotectant,
mannitol does not provide effective protection during
lyophilization, which leads to defects in the polymer-coated
lipid shell. It has been hypothesized that these defects are
responsible for the entrapment of air within the li}z)id
nanoparticles during the rehydration/reconstitution stage.***
This entrapped air (which gives rise to mismatch of acoustic
impedance) is critical for the echogenicity of these lipid
structures. We have recently reported that a finite amount of
mannitol is necessary during lyophilization for making them
echogenic.*' We also observed that these lipid nanoparticles
were echogenic, only when lyophilized and reconstituted; prior
to freeze-drying, these were not echogenic, that is, did not
respond to ultrasonic excitation. Hence, the polymerized
ARLINs studied here were prepared using the freeze-drying
technique mentioned above and tested for echogenicity.

We determined the size distribution of ARLINs before and
after lyophilization using a dynamic light scattering (DLS)
instrument. We observed that the number average diameter
after lyophilization increased (117 = 11 nm, Figure 3A)
compared to the average diameter before lyophilization (78 +
14 nm, Figure 3B). Polydispersity index was also found to
increase from 0.37 + 0.04 to 0.71 + 0.05, indicating a more
heterogeneous distribution of sizes in the lyophilized sample.
This was confirmed in subsequent transmission electron
microscopic images obtained for lyophilized ARLINs (Figure
4B). Note that, due to the modified preparation protocol, the
ARLINs indeed entrapped air, as verified by TEM images
(Figure 4A), and gave rise to a more polydispersed suspension
with a larger average diameter. We studied the effect of addition
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Figure 3. Size distribution analysis of nanoparticles by dynamic light
scattering method. (A) Size distribution by number before
lyophilization; (B) Size distribution by number after lyophilization
(n=5).

Figure 4. Transmission electron microscopic images of negatively
stained ARLINs with 1% phosphotungstic acid, using a JEOL JEM-
2100-LaBy transmission electron microscope operating at 200 kV. The
beam is spread and not converged, to reduce the amount of electron
beam interaction per unit area and to minimize beam damage to
sample. (A) ARLINs after lyophilization showing presence of air
bubble entrapped in the shell. (B) Heterogeneous size distribution of
ARLINSs after lyophilization.

of GSH on the morphology and size distribution of ARLIN,
employing an atomic force microscope (AFM). We observed
that, before treatment, ARLINs look spherical with average size
about 100—200 nm (Figure SA); but upon addition of S mM
GSH, the particles fuse with each other and their size
distribution becomes more heterogeneous (Figure SB).

We also characterized these particles for their physical
properties. We determined zeta potential and electrophoretic
mobility of regular and doxorubicin encapsulated ARLINs using
dynamic light scattering method employing the Zetasizer
instrument (Table 1). During gel filtration with Sephadex
column, the lipid particles may get adsorbed and thus their
stability and physical characteristics may be changed. Hence, we
compared the size, zeta potential, electrophoretic mobility, and
stability of the ARLINs before and after gel filtration. We
observed that gel filtration did not the decrease stability of
ARLINs as they leaked less than 5% of the encapsulated dye
when incubated for an hour. We also noticed that gel filtration
did not affect the physical characteristics of particles, for
example, size, zeta potential, and electrophoretic mobility
(Table 2).

Similar to other literature reports,*** we observed by TEM
the presence of air bubble either inside the aqueous interior or
in the shell of the ARLINs (Figure 4A). The ARLINSs prepared
following freeze-drying/reconstitution in the presence of
mannitol also showed significant echogenicity, incontrovertibly
indicating air entrapment. Figure 6 shows the scattered
response from a suspension of ARLINs under ultrasonic
excitation for two different frequency components, namely,
fundamental (at frequency of excitation, 3.5 MHz) and second
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Figure S. MultiMode atomic force microscopic images of ARLINs before (A) and after (B) treatment with S mM GSH.

Table 1. Zeta Potential and Electrophoretic Mobility of
ARLINS and Doxorubicin-Encapsulated ARLINs
Determined Using Dynamic Light Scattering Method (n = 5)

zeta potential electrophoretic mobility
mV) (um cm/(V s))
ARLINs —163 + 0.4 -13 £ 0.1
doxorubicin-encapsulated -178 + 1.3 -14 £ 0.1
ARLINs

Table 2. Effect of Gel Filtration on Physical Properties of
ARLINs Determined Using Dynamic Light Scattering
Method (n = 5)

hydrodynamic zeta potential  electrophoretic mobility
diameter (nm) mV) (um cm/(V s))
before gel 147.1 + 12.7 —18.0 + 0.5 -14 + 0.1
filtration
after gel 1583 + 8.1 —-178 + 1.3 —15+0.1
filtration

harmonic (at twice the excitation frequency, 7 MHz). The
control data indicates the response without any ARLINs in
suspension. There was an enhancement in response for both
components that demonstrates the echogenic nature of the
ARLINs. The fundamental response shows around 20 dB
enhancement for the lipid concentration of 5 pug/mL at an
acoustic pressure of 500 kPa. The nonlinear response from the
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Figure 6. In vitro ultrasound scattering: fundamental (dark cyan) and
second harmonic (green) responses from ARLINs (n = §).

ARLINs is much weaker with only 8 dB enhancement for the
second harmonic component. Note that normal ELIPs*" and
our previously reported lipopeptide conjugated ELIPs
generated larger (33 and 25 dB, respectively) enhancement
of the fundamental response at 10 ug/mL (double the
concentration accounts for 3 dB discrepancy) lipid concen-
tration and 500 kPa. The weaker response here may be
attributed to the change in the lipid composition and increased
strength of lipid shell due to polymerization. Note that as
reported previously®*" with other ELIPs, scattered responses
from lipopeptide incorporated ELIPs do not show any distinct
peak at the subharmonic frequency (at half the excitation
frequency or 1.75 MHz). Echogenicity was also confirmed by
ultrasound imaging with a Terason t3200 ultrasonic medical
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imaging system using a 4—15 MHz transducer. Reconstituted
ARLINs reflected ultrasound, indicating the presence of
entrapped air inside (Figure 7B), whereas control samples
(no ARLINSs) were dark due to no reflection (Figure 7A).

Figure 7. Ultrasound imaging of ARLINs reconstituted in 10 mM
HEPES buffer pH 7.4, using a Terason t3200 ultrasonic medical
imaging system using a 12—15 MHz transducer. (A) Control: 10 mM
HEPES buffer pH 7.4; (B) ARLINs sample: 0.1 mg/mL.

We encapsulated the dye calcein in the aqueous interior of
the ARLINs and added cobalt(II) chloride (CoCl,) in the
outside buffer. Most of the triggered release reports from drug
carriers containing disulfide bonds employ either dithiothreitol
(DTT®®) or cysteine (CYS®’) as the reducing agent. Hence, we
decided to perform the release studies using DTT and CYS, as
well as the physiologically more relevant reducing agent
glutathione (GSH). Upon addition of the reducing agent, as
the encapsulated calcein is released, its emission intensity is
quenched by the CoCl, in the external media.

We studied the release of encapsulated calcein from the
ARLINs using 10 yM to 10 mM concentrations of reducing
agents. The range was selected based on the concentrations of
reducing agents in the extracellular matrix/blood plasma (10
uM) and cancer cell cytosol (10 mM). The disulfide bonds on
the external surface of the ARLINs were cleaved (disulfide to
thiol exchange) by the added reducing agents. This process
creates sufficient disturbance to make nanoparticles unstable
and leaky. We observed that the percent release was directly
proportional to the concentration of reducing agents (Figure
8A). The maximum release of around 90% was observed with
10 mM concentration of either GSH or DTT.

DTT has a very low redox potential (E, = —0.332 V at pH
7.0) and it rapidly reduces the disulfide bonds®® as compared to
glutathione (E, = +0.062 V) and cysteine (E, = +0.025 V).*7
In fact, DTT reduces the bonds so rapidly that we were unable
to obtain a reliable release profile from the ARLINs. However,
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Figure 8. (A) Thiol-triggered release of calcein from polymer-coated
ARLINs with increasing concentration of reducing agents CYS
(violet), GSH (orange), and DTT (green). (B) Ultrasound enhance-
ment of redox-triggered release from ARLINSs. The dark cyan columns
indicate release with reducing agents at S mM concentration and violet
columns indicate release with simultaneous application of two triggers:
reducing agent (S mM) and ultrasound (CW excitation at 3 MHz, 0.5
MPa for 2 min; n = 5).
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the release profiles employing GSH and CYS were slow enough
to be easily analyzed (Figure 9). Given the relative
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Figure 9. Release profiles of calcein from ARLINSs in presence of S
mM CYS (A) and S mM GSH (B). The red lines indicate the fitted
curves for the observed data using the eq 1 (n = 3).

concentrations of reducible disulfide bonds and reducing
agents, we expected the overall kinetic profile to be single
exponential in nature. The latter was found to be the case for
the release of the encapsulated content from photocleavable as
well as enzyme (MMP-9) cleavable liposomes,” albeit in both
these cases the single exponential phases proceeded with a
finite lag phase. No lag phase was noticeable during the GSH-
and CYS-dependent cleavage of these ARLINs. However, in
attempting to analyze the data of Figure 9, we realized that the
release profile did not confirm to the single exponential rate
equation. The data could only be fitted by the single
exponential plus steady-state equation in the following format

(eq 1).

release = F(1 — ¢™"") + k,t + offset (1)

where k; and k, are the rate constants of exponential and
steady-state phases. The solid lines in Figure 9 are the best
fitted curves of the data. We determined the magnitudes of k;
to be 0.21 =+ 0.03 min~" (for CYS-mediated release) and 0.23 =+
0.02 min~" (for GSH-mediated release); the values for k, being
equal to 0.18 + 0.01 (for CYS-mediated release) and 0.25 +
0.01 min~! (for GSH-mediated release).

The question arose as to why, unlike other formulations,* the
thiol-mediated cleavage and content release from disulfide-
linked ARLINs exhibited the single exponential (burst) phase
followed by the steady-state phase. In contemplating the
mechanistic origin of such a profile (Figure 9), we realized that
due to initial high concentration of GSH and CYS, they would
rapidly reduce a major fraction of the disulfide bonds of the
ARLINs. Subsequently, the reducing agent (e.g,, CYS or GSH)
as well as the reduced thiol groups on the ARLINs surface
would trigger the sulfhydryl-disulfide exchange reaction in a
steady-state fashion. Such a situation is unlikely to prevail either
with photo- or MMP-9 cleavable drug carriers, and thus, the
release profiles are devoid of the steady-state phase. We are
currently assessing the molecular mechanism underlying the
release of contents under different experimental conditions to
validate or refute our working hypothesis, and we will report
our findings subsequently.

We observed minimal leakage (less than 5% over 12 h at
room temperature in pH 7.4 buffer) from the ARLINs in the
absence of any added reducing agent (Figure 8A). With 10 uM
concentration of the reducing agents, the release was less than
5% — indicating the relative stability of ARLINs in extracellular
environments/bloodstream. This is likely due to the poly-
merized external leaflet of the ARLINs. We note that the
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extracellular environment of tumors is more reducing compared
normal cells (because of cell deaths, necrosis) and this can lead
to release of some of the encapsulated contents from the
ARLINS.

DTT is a chelating agent and forms complexes with many
transition metals ions.*> We added 10 mM CoCl, in the buffer
to quench the fluorescence emission from the calcein released
from the ARLINS. It is likely that a considerable amount of
DTT is consumed in forming complexes with the added Co**
ions. This will likely contribute to lesser release from the
ARLINSs in presence of S mM DTT as compared to 5 mM
GSH. We also observed and confirmed that DTT results in the
highest amount of complex formation and precipitation,
followed by CYS. The formation of colored complex and
precipitate were minimal with GSH.

It was evident from the in vitro scattering experiments, TEM
images, and ultrasound imaging that these lipid nanoparticles
were echogenic and contains entrapped air inside. After
ensuring release with reducing agents, we proceeded to
determine whether the ARLINSs release calcein in response to
an ultrasound trigger. In this endeavor, reconstituted ARLINs
along with CoCl, were taken in the wells of a 48 well plate and
excited with continuous wave ultrasound. We observed that in
absence of any reducing agents, ultrasound alone failed to
release calcein from ARLINs. Less than 5% release was
observed in both control and test samples containing less
than 0.5 mM of reducing agents after application of continuous
wave ultrasonic excitation (3 MHz frequency, 0.5 MPa acoustic
pressure for 2 min). Increasing the intensity of ultrasound to
higher values had no significant effect on the results.
Subsequently, we added 5 mM reducing agents to ARLINs
and applied ultrasound concurrently to observe the combined
effects of both triggers on the release. With simultaneous
application of both triggers, 8—20% enhancement in release
was observed as compared to release with reducing agents
alone. ARLINS treated with GSH showed the highest additional
enhancement (20%) with ultrasound trigger, whereas CYS-
treated sample showed only 8% additional ultrasound induced
enhancement under the same excitation conditions. We note
that GSH is more effective in reducing the disulfide groups on
ARLIN surface and release more contents compared to CYS
(Figure 9).

In another set of experiments, ultrasonic excitation was
initiated an hour after incubating ARLINs with the reducing
agents (5 mM). No significant change in calcein release was
observed. We hypothesize that, upon incubating ARLINs with
reducing agents for an hour, the lipid shell of nanoparticle
becomes leaky, allowing the entrapped air to escape, thereby
diminishing their acoustic reflectivity.

These observations suggest that polymerization on the
external surface makes lipid shell stronger and less responsive
to disturbance created by ultrasound excitation of air entrapped
inside. Hence, ultrasound alone fails to create a sufficient
disturbance or defects in the polymer-coated lipid shell in order
to release calcein from its aqueous core. But once reducing
agents are added, the effects of polymerization are reversed,
making ARLINs sensitive to ultrasound and release the
contents. This further corroborates our hypothesis that cross-
linking/polymerization using reversible disulfide bonds leads to
stronger and more stable ARLINs without compromising
release efficacy at targeted sites (reducing environment of cell
cytosol). This hypothesis was also supported by the release data
obtained upon application of low frequency ultrasound (CW,

848

22.5 kHz, 4 W, usually applied to disrupt cell membranes) to
nonpolymerized and polymerized ARLINS (Figure 10). The
obtained results clearly show that, at each time interval, the
release was less with polymer-coated ARLINs compared to
nonpolymerized ARLIN.
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Figure 10. Low frequency ultrasound (CW, 22.5 kHz, 4W) triggered
release from ARLING prior to polymerization (black spheres) and after
polymerization (red spheres).

Subsequently, we proceeded to demonstrate the effectiveness
of our ARLINSs in releasing the encapsulated contents in the
cytosol of cancer cells. In this endeavor, we used folic acid as
the targeting group for the ARLINSs. Folic acid is a vitamin B
family member which plays an important role in cell survival by
participating in the biosynthesis of nucleic acids and amino
acids.”” Due to the faster growth rate, cancer cells need more
folic acid compared to normal cells. As a result, cancer cells
express higher number of folic acid receptors on the surface
compared to normal cells. Folate receptors actively internalize
bound folic acid or folate conjugated entities via receptor
mediated endocytosis.”>”> Folate conjugation to anticancer
drugs or delivery vehicles improves drug selectivity for cancer
cells overexpressing the folate receptor on the surface.”*~”

For the cellular studies, we incorporated the DPPE-PEG,,-
folate lipid (Figure 2, 1 mol %) in the ARLINSs and studied their
uptake by folate overexpressing breast cancer cell line MCF-7.
For these experiments, the nontargeted ARLINs were used as
the controls. MCF-7 is a breast cancer cell line known to
overexpress folate receptors and has been used to demonstrate
enhanced uptake of folate-conjugated, drug delivery sys-
tems.**"** We observed significantly higher uptake of folate-
lipid incorporated ARLINSs in the MCE-7 cells compared to the
nontargeted ARLINs. There was a significant difference in
calcein fluorescence observed in confocal fluorescence micro-
scopic images (at 10 and 20 min) of folate conjugated ARLINs
compared to the nontargeted ARLINs (Figure 11). We
observed that maximum uptake of the folate incorporated
ARLINs in the MCF-7 cells takes place after 20 min of
incubation. We also studied the release kinetics of these
ARLINs (0.02 mg/mL) incubated in human serum and the
dye-free cell culture media (RPMI) for an hour. We noticed
that, in these experiments, the ARLINs leaked less than 5% of
the encapsulated dye in 1 h.

We further determined the percent uptake of the ARLINs
uptake by the cells. In this endeavor, the MCF-7 cells were
incubated with two different concentrations of ARLINs (40 and
20 pg/mL) encapsulating SO mM calcein for 6 h. Subsequently,
the cell were washed with HBSS and disrupted by the addition
of 5% Triton X-100 solution. The ARLINs were also disrupted
using 5% Triton-X100 solution. The fluorescence emission
intensity for the calcein were measured for both samples and
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Figure 11. Fluorescence microscopic images of ARLINs uptake by folate receptor overexpressing MCF-7 cancer cell line (20X magnification).

the percent uptake was calculated accordingly. We observed
that the folate-targeted ARLINs were taken up by MCE-7 cells
in higher amount compared to nontargeted ARLINs (Figure 12
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Figure 12. (A) Cell viability studies with HeLa cells: folate-conjugated,
doxorubicin-loaded ARLINs (red), nontargeted, doxorubicin-loaded
ARLINs (green), and free doxorubicin (blue). The final doxorubicin
concentration used was S0 yg/mL in all the samples (n = 6); *P <
0.001 **P < 0.0S. (B) Percent uptake of folate-targeted (violet bars)
and nontargeted (orange bars) ARLINs by the MCF-7 cells after
incubation for 6 h.

B). This result corroborates the confocal microscopic images
obtained with the targeted and nontargeted ARLINs with the
MCE-7 cells (Figure 11). We observed that uptake was slow; 6
h incubation led to around 10% uptake with folate-targeted
ARLINs (Figure 12B). We also observed that uptake was
concentration-dependent, percent uptake increased with a
decrease in concentration, but the total uptake increases with
an increase in concentration of ARLIN.
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Subsequently, we encapsulated the anticancer drug doxor-
ubicin in the folate-PEG lipid incorporated ARLINs by pH
gradient method (80—90% encapsulation efficiency). Although
some leakage of doxorubicin was observed during polymer-
ization, we found that cell viability decreases to 37% when
folate-conjugated, doxorubicin-encapsulated ARLINs were
incubated with HeLa cells (human cervical carcinoma over-
expressing folate receptors) for 24 h. The cell viability was
significantly lower for folate-conjugated ARLINs compared to
nontargeted ARLINs (p < 0.001) and free doxorubicin (p <
0.05), indicating that folate conjugation enhances the uptake in
the HeLa cells (Figure 12B). This was further confirmed by
capturing fluorescence microscopic images of HeLa cells
incubated with doxorubicin-ARLINs. The images clearly show
enhanced uptake of doxorubicin-loaded-ARLINs into the
cytosol of the HeLa cells (Figure 13).

B CONCLUSIONS

We have successfully demonstrated the preparation of polymer-
coated ARLINs. These lipid nanoparticles were stable in the
extracellular oxidizing environment but released their contents
efficiently in the reducing environment of cell cytosol. The
ARLINs were also found to be echogenic with a 20 dB
enhancement in fundamental scattered response with 3.5 MHz
excitation at 500 kPa acoustic pressure for a lipid concentration
of 5 pg/mL. Although the ARLINSs failed to show significant
release under diagnostic frequency ultrasonic excitation alone,
the release was enhanced by simultaneous application of
ultrasound and redox triggers. Doxorubicin-loaded ARLINs
showed enhanced uptake and cytotoxicity when conjugated to
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Figure 13. Fluorescence microscopic images for the uptake of doxorubicin loaded ARLINS by folate receptor overexpressing HeLa cells. (A) Folate-
conjugated, doxorubicin-loaded ARLINS; (B) nontargeted, doxorubicin-loaded ARLINs (20X magnification).

folic acid and thus can be used for targeted drug delivery for
cancer cells overexpressing folate receptors on their surface. We
have employed continuous wave ultrasound excitation for
release studies, which sends more energy than pulsed
ultrasound. Future studies are needed to optimize the
ultrasound parameters such as frequency, intensity, and duty
cycles to establish optimum parameters maximum possible
release. The current study, however, successfully validates the
proof of concept and with further developments and
modifications, these polymer-coated ARLINs have the potential
to be used as multimodal nanocarriers for targeted drug

delivery, and simultaneous ultrasound imaging.
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