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Abstract: Quantum dots (QDs) are a promising tool to detect and monitor tumors. However, their
small size allows them to accumulate in large quantities inside the healthy cells (in addition to the
tumor cells), which increases their toxicity. In this study, we synthesized stealth liposomes encap-
sulating hydrophilic graphene quantum dots and triggered their release with ultrasound with the
goal of developing a safer and well-controlled modality to deliver fluorescent markers to tumors.
Our results confirmed the successful encapsulation of the QDs inside the core of the liposomes and
showed no effect on the size or stability of the prepared liposomes. Our results also showed that
low-frequency ultrasound is an effective method to release QDs encapsulated inside the liposomes
in a spatially and temporally controlled manner to ensure the effective delivery of QDs to tumors
while reducing their systemic toxicity.

Keywords: quantum dots; liposomes; low-frequency ultrasound; controlled release

1. Introduction

The application of nanomaterials in the drug delivery field has shown a rapid in-
crease in the last decade, owing to their efficiency in cancer treatment and diagnosis. De-
veloping a single multifunctional nanoscale drug delivery system with imaging, diagnos-
tic and targeting capabilities is an active research field. Quantum dots are semiconductor
nanoparticles with diameters in the range of 1 to 10 nm. Their small size results in unique
optical characteristics, giving them promising potentials as novel fluorescent probes for
diagnostic purposes [1,2]. QDs have a long fluorescent life with high stability against pho-
tobleaching. They also have broad absorption and narrow emission spectra, which allow
detecting multiple colors of QDs following illumination with a single light source [3]. The
special properties of QDs present them as attractive contenders for fluorescent imaging
in the medical field, with many in vitro and in vivo studies investigating their use as op-
tical probes for tumor imaging and monitoring of cancer development [4-6]. However,
the use of QDs for intracellular labeling is associated with several challenges. Their low
biocompatibility, diminished stability and high toxicity due to aggregation and surface
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degradation are critical issues limiting their medical applications and their use in humans
[7,8]. Diverse methods have been investigated to overcome these limitations. One of these
methods is the functionalization of QDs with different types of molecules such as anti-
bodies, peptides and polymers [4,9]. However, since the photophysical properties of the
QDs are directly related to surface states, surface modification using these ligands often
results in quenching their fluorescence and decreasing their photostability [10,11]. There-
fore, it is essential to reduce the interference with their surface while maintaining their
electronic passivation. Addressing these issues has now become a priority to assess the
clinical and bionanotechnology prospective of QDs.

A plausible solution to overcome the shortfall of QDs and enhance their intracellular
delivery is to encapsulate them inside nanocarriers such as liposomes. Liposomes are na-
nosized (50 nm to 700 nm) artificial vesicles of spherical shape surrounded by a natural,
nontoxic phospholipid bilayer and cholesterol resembling cellular membranes [12]. This
structure allows the liposomes to be loaded with hydrophilic drugs (inside their cores)
and hydrophobic drugs (inside their lipid bilayer). A polymer, poly (ethylene glycol)
(PEG), can be added to their surface to form stealth liposomes. This will significantly in-
crease their circulation time in the blood and reduce their elimination by the immune sys-
tem [13]. The defective and leaky architecture of the tumor vasculature allows these lipo-
somes to pass through and accumulate inside the tumor due to their small size. This is
known as the enhanced permeability and retention (EPR) effect and plays an important
role in delivering nanocarriers to tumors [14]. Therefore, nanocarriers, such as liposomes,
are capable of selectively delivering high dosages of drugs to the tumor tissues without
harming healthy, drug-sensitive tissues such as the heart tissue [15].

Quantum dots-liposomes combination (QD-liposomes) will enhance the biocompat-
ibility and reduce the toxicity of QDs, paving the way for developing a novel hybrid na-
noscale delivery system where both therapeutic and imaging agents can be codelivered.
This can be achieved by encapsulating both therapeutic agents and QDs inside the lipo-
somes, allowing a safer delivery to tumors while providing a clear in vivo monitoring of
drug biodistribution to determine the progress and efficiency of the different neoplastic
drugs during treatment. Several studies have shown a successful encapsulation of QDs
either inside the bilayer membrane or in the core of the liposomes encapsulating thera-
peutic agents. These studies showed safer drug delivery and optical tracking, thus provid-
ing opportunities to create an effective theranostic nanoscale delivery system, where both
diagnostic and therapeutic functions can be given in a single dose [16-19].

Following the accumulation of the QD-liposomes at the tumor site, it is crucial to
ensure an effective and controlled release of the loaded QDs and their uptake by the can-
cer cells. Cell membranes represent a physical barrier to transport molecules into cells.
One of the best methods to enhance cellular transport across cellular membranes is
through the use of ultrasound. This is because ultrasonic waves propagate in soft tissues.
When applied at the tumor site, stable cavitation or inertial cavitation can generate a local
steady or transient “microstreaming’ flow that produces holes by shearing or stretching
the cell membrane. This results in forming transient or permanent pores in the walls of
the cancer cell membranes and their surrounding vasculature, thus enhancing the perme-
ability of these walls, a process known as “sonoporation.” This will lead to enhancing the
uptake of different types of molecules into the cancer cells. Although thermal and chemi-
cal effects might be produced as well, ultrasound enhancement of cellular permeability is
mainly achieved through the mechanical effect (sonoporation), which makes it applicable
to different molecules and cell types [20]. Having similar structures to cellular mem-
branes, liposomal membranes are also subject to the sonoporation effect under the action
of ultrasound. Thus, releasing their loads in a spatially and temporally controlled manner.
This ensures a confined delivery of their loads to targeted tumors with a high degree of
precision while minimizing adverse effects.

Our previous in vitro studies have shown that applying low-frequency ultrasound
(LFUS) enhances both drug release from the liposomes and their uptake by the cancer
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cells [21-25]. In this study, we investigate the use of liposomes as a carrier delivering green
graphene quantum dots to cancer cells and the effect of applying LFUS in enhancing the
cellular uptake of free QDs and QDs loaded inside the liposomes by enhancing the per-
meability of both cellular and liposomal membranes.

2. Materials and Methods
2.1. Materials

Dipalmitoylphosphatidyl choline (DPPC) and 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-N [amino (polyethylene glycol)-2000] (DSPE-PEG (2000)-NH:) were ob-
tained from Avanti Polar Lipids Inc. (Alabaster, AL, USA, supplied by Labco LLC. Dubai,
UAE). Cholesterol was obtained from Sigma Aldrich Chemie GmbH (Munich, Germany,
supplied by Labco LLC. Dubai, UAE). Chloroform was obtained from Panreac Quimica
S.A. (Barcelona, Spain). Graphene quantum dots solution was obtained from ACS Mate-
rial (Pasadena, CA). The Avanti Mini Extruder extrusion kit is purchased from Avanti
Polar Lipids Inc. (Alabaster, AL, USA). The 0.2 um polycarbonate membranes and filter
supports were obtained from Whatman PLC (Maidstone, England, UK). The human col-
orectal carcinoma (HCT116) cell line was purchased from the European Collection of Au-
thenticated Cell Cultures (ECACC General Cell Collection, Salisbury, UK).

2.2. Preparation of Liposomes

The liposomes were prepared using the thin-film hydration method. Briefly, choles-
terol, DPPC and DSPE-PEG (2000)-NHz, at molar ratios of 30:65:5, respectively, were dis-
solved in 4 mL of chloroform in a round-bottom flask. The chloroform was then evapo-
rated using a rotary evaporator under vacuum at 50 °C for 15 min until a thin film was
observed on the walls. Next, the lipid film was hydrated using 2 mL of the QD solution
(at a concentration of 1 mg/mL) for 50 min at 60 °C. The liposomal solution was then soni-
cated for 2 min using a 40 kHz sonicator bath (Elma D-78224, Melrose Park, Illinois, USA)
to obtain unilamellar vesicles and then extruded 30 times using 200 nm polycarbonate
filters (Avanti Polar Lipids, Inc., Alabaster, Alabama, USA) to reduce the size of the for-
mulations. The purification of the formulation was performed using centrifugation
(Heraeus Megafuge 8 Centrifuge, Thermo Fisher Scientific Inc., Massachusetts, USA) at a
speed of 17,850 rpm for 1 h at 4 °C. Finally, the collected fractions were resuspended in 1
mL PBS buffer and stored at 4 °C until use.

2.3. Measuring the Encapsulation Efficiency

Fluorescence spectra of the prepared QD-liposomes were determined using a fluo-
rescence spectrophotometer at room temperature. The fluorescent intensity was measured
at an excitation wavelength of 400 and an emission wavelength of 530 using a Synergy
HTX microplate reader (Biotek, Winooski, Vermont, USA) following lysing the purified
QD-liposomes with a surfactant (Triton X-100). A standard curve prepared using a pure
solution of the graphene quantum dots was used to calculate the concentration of the en-
capsulated QDs.

2.4. Particle Size and Polydispersity Evaluation

The particle size and polydispersity index of liposomes encapsulating QDs were
measured at 25 °C using DynaPro NanoStar (Wyatt Technology Corp., Santa Barbara, CA,
USA) and Zetasizer Nano Zs instrument (Malvern Instruments Ltd., Malvern, UK). The
tested sample was prepared by diluting 15 pL of liposomes in 1 mL of PBS.

2.5. Estimating Phospholipids Content of the Prepared QD-Liposomes

The total phospholipid content of the prepared QD-liposomes was measured colori-
metrically using the Stewart assay [26]. A 50 puL volume of the prepared liposomes was
placed in a round-bottom flask and evaporated using a rotary evaporator at 50 °C, under
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vacuum for 10 min. A 1 mL volume of chloroform was added, and the flask was sonicated
for 20 s to release the phospholipids from the liposomal structure. A 200 pL volume of
this mixture was added to a Pyrex tube, along with 1.8 mL more chloroform and 2 m of
ammonium ferrothiocyanate L. Next, the tube was sonicated for 20 s and centrifuged at
1000 rpm for 10 min. The bottom layer was collected, and the absorbance values were
recorded using UV-vis spectroscopy (Amax = 485 nm). Three replicates for each sample
were measured.

2.6. Zeta Potentials

The zeta potential of the QDs and synthesized liposomes was measured using Mal-
vern Zetasizer Nanomachine (Worcestershire, UK). The samples were prepared by dilut-
ing 15 pL of liposomes and QDs in 1 mL of distilled water.

2.7. Determination of Cell Viability

Human colorectal carcinoma cells (HCT116) were seeded in a 6-well plate at a con-
centration of 6 x 10° cells/well and incubated overnight. This was followed by replacing
the media, and the plates were exposed to ultrasound sonication using LFUS 60 s in a 35
kHz sonication bath. Nonsonicated plates were used as a control. The plates were incu-
bated for a further 2 h. The cells were then detached using Trypsin EDTA and the percent-
age of cell viability was recorded using the Trypan Blue dye exclusion method.

2.8. Cellular Internalization Studies

For cellular internalization studies, the human colorectal carcinoma cells (HCT116)
were cultured in DMEM medium supplemented with 10% FBS and 2 mM L glutamine
using sterile coverslips inside 6-well plates. Following 24 h of incubation at 37 °C (5% COx)
in a humidified atmosphere, the cells were treated with 50/uL mL of cell culture media of
either free QDs or QD-liposomes. Ultrasound-treated plates were subsequently irradiated
with a 35 kHz ultrasonic bath for 60 s. The plates were then incubated for an additional 1
h. Next, the cells were washed with PBS and fixed with 4% paraformaldehyde, washed
three times again with cold PBS and stained with diamidino-2-phenylindole blue dye
(DAPI) to visualize the nucleus of the cells. The fluorescent images of QDs were captured
using a confocal microscope with a 520/50 nm filter (Nikon eclipse Ti Melville, New York
11747-3064, USA.).

2.9. Transmission Electron Microscopy (TEM)

Samples were prepared by applying a 3 uL drop of the liposomes to a cleaned plasma
thin holey carbon 400-mesh copper grid. After 30 min, the excess solution was removed
using angled filter paper blotting. A drop (30 uL) of deionized water on a Parafilm was
used to wash the grid by gently touching the surface of the grid, which was followed by
filter paper blotting. The washing and blotting steps were performed two times, each with
a fresh drop of deionized water. A drop (20 uL/drop) of 1% (w/v) uranyl acetate substitute
solution was applied on a Parafilm, and the grid was placed facing down on the drop for
30 s. The sample was air-dried at room temperature following the removal of the excess
stain. High-resolution transmission electron microscopy (HRTEM) and scanning trans-
mission electron microscopy (STEM) images were obtained using a Talos F200X scan-
ning/transmission electron microscope with a lattice-fringe resolution of 0.14 nm at an
accelerating voltage of 200 kV equipped with a CETA 16M camera. All the relevant areas
were marked using bright field imaging mode at spot size 5 and later scanned using the
STEM-HDAAF mode at spot size 9 with a screen current of 60 pA. The analysis was per-
formed at a low electron dose by collecting the high-angle dark-field signal using an an-
nular detector. The data were analyzed using the Velox analytical software.
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2.10. Statistical Analysis

The differences between the results were compared using a two-tailed ¢-test with the
assumption of unequal variances. Two values were considered significantly different
when p <0.05.

3. Results and Discussion
Characterization of the Prepared QD-Loaded Liposomes

The size of the different nanoparticles was determined using dynamic light scattering
(DLS). The average size of the green graphene QD particles used in this study was 6 nm.
The small size of the QDs allows their encapsulation inside the liposomes. As seen in Fig-
ure 1, the QDs used in this study are hydrophilic particles and, therefore, are expected to
be encapsulated in the core of these nanocarriers, during the hydration process of liposo-
mal formation, allowing extra space for encapsulation compared to the space provided
inside the hydrophobic lipid bilayer.
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Figure 1. Scheme of the hydration of the dried lipid film and liposome formation. During this process, hydrophilic solu-
tions and QDs are encapsulated inside the core of the formed liposomes.

Three replicates were used for each sample, and the results showed that there was
no significant difference in size between the pure liposomes and the QD-liposomes, with
an average radius of 85 + 9.71 nm and 86 + 1.35 nm, respectively (p = 0.851). Both types of
liposomes showed acceptable polydispersity percentages (Pd%) of 9.8% and 8.6% for the
pure liposomes and QD-liposomes, respectively (Figure 2). Liposome size is the most cru-
cial characteristic of liposomes. This is because, for an injectable form, liposome size
should not exceed 200 nm in diameter to benefit from the EPR effect caused by the leaky
vasculature surrounding tumors. The size of the liposomes also affects their blood circu-
lation time and biodistribution, with larger liposomes (liposomes in the 400-500 nm size
range) having higher clearance rates from the blood compared to 90-100 nm liposomes
[27]. Therefore, the prepared QD-liposomes are within the recommended size as suitable
nanocarriers delivering QDs to the cancer cells. While previous studies have reported no
significant change in the hydrodynamic size of the liposomes following encapsulation
[19,28-30], other studies have reported an increase in the size of these nanovehicles when
they encapsulate QDs [31,32]. The differences in the reported findings could be due to
different liposomal formulations and preparation techniques used among studies. Fur-
thermore, encapsulating hydrophobic molecules, which are retained within the outer li-
pid bilayer, may increase the hydrodynamic size of the liposomes.
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Figure 2. Size distributions of pure liposomes and QD-liposomes.

Measuring the size of the liposomes is a sensible indicator of the stability of liposomal
suspensions [33,34]. To test the stability of these carriers, the size of the prepared QD-
liposomes was recorded following their incubation at 37 °C in fetal bovine serum medium
for 24 h. Previous studies have shown that the stability of nanocarriers in serum could
predict their in vivo blood circulation [35,36]. Our results showed no significant difference
in the size of the liposomes, showing an average radius of 86 + 1.35 nm before incubation
and 85 + 0.32 nm following 24 h of incubation (p = 0.854). This confirms that the prepared
liposomes are stable and can retain the integrity of their structure when circulating in the
bloodstream. Chu et al. [37] showed that hydrophilic QDs remain trapped inside the lip-
osomes following their storage at 4 °C for 609 days. This suggests that QD encapsulation
inside the liposomes not only prevents their release from the liposomes but also reinforces
the structure of the liposomes. In addition, crafting the liposomes with long chains of a
hydrophilic polymer such as polyethylene glycol (PEG), also known as stealth liposomes,
provides steric stabilization, reduces liposomal aggregation and gives rise to strong inter-
membrane repulsive forces. This improves the stability and pharmacokinetics of the QD-
liposomes [38].

To examine whether encapsulated QD particles inside the core of the liposomes pre-
served their fluorescence properties, the free QD solution, as well as QD-liposomes and
empty liposomes, previously purified using centrifugation, was placed under a UV lamp
(Figure 3). The empty liposomes were used as a negative control with no fluorescence
signals. The strongest fluorescence signal was emitted from the QD solution. QD-lipo-
somes also emitted high fluorescence but slightly lower than that of the QD solution. The
phospholipids content of the prepared QD-liposomes, measured using a DPPC calibration
curve, showed a value of 5.91 + 0.17 mg/mL. QD molecules are present inside this phos-
pholipid bilayer, which may act as a membrane barrier. This confirms that the QDs were
successfully encapsulated inside the core of the liposomes and preserved their fluores-
cence properties. Furthermore, the prepared QDs showed an encapsulation efficiency of
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30.9%. Previous studies have also shown that the encapsulation efficiency of QD-lipo-
somes, prepared using the thin-film hydration method, is less than 40% [17,39].

Figure 3. Images of (A) QDs, (B) QD-liposomes following centrifugation and (C) empty liposomes
following centrifugation. All images were captured by placing the samples under a UV light.

To further confirm the structure of the prepared liposomes and their encapsulation
of QD nanoparticles inside their core, TEM images of both the pure and QD-liposomes, as
well as the free QDs, were obtained (Figure 4). The images showed that QDs located inside
the core of the liposome were successfully detected, indicating their efficient loading. Gen-
erally, intact spherical liposomes were formed, and no physical deformation of the lipo-
somes was observed following QD encapsulation. This is in agreement with previous
studies that have also shown a successful encapsulation of both hydrophilic and hydro-
phobic QDs inside liposomes with no effect on the shape of these nanocarriers
[16,19,29,40-42].

Zeta potential is a measurement of the effective charge on the surface of nanoparti-
cles. The zeta potential measurements showed that the surface of the free green graphene
QDs was negatively charged, showing an average of —20.23 £ 2.53 mV. A significant shift
in zeta potential value was recorded when encapsulating the QDs inside the stealth lipo-
somes from —20.23 +2.53 mV to 6.98 + 0.323 mV, giving evidence that QDs particles have
been successfully loaded inside the liposomes. The surface charge of the pure liposomes,
with no QD encapsulation, was 12.14 + 0.143 mV (Figure 4). The loading of QDs reduced
the zeta potential value of the stealth liposomes from 12.14 + 0.143 mV to a lower positive
value of 6.98 +0.323 mV. Other studies have shown that QD encapsulation inside the lip-
osomes reduces the zeta potential of the liposomes [18,39]. The reported reduction in zeta
potentials could be due to the presence of nonionic materials in the liposomal bilayer,
which may shield the surface potentials. Other studies encapsulating hydrophobic QDs
with the lipid bilayer of the liposomes showed an increase in the negative charge follow-
ing QD encapsulation. The change in the zeta potentials did not affect the stability of the
QD-liposomes following their incubation at 37 °C for 24 h showing no significant change
in the size, as mentioned earlier. In addition, the positive surface charge of the QD-lipo-
somes increases cellular liposome uptake, as previously reported by Bothun et al. [40] and
Al-Jamal et al. [43].
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Figure 4. TEM images of free green graphene QDs (A), free liposomes (B) and QD-liposomes (C), as well as zeta potentials
distribution for the free QDs (D), free liposomes (E) and QD-liposomes (F).

Xiao et al. [44] showed that both normal and cancerous cells have the ability to pas-
sively internalize large amounts of QDs. Therefore, delivering QDs specifically to tumors
can be achieved by blocking or minimizing the passive delivery of QDs. In order to eval-
uate the benefits of QD-liposomes in controlling the cellular uptake of QDs, HCT116 cells
were incubated with either free QDs or QD-liposomes. Furthermore, we applied LFUS on
the cells to investigate the effect of ultrasound on the cellular uptake of free and encapsu-
lated QDs. Sonication of the human colorectal carcinoma cells (HCT116) with low-fre-
quency ultrasound (35 kHz) had no significant effect on cell viability, showing no differ-
ence in the percentage of the viable cells when compared with the nonsonicated control
cells (Table 1). This indicated that the application of LFUS on the cells did not result in
destroying the cancer cells (p > 0.05). Previous in vitro studies have also shown that ultra-
sound irradiation did not result in cellular destruction [45,46]. Thus, LFUS triggering of
content release from the liposomes is an effective and safe modality.

Table 1. Cell viability following 60 s of sonication using LFUS (35 kHz).

Control Sonicated p-Value
Viability % 96.9% 97.74%
Std. Dev 2.45 1.28

0.862
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Injecting free QDs into the bloodstream means that uncontrollable amounts of QDs
are delivered into the cells, which significantly increase their toxicity and may produce
undesirable fluorescent background noise. Therefore, by encapsulating QDs inside the
liposomes, better control of the delivered QDs is expected. The larger size of the liposomes
compared to QDs means that they are not able to pass through the intact blood vessels of
the healthy tissues but are able to extravasate through the leaky surrounding the tumor
cells and accumulate inside these diseased tissues only. This is known as passive targeting
of tumors. These liposomes are then able to bind and fuse with cellular membranes of the
cancer cells, allowing the uptake of their loads of QDs. However, cellular uptake of lipo-
somes through their fusion with cellular membranes is a low process. Therefore, we are
proposing the use of LFUS as a triggering mechanism to trigger and control QD release
from the liposomes and enhance their uptake by the cells due to the sonoporation effect
produced by the ultrasound (Figure 5).

A

Leakey blood
vessel

Fusion %

QD-liposomes

Intra-cellular
Release of QDs

-— =

Cell membrane

¢ %}//

QD-liposomes

Cell membrane Cytoplasm

Figure 5. (A) QD-liposomes are able to extravasate through the leaky vessels surrounding the cancer
cells (EPR effect) allowing their accumulation at the tumor site. (B) QD-liposomes are then taken up
by the cells through their fusion with cellular membranes. (C) Ultrasound can be applied on the
tumor site to trigger the release of QDs encapsulated inside the liposome and enhance their uptake
by the cancer cells mainly through the sonoporation effect produced by the ultrasound.
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Free QDs

As seen in Figure 6, the fluorescent microscopic images showed that QD encapsula-
tion inside the liposomes significantly reduced the amount of QDs present inside the cells.
This is in agreement with Bruun and Hille [19], who showed that the diffusion rate of free
QDs is much faster than that of QD-liposomes due to the difference in size. The small size
of the QDs allows them to be taken up by the cells in large quantities through nonspecific
adsorption and nonspecific binding to different intracellular membrane compartments
leading to ligand- and receptor-independent cell uptake and nonspecific internalization
to the cytosol [47]. This results in the uptake of large quantities of free QDs in a short
period of time by both healthy and cancerous cells due to their low specificity. QD-lipo-
somes, on the other hand, interact with the cells by adhering to the cell surface and sub-
sequently binding to the cells [48]. Following such binding, the liposomes are absorbed or
internalized into the cells releasing their content inside the cytosol. Our QD-liposomes
were positively charged, which enhances their association with the negatively charged
cellular membranes through electrostatic interactions, which may increase their uptake
by the cells compared to negatively charged QD-liposomes.

QD-Loaded

Free QDs +US liposomes +US

QD-Loaded liposomes

Figure 6. HCT116 cells incubated with free QDs or QD-liposomes with and without sonication with ultrasound (US) for 1
min at 37 °C. The first row only shows the nuclei of the cells stained with DAPI (blue). An argon laser (520/50 nm) was
used for QD excitation producing a green fluorescence (second row). The third row shows merged images of both the
nuclei and QDs present inside the cells.

As shown in Figure 6, sonication with LFUS resulted in stronger fluorescence signals,
indicating a significant increase in the amount of QDs present inside the cells. This is due
to the enhancement of QD transport by passive diffusion through the cellular membrane.
Ultrasound imposes mechanical stress on cellular membranes due to cavitation events,
leading to the formation of transient wounds or pores on the membrane [49]. This allows
more QD particles to pass into the cell. This is in agreement with a previous study by
Thein et al. [50], who reported that ultrasound irradiation enhanced cellular uptake of
QDs through sonoporation, showing that pore size and the subsequent cellular uptake of
QDs increased linearly with the increase in ultrasound pressure. Turcanu and coworkers
[51] have also shown that sonication with ultrasound enhanced the passage of QD across
the intestinal mucosa. The latter acts as a selective barrier to the permeation of materials.
This was later confirmed in a more recent study by Stewart et al. [52], who also showed
that applying focused ultrasound enhanced the delivery of QDs to the small intestine dur-
ing in vivo experiments using porcine models. In addition to the sonoporation effect,
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ultrasound waves also create changes in intracellular calcium concentration (Ca?¥). This
results in affecting the tight junction of the endothelial cells and disturbing cell barrier
permeability [53]. As seen in Figure 6, cells incubated with QD-liposomes also showed a
higher level of fluorescence compared to the nonsonicated cells. This is because liposomal
membranes have a similar structure to cellular membranes. Thus, sonication with LFUS
and the cavitation-mediated pore formation (sonoporation) on both the phospholipid
walls of the cells and the liposomes result in both enhanced liposome uptake by the cells
and QD release from the encapsulating liposomes. We showed in a previous study that
liposomes crafted with PEG or pegylated liposomes are more sensitive to LFUS compared
to nonpegylated liposomes [54]. This is because the incorporation of PEG with the lipid
bilayer of the liposomes enhances the ability of the LFUS to permeabilize these liposomes,
since it is more likely for the PEG polymer to be ejected out of the phospholipids bilayer
to form smaller micelles upon exposure to ultrasound waves. This results in triggering the
release of the loaded QDs, reflected in the increase in fluorescence intensity inside the
sonicated cells. These findings suggest that combining LFUS with QD-liposomes ensures
an effective delivery and release of the QDs to the tumor site while reducing the uptake
of QDs by the healthy tissues.

4. Conclusions

In this work, we successfully encapsulated hydrophilic QDs inside stealth liposomes.
TEM images showed that QDs were mainly retained within the aqueous core of the lipo-
somes. We also showed that low-frequency ultrasound is an effective method to release
QDs encapsulated inside the liposomes in a spatially and temporally controlled manner.
Overall, LFUS-triggered QD-liposomes show promise in tumor imaging applications with
promising potentials as a theranostic system for diagnostic and therapeutic functions.

Author Contributions: N.S.A,, M.H.,, V.P,, N\M.A,, ].]. and G.A.H. designed the study and con-
ducted the analysis. R.P. carried out TEM imaging work. N.S.A., V.P. and N.M. A, drafted the man-
uscript. N.S.A,, M.H. and G.A.H. revised and edited the manuscript. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the American University of Sharjah Faculty Research Grants
(FRG20-L-48, and eFRG18-BBRCEN-03) to G. A.H, and Sheikh Hamdan Award for Medical Sciences
(Grant Number: MRG-57-2019-2020) to G.A.H, Sheikh Hamdan Award for Medical Sciences
MRG/18/2020 to G.A.H. University of Sharjah targeted research project funds, 2101110345 to M.H.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study are included
within the article.

Acknowledgments: The authors would like to acknowledge the financial support of the American
University of Sharjah Faculty Research Grants, the Al-Jalila Foundation (AJF 2015555), the Al
Qasimi Foundation, the Patient’s Friends Committee-Sharjah, the Biosciences and Bioengineering
Research Institute (BBRI18-CEN-11), GCC Co-Fund Program (IRF17-003) the Takamul program
(POC-00028-18), the Technology Innovation Pioneer (TIP) Healthcare Awards, Sheikh Hamdan
Award for Medical Sciences, the Dana Gas Endowed Chair for Chemical Engineering and the Uni-
versity of Sharjah Targeted Research Grant for Research Centers, Groups and Laboratories
(2101110345). We also would like to acknowledge student funding from the Material Science and
Engineering Ph.D. program at AUS.

Conflicts of Interest: The authors declare no conflict of interest.



Pharmaceutics 2021, 13, 2073 12 of 14

References

1. Sailor, MJ,; Park, J. Hybrid nanoparticles for detection and treatment of cancer. Adv. Mater. 2012, 24, 3779-3802,
doi:10.1002/adma.201200653.

2. Wang, Q.; Chao, Y. Multifunctional quantum dots and liposome complexes in drug delivery. ]. Biomed. Res. 2018, 32, 91,
doi:10.7555/JBR.31.20160146.

3. Douda,J.; Vargas, C.R.G.; Vega-Macotela, L.G.; Cardona, A.A.V. Modifications of the optical properties of quantum dots on
liposome encapsulation for applications in theranostic liposomes. Appl. Nanosci. 2019, 9, 925-935, d0i:10.1007/s13204-018-
0841-6.

4. Nifontova, G.; Ramos-Gomes, F.; Baryshnikova, M.; Alves, F.; Nabiev, I; Sukhanova, A. Cancer cell targeting with
functionalized quantum dot-encoded polyelectrolyte microcapsules. Front. Chem. 2019, 7, 34, doi:10.3389/fchem.2019.00034.

5. Bilan, R.; Ametzazurra, A.; Brazhnik, K.; Escorza, S.; Fernandez, D.; Uribarri, M.; Nabiev, 1.; Sukhanova, A. Quantum-dot-
based suspension microarray for multiplex detection of lung cancer markers: Preclinical validation and comparison with
the Luminex XMAP® system. Sci. Rep. 2017, 7, 1-10, d0i:10.1038/srep44668.

6. Brazhnik, K,; Sokolova, Z.; Baryshnikova, M.; Bilan, R.; Efimov, A ; Nabiev, L.; Sukhanova, A. Quantum dot-based lab-on-a-
bead system for multiplexed detection of free and total prostate-specific antigens in clinical human serum samples.
Nanomedicine Nanotechnology. Biol. Med. 2015; 11, 1065-1075, d0i:10.1016/j.nano.2015.03.003.

7.  Oberdorster, G.; Oberdorster, E.; Oberdorster, J. Nanotoxicology: An emerging discipline evolving from studies of ultrafine
particles. Environ. Health Perspect. 2005, 113, 823-839, doi:10.1289/ehp.7339.

8. Lewinski, N.; Colvin, V.; Drezek, R. Cytotoxicity of nanoparticles. Small 2008, 4, 2649, doi:10.1002/sml1.200700595.

9. Wang, Y, Hu, R; Lin, G,; Roy, I; Yong, K.-T. Functionalized quantum dots for biosensing and bioimaging and concerns on
toxicity. A.C.S. Appl. Mater. Interfaces 2013, 5, 2786-2799, doi:10.1021/am302030a.

10. Smith, A.M.; Duan, H.; Rhyner, M.N.; Ruan, G.; Nie, S. A systematic examination of surface coatings on the optical and
chemical properties of semiconductor quantum dots. Phys. Chem. Chem. Phys. 2006, 8, 3895-3903, doi:10.1039/b606572b.

11. Pereira, G.; Monteiro, C.A.P.; Albuquerque, G.M.; Pereira, M.I.A.; Cabrera, M.P.; Cabral, P.E.; Pereira, G.A.L.; Fontesa, A.;
Santos, B.S. (Bio)conjugation strategies applied to fluorescent semiconductor quantum dots. |. Braz. Chem. Soc. 2019, 30,
2536-61, doi:10.21577/0103-5053.20190163.

12. Haider, M.; Abdin, S.M.; Kamal, L.; Orive,G. Nanostructured Lipid Carriers for Delivery of Chemotherapeutics: A Review.
Pharm. 2020, 12, 288, d0i:10.3390/pharmaceutics12030288.

13. Gabizon, A.; Martin, F. Polyethylene glycol-coated (pegylated) liposomal doxorubicin. Rationale for use in solid tumours.
Drugs 1997, 54, 15-21, doi:10.2165/00003495-199700544-00005.

14. Greish, K G. Enhanced permeability and retention (EPR) effect for anticancer nanomedicine drug targeting. Methods Mol.
Biol. 2010, 624, 25-37, d0i:10.1007/978-1-60761-609-2_3.

15. Bozzuto, G.; Molinari, A. Liposomes as nanomedical devices. International Journal of Nanomedicine. Dove Medical Press
Ltd.; 2015, 10, 975-999, do0i:10.2147/IJN.S68861.

16. Tahara, K.; Fujimoto, S.; Fujii, F.; Tozuka, Y.; Jin, T.; Takeuchi, H. Quantum dot-loaded liposomes to evaluate the behavior
of drug carriers after oral administration. ] Pharm. 2013, 2013, doi:10.1155/2013/848275.

17. Muthu, M.S; Kulkarni, S.A.; Raju, A.; Feng, S-S. Theranostic liposomes of TPGS coating for targeted co-delivery of docetaxel
and quantum dots. Biomaterials 2012, 33, 3494-3501, doi:10.1016/j.biomaterials.2012.01.036.

18. Wen, C.-J.; Zhang, L.-W.; Al-Suwayeh, S.A.; Yen, T.-C.; Fang, ]J.-Y. Theranostic liposomes loaded with quantum dots and
apomorphine for brain targeting and bioimaging. Int. |. Nanomed. 2012, 7, 1599-1611, d0i:10.2147/IJN.S529369.

19. Bruun, K; Hille, C. Study on intracellular delivery of liposome encapsulated quantum dots using advanced fluorescence
microscopy. Sci. Rep. 2019, 9, 1-15, d0i:10.1038/s41598-019-46732-5.

20. Sundaram, J.; Mellein, B.R.; Mitragotri, S. An experimental and theoretical analysis of ultrasound-induced permeabilization
of cell membranes. Biophys. ]. 2003, 84, 3087-3101, doi:10.1016/5S0006-3495(03)70034-4.

21. Salkho, N.M,; Paul, V.; Kawak, P; Vitor, R.F.; Martins, A.M.; Al Sayah, M.; Husseini, G.A. Ultrasonically controlled estrone-
modified liposomes for estrogen-positive breast cancer therapy. Artif Cells, Nanomedicine. Biotechnology 2018, 46, 462-472,
doi:10.1080/21691401.2018.1459634.

22. Awad, N.S; Paul, V.; Al-Sayah, M.H.; Husseini, G.A. Ultrasonically controlled albumin-conjugated liposomes for breast
cancer therapy. Artif. Cells Nanomed., Biotechnol. 2019, 47, 705-714, doi:10.1080/21691401.2019.1573175.

23. Ben-Daya, M.; Paul, V.; Awad, N.S.; AlSawaftah, N.M.; Al-Sayah, M.; Husseini, G. Targeting Breast Cancer Using
Hyaluronic Acid-Conjugated Liposomes Triggered with Ultrasound. |. Biomed. Nanotechnol. 2021, 1, 90-99,
doi:10.1166/jbn.2021.3012.

24. Amir, A.E,; Ajith, S.; Alsawaftah, N.; Abuwatfa, W.; Mukhopadhyay, D.; Paul, V.; Husseini, G. Ultrasound-triggered Release
of Calcein and Doxorubicin from HER2-targeted Liposomes in Breast Cancer Therapy. doi.org/10.21203/rs.3.rs-109604/v125

25. AlSawaftah, N.M.; Awad, N.S,; Paul, V.; Kawak, P.S.; Al-Sayah, M.H.; Husseini, G.A. Transferrin-modified liposomes
triggered with ultrasound to treat HeLa cells. Sci. Rep. 2021, 11, 1-15, d0i:10.1038/s41598-021-90349-6.

26. Stewart, J.C.M. Colorimetric determination of phospholipids with ammonium ferrothiocyanate. Anal. Biochem. 1980, 104,

10-14, d0i:10.1016/0003-2697(80)90269-9.



Pharmaceutics 2021, 13, 2073 13 of 14

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Metselaar, ].M.; Wauben, M.H.M.; Wagenaar-Hilbers,].P.A.; Boerman, O.C.; Storm, G. Complete remission of experimental
arthritis by joint targeting of glucocorticoids with long-circulating liposomes. Arthritis Rheum. Rheumatol. 2003, 48, 2059—
2066, d0i:10.1002/art.11140.

Al-Jamal, W.; Al-Jamal, K.T.; Bomans, P.H.; Frederik, P.M.; Kostarelos, K. Functionalized-quantum-dot-liposome hybrids
as multimodal nanoparticles for cancer. Small 2008, 4, 1406-1415, doi:10.1002/art.11140.

Tian, B.; Kostarelos, K. The engineering of doxorubicin-loaded liposome-quantum dot hybrids for cancer theranostics. Chin
Phys. B. 2014, 23, 87805, doi:10.1088/1674-1056/23/8/087805.

Tian, B.; Al-Jamal, K.T.; Kostarelos, K. Doxorubicin-loaded lipid-quantum dot hybrids: Surface topography and release
properties. Int. J. Pharm. 2011, 416, 443-447, d0i:10.1016/j.ijpharm.2011.01.057.

Kethineedi, V.R.; Crivat, G.; Tarr, M.A_; Rosenzweig, Z. Quantum dot-NBD-liposome luminescent probes for monitoring
phospholipase A 2 activity. Anal. Bioanal. Chem. 2013, 405, 9729-9737, d0i:10.1007/s00216-013-7422-z.

Zhang, L.-W.; Wen, C.-].; Al-Suwayeh, S.A.; Yen, T.-C.; Fang, J-Y. Cisplatin and quantum dots encapsulated in liposomes as
multifunctional nanocarriers for theranostic use in brain and skin. J. Nanoparticle Res. 2012, 14, 1-18, doi:10.1007/s11051-012-
0882-9.

Muppidi, K.; Pumerantz, A.S.; Wang, J.; Betageri, G. Development and stability studies of novel liposomal vancomycin
formulations. ISRN Pharm. 2012, 2012, 1-8, d0i:10.5402/2012/636743.

Wehbe, M.,; Malhotra, A.; Anantha, M.; Roosendaal, J.; Leung, A.W.Y; Plackett, D.; Edwards, K.; Gilabert-Oriol, R.; Bally,
M.B. A simple passive equilibration method for loading carboplatin into pre-formed liposomes incubated with ethanol as a
temperature dependent permeability enhancer. ]. Control. Release 2017, 252, 50-61, doi:10.1016/j.jconrel.2017.03.010.

Lin, W,; Ma, G.; Yuan, Z; Qian, H; Xu, L. Sidransky, E.; Chen, S. Development of Zwitterionic Polypeptide
Nanoformulation with High Doxorubicin Loading Content for Targeted Drug Delivery. Langmuir 2019, 35, 1273-1283,
doi:10.1021/acs.langmuir.8b00851.

Bauer, K.N.; Simon, J.; Maildnder, V.; Landfester, K.; Wurm, F.R. Polyphosphoester surfactants as general stealth coatings
for polymeric nanocarriers. Acta. Biomater. 2020, 116, 318-328, doi:10.1016/j.actbio.2020.09.016.

Chu, M.; Zhuo, S.; Xu, J.; Sheng, Q.; Hou, S.; Wang, R. Liposome-coated quantum dots targeting the sentinel lymph node. |.
Nanoparticle Res. 2010, 12, 187-97, doi:10.1007/s11051-009-9593-2.

Gabizon, A.; Catane, R.; Uziely, B.; Kaufman, B.; Safra, T.; Cohen, R.; Martin, F.; Huang, A.; Barenholz, Y. Prolonged
circulation time and enhanced accumulation in malignant exudates of doxorubicin encapsulated in polyethylene-glycol
coated liposomes. Cancer Res. 1994, 54, 987-992. PMID: 8313389.

Batalla, J.; Cabrera, H.; San, Martin-Martinez, E.; Korte, D.; Calderén, A.; Marin, E. Encapsulation efficiency of CdSe/ZnS
quantum dots by liposomes determined by thermal lens microscopy. Biomed. Opt. Express 2015, 6 3898-3906,
doi:10.1364/BOE.6.003898.

Bothun, G.D.; Rabideau, A.E.; Stoner, M.A. Hepatoma cell uptake of cationic multifluorescent quantum dot liposomes. J.
Phys. Chem. B. 2009, 113, 7725-7728, d0i:10.1021/jp9017458.

Generalov, R.; Kavaliauskiene, S.; Westrem, S.; Chen, W.; Kristensen, S.; Juzenas, P. Entrapment in phospholipid vesicles
quenches photoactivity of quantum dots. Int. ]. Nanomed. 2011, 6, 1875-1888, doi:10.2147/IJN.522953.

Weng, K.C.; Noble, C.O.; Papahadjopoulos-Sternberg, B.; Chen, F.F.; Drummond, D.C.; Kirpotin, D.B.; Wang, D.; Hom, Y.K,;
Hann, B.; Park, J.W. Targeted tumor cell internalization and imaging of multifunctional quantum dot-conjugated
immunoliposomes in vitro and in vivo. Nano Lett. 2008, 8, 2851-2857, d0i:10.1021/n1801488u.

Al-Jamal, W.; Al-Jamal, K.T.; Tian, B.; Lacerda, L.; Bomans, P.H.; Frederik, P.M.; Kostarelos, K. Lipid-quantum dot bilayer
vesicles enhance tumor cell uptake and retention in vitro and in vivo. ACS Nano 2008, 2, 408-418, d0i:10.1021/nn700176a.
Xiao, Y.; Forry, S.P.; Gao, X.; Holbrook, R.D.; Telford, W.G.; Tona, A. Dynamics and mechanisms of quantum dot
nanoparticle cellular uptake. J. Nanobiotechnol. 2010, 8, 1-9, d0i:10.1186/1477-3155-8-1.

Borden, M.A.; Kruse, D.E.; Caskey, C.F.; Zhao, S.; Dayton, P.A.; Ferrara, K.W. Influence of lipid shell physicochemical
properties on ultrasound-induced microbubble destruction. IEEE Trans. Ultrason. Ferroelectr. Freq. Control. 2005, 52, 1992—
2002, doi:10.1109/tuffc.2005.1561668.

Evjen, T.J.; Hupfeld, S.; Barnert, S.; Fossheim, S.; Schubert, R.; Brandl, M. Physicochemical characterization of liposomes
after ultrasound exposure-mechanisms of drug release. | Pharm. Biomed. Anal. 2013, 78-79, 118-122,
doi:10.1016/j.jpba.2013.01.043.

Barroso MM. Quantum dots in cell biology. J. Histochem. Cytochem. 2011, 59, 237-251, d0i:10.1369/0022155411398487.
Daraee, H.; Etemadi, A.; Kouhi, M.; Alimirzalu, S.; Akbarzadeh, A. Application of liposomes in medicine and drug deliver.
Vol. 44, Artificial Cells, Nanomed. Biotechnol. 2016, 44, 381-391, d0i:10.3109/21691401.2014.953633.

Lentacker, I.; De, C.I; Deckers, R.; De, S.S.C.; Moonen, C.T.W. Understanding ultrasound induced sonoporation: Definitions
and underlying mechanisms. Adv. Drug Deliv. Rev. 2014, 72, 49-64, doi:10.1016/j.addr.2013.11.008.

Thein, M.; Cheng, A ; Khanna, P.; Zhang, C.; Park, E.-].; Ahmed, D.; Goodrich, C.J.; Asphahani, F.; Wu, F.; Smith, N.B. Site-
specific sonoporation of human melanoma cells at the cellular level using high lateral-resolution ultrasonic micro-
transducer arrays. Biosens. Bioelectron. 2011, 27, 25-33, doi:10.1016/j.bios.2011.05.026.

Turcanu, M.V.; Stewart, F.R.; Cox, B.F.; Clutton, R.E.; Mulvana, H.; Vllasaliu, D.; Thanou, M.; Nathke, 1.; Cochran, S.
Ultrasound and microbubbles promote the retention of fluorescent compounds in the small intestine. In Proceedings of the



Pharmaceutics 2021, 13, 2073 14 of 14

52.

53.

54.

2018 IEEE International Ultrasonics Symposium (IUS), Kobe, Japan, 22-25 October 2018; pp. 14,
doi:10.1109/ULTSYM.2018.8580036.

Stewart, F.; Cummins, G.; Turcanu, M.V.; Cox, B.E.; Prescott, A.; Clutton, E.; Newton, I.P.; Desmulliez, M.P.Y.; Thanou, M,;
Mulvana, H. Ultrasound mediated delivery of quantum dots from a proof of concept capsule endoscope to the
gastrointestinal wall. Sci. Rep. 2021, 11, 1-14, d0i:10.1038/s41598-021-82240-1.

Fan, Z.; Kumon, R.E.; Park, ].; Deng, C.X. Intracellular delivery and calcium transients generated in sonoporation facilitated
by microbubbles. ]. Control Release. 2010, 142, 31-39, doi:10.1016/j.jconrel.2009.09.031.

Awad, N.S,; Paul, V.; Mahmoud, M.S.; Al, SN.M.; Kawak, P.S.; Al Sayah, M.H.; Husseini, G.A. Effect of Pegylation and
Targeting Moieties on the Ultrasound-Mediated Drug Release from Liposomes. ACS Biomater. Sci. Eng. 2020, 6, 48-57,
doi:10.1021/acsbiomaterials.8b01301.



