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Abstract
Doxorubicin (DOX) is one of the most commonly used chemotherapeutic drugs and a popular
research tool due to the inherent fluorescence of the DOX molecule. After DOX injection,
fluorescence imaging of organs or cells can provide information on drug biodistribution.
Therapeutic and imaging capabilities combined in a DOX molecule make it an excellent
theranostic agent. However, DOX fluorescence depends on a number of factors that should be
taken into consideration when interpreting results of DOX fluorescence measurements. Discussing
these problems is the main thrust of the current paper. The sensitivity of DOX fluorescence
intensity to DOX concentration, local microenvironment, and interaction with model cellular
components is illustrated by fluorescence spectra of paired DOX/phosphilipid, DOX/histone,
DOX/DNA, and triple DOX/histone/DNA and DOX/phospholipid/DNA systems. DOX
fluorescence is dramatically quenched upon intercalation into the DNA; DOX fluorescence is also
self-quenched at high concentrations of molecularly dissolved DOX; in contrast, DOX
fluorescence is increased after binding to the histone or partitioning into the phospholipid phase of
PEG-phospholipid micelles or hydrophobic cores of polymeric micelles. While flow cytometry is
commonly used for characterization of DOX intracellular uptake, the above aspects of DOX
fluorescence may significantly complicate interpretation of flow cytometry results. High cell
fluorescence measured by flow cytometry may provide deceptive information on the actual
intracellular DOX concentration and may not correlate with the therapeutic efficacy if DOX does
not penetrate into the site of action in cell nuclei. These problems are illustrated in the experiments
on the intracellular trafficking of DOX encapsulated in poly(ethylene oxide)-co-polycaprolactone
(PEG-PCL) micelles or PEG-PCL stabilized perfluorocarbon nanodroplets, with and without the
application of ultrasound used as an external trigger. For efficient encapsulation in micelle cores,
DOX is usually deprotonated, which removes the positive charge and enhances hydrophobicity of
DOX molecule. It was found that the deprotonated DOX accumulated in the cell cytoplasm but did
not penetrate into the cell nuclei. The same was true for the DOX encapsulated in micelles or
nanodroplets, which may explain their low therapeutic efficacy in the absence of ultrasound.
Ultrasound triggers DOX trafficking into the cell nuclei, which is especially pronounced in the
presence of nanoemulsions that convert into microbubbles under the ultrasound action.
Microbubble cavitation results in the transient permeabilization of both plasma and nuclear
membranes thus allowing DOX penetration into the cell nuclei, which dramatically enhances
therapeutic efficacy of DOX-loaded nanodroplet systems.
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Introduction
Doxorubicin (DOX), with a trade name Adriamycin is one of the most commonly used
chemotherapeutic drugs. Since its inception in the 1960s, doxorubicin has been used for
treatment of leukemias, Hodgkin's lymphoma, bladder, breast, stomach, lung, ovarian and
thyroid cancers, soft tissue sarcoma, multiple myeloma, and other types of cancer. DOX is
an anthracycline antibiotic in which a flat anthraquinone nucleus of the molecule is linked
through a glycosidic bond at ring atom 7 to an amino sugar, daunosamine (Figure 1).

In order to increase aqueous solubility, amino group of the sugar is protonated by forming a
DOX hydrochloride. The anthraquinone part of the molecule is highly lipophilic while sugar
part is hydrophilic. DOX molecule contains acidic functions in the ring phenolic groups and
a basic function in the sugar amino group. Therefore DOX molecule is both amphiphilic and
amphoteric, which results in DOX binding to cell membranes and proteins.

Multiple mechanisms have been proposed to explain the cytostatic and cytotoxic actions of
anthracyclines. The main mechanism of the DOX antineoplastic activity is thought to be
associated with the intercalation of the planar anthracycline chromophore group between
two base pairs of the DNA, with the six-member daunosamine sugar being localized in the
minor groove of a double helix where it interacts with flanking base pairs adjacent to the
intercalation site, as evidenced by crystal structure 1. DOX intercalation into DNA inhibits
the progression of the enzyme topoisomerase II, which unwinds DNA for transcription.
Topoisomerase I and II (topo I and II) are enzymes which alter the topological state of DNA
through DNA strand cleavage, strand passage and relegation 2–4. Doxorubicin poisons these
enzymes by stabilizing a putative reaction intermediate called the cleavable complex (cc)
where the topoisomerase remains covalently attached to either one strand of DNA (topo I) or
both strands of double helix (topo II) after strand cleavage. Formation of the cc may cause
cell death either by interfering with replication forks, by promoting illegitimate genomic-
DNA recombination, by arresting cells in the G2-phase of the cell cycle, or by inducing
apoptosis. Other suggested mechanisms of DOX cytotoxicity include free radical formation,
lipid peroxidation, and direct membrane effects. DOX binding to cell membranes ultimately
results in production of active oxygen species, especially hydroxyl radicals generated in
DOX enzymatic reduction catalyzed by iron and/or cupper ions 5–8; this results in a decline
of mitochondrial oxidative phosphorylation. The attack of reactive oxygen species on the
myocytes has been implicated as the main cause of a severe DOX cardiotoxicity 7, 9–14.

In an attempt to reduce cardiotoxicity and make DOX more tumor targetable, DOX was
encapsulated in liposomes, and later in polyethylene glycol-coated (PEGylated) liposomes
15–20. DOX incorporated in PEGylated liposomal manifested reduced side effects
(neutropenia, alopecia, and cardiotoxicity) 21. Incorporation of doxorubicin into
polyethylene glycol-coated (pegylated) liposomes favorably altered the pharmacokinetics of
the drug (for recent review see ref. 22). A pharmacokinetic profile of PEGylated liposomal
DOX was characterized by an extended circulation time and a reduced volume of
distribution, thereby promoting tumor uptake. Clinical studies showed the initial distribution
phase with a half-life of 1 – 3 hours (to be compared with 5 min for a free DOX). The half-
life of the second distribution phase was 30 – 90 hours. For a dose of 50 mg/m2, the volume
of distribution was close to the blood volume, and the area under the concentration-time
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curve (AUC) was increased about 300-fold compared with free doxorubicin 16, 17. Studies
of tissue distribution indicated preferential accumulation into various implanted tumors and
human tumor xenografts, with an enhancement of drug concentrations in the tumor when
compared with free drug. For the liposomal DOX, cardiotoxicity was markedly reduced.
However, DOX encapsulation in liposomes caused a new toxicity problem called hand-foot
syndrome 23–25. Later, DOX encapsulation in nanoparticles other than liposomes, including
dendrimers, polymeric micelles, and nanoemulsions has been investigated 26–37. The total
number of DOX-related publications amounts to more than 42,000 in a 40-year period
starting with 1971. Among those, 535 entries are related to PEGylated liposomal DOX and
230 entries are related to DOX encapsulated in polymeric micelles.

In addition to being a commonly used antineoplastic agent, Doxorubicin is a popular
research tool due to its inherent fluorescence associated with the central anthracycline
chromophore group. In principle, this allows visualization of DOX distribution in various
tissues or cells via fluorescence imaging. Therapeutic and imaging capabilities combined in
a DOX molecule make it an excellent theranostic agent.

DOX fluorescence has been commonly used for characterization of its intracellular uptake
using flow cytometry. However during the last decade, it became progressively clear that
this approach may have serious limitations due to a strong dependence of DOX fluorescence
intensity on its concentration and microenvironment 38, 39. In what follows, in model
experiments, we illustrate dependence of DOX fluorescence intensity on interaction with
various cell components such as the DNA, histone, and phospholipids. We use this
information to characterize the intracellular DOX uptake and trafficking in ovarian
carcinoma A2780 cells for DOX that is either molecularly dissolved (“free DOX”) or
encapsulated in polymeric micelles or perfluorocarbon nanoemulsions. DOX delivery was or
was not combined with the application of the therapeutic ultrasound used as an external
trigger. The importance of this study stems from a broad application of DOX as
chemotherapeutic agent, with the ultimate goal of enhancing DOX targeting to tumors,
improving its therapeutic index and reducing systemic toxicity.

During the last decade, advances in nanomedicine have allowed the combination of various
functionalities (e.g., chemotherapeutic agent, imaging agent, and targeting moiety) in one
molecular or supramolecular construct. The family of nanoparticles of biomedical
importance includes polymeric micelles, liposomes, and nano-emulsion droplets. Efforts of
many laboratories have been focused on developing stimuli responsive nanoparticles that
would allow drug targeting to tumors as well as spatial and temporal control of drug delivery
33. In earlier publications, we have shown that DOX encapsulation in Pluronic® micelles
reduced its intracellular uptake while application of ultrasound triggered drug release from
micelles and enhanced the intracellular uptake of both released drug and polymeric
nanocarriers 30, 32, 36, 40–43.

Ultrasound-mediated drug delivery in nanocarriers offers a number of important benefits.
Potentially, it may allow combining mild hyperthermia with enhanced extravasation of drug
carriers, localized intratumoral drug release and enhanced intracellular uptake. These effects
are enhanced in the presence of cavitating microbubbles 35. For many decades,
microbubbles have been used in clinical practice only as ultrasound contrast agents. During
the last decade, microbubbles have attracted attention as drug carriers and enhancers of drug
and gene delivery and are now being widely investigated for this application 44–54. However
short circulation time (minutes) and relatively large size (two to ten microns) of currently
used commercial microbubbles does not allow effective extravasation into tumor tissue,
preventing efficient tumor targeting. To solve this problem, we have recently developed
novel drug-loaded perfluorocarbon nanoemulsions stabilized by biodegradable amphiphilic
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block copolymers 35, 55–57. Using DOX 35 or paclitaxel loaded perfluoropentane (PFP)
nanoemulsions combined with tumor-directed therapeutic ultrasound 56, 58, we have
achieved effective regression of ovarian, breast, and pancreatic tumors. Without ultrasound,
low therapeutic effect of the PFP nanodroplet-encapsulated DOX and no therapeutic effect
of the PFP nanodroplet-encapsulated paclitaxel were observed 35, 56, 58. Empty (i.e. not drug
loaded) nanodroplet combined with ultrasound produced no therapeutic effects, indicating
that strong therapeutic effects observed in drug loaded nanoemulsion/ultrasound therapy
were exerted by the ultrasound activated action of drug rather than mechanical action of
ultrasound.

Many features of the mechanism/mechanisms involved in the ultrasound mediated drug/
gene delivery with and without nanodroplets or microbubbles remain obscure. This has
inspired current study in which either molecularly dissolved, or micelle and nanodroplet-
encapsulated DOX was used as a reporter on the effect on drug intracellular uptake and
trafficking. DOX formulations were characterized by optical and fluorescence spectroscopy
while DOX intracellular distribution was visualized by laser confocal microscopy.

Materials and Methods
Materials

Doxorubicin hydrochloride; lyophilized Histone (Type III – S, from Calf Thymus) and
Deoxyribonucleic acid (Sodium Salt, from Calf Thymus) (DNA) were obtained from Sigma-
Aldrich (St. Louis, Missouri, USA). Poly(ethylene glycol)–co–polycaprolactone (PEG, 2000
Da - PCL, 2,600 Da) was purchased from Polymer Source, Quebec, Canada. PEGylated
phospholipid 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-methoxy (polyethylene
glycol)-2000] (ammonium salt) (PEG-PE) was obtained from Avanti Polar Lipids
(Alabaster, Alabama). Perfluoro-15-crown-5-ether (PFCE), Hoechst 33258, DAPI,
phosphate buffered saline (PBS), tetrahydrofuran (THF, purity ≥ 99.9%), triethylamine
(TEA, purity ≥ 99.5%), and dimethyl sulfoxide (DMSO, purity ≥ 99.7%) were obtained
from Sigma-Aldrich (St. Louis, Missouri, USA) and used without further purification.
Perfluoropentane (PFP) was purchased from Fluoromed Inc. (Round Rock, Texas, USA).
TE buffer was obtained from Fisher Bioreagents Inc. (Pittsburgh, Pennsylvania, USA).

Preparation of empty PEG-PCL micelles
PEG-PCL was dissolved in tetrahydrofuran (THF) and filtered deionized water was added to
induce micelle formation. The solution was dialyzed through a 3,500 Da cutoff SpectraPor
membrane (Spectrum Laboratories Inc, Rancho Dominguez, CA) in order to remove the
organic solvent. At the final stage, micellar solution was dialyzed against PBS. The micellar
solution was refrigerated until use.

Preparation of DOX-loaded PEG-PCL micelles
Commercial doxorubicin (Sigma aldrich, St. Louis, MO) is marketed as hydrochloride salt
in order to increase its aqueous solubility. However for efficient incorporation of the drug
into the hydrophobic micelle cores, the drug needs to be hydrophobised. This was achieved
by incubating DOX solution in DMSO overnight with 1:2 molar ratio of triethylene amine
(TEA), which resulted in deprotonation of the sugar amino group. A 5% solution of PEG-
PCL in THF was mixed with the deprotonated DOX solution in DMSO followed by addition
of filtered PBS to obtain a final copolymer concentration of 1% (w/v). Typically in various
preparations, DOX concentration in this mixture was 50 μg/mL to 65 μg/mL and DMSO
concentration was less than 1.6 % (v/v). The mixture was vortexed to accelerate mixing. The
organic solvent was removed by evaporation in a nitrogen stream. The micellar solution
formed was ultracentrifuged at 4,000 g for 60 min through a 30,000 Da cutoff membrane to
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remove free DOX. The residual micellar solution inside the membrane compartment was
diluted by a solution of empty PEG-PCL micelles to produce desired copolymer and DOX
concentration.

Preparation of DOX-loaded nanoemulsions
Using a cooled pipette tip, empty or DOX-containing micellar solutions were placed in a
cooled container and a desired volume of either perfluoro-15-crown-5-ether (PFCE) or
perfluoropentane (PFP) was added; the mixture was sonicated in ice-cold water by 20-kHz
ultrasound (cup-horn installation, Sonics, Newtown, CT) to generate the PFCE or PFP
nanoemulsions until all perfluorocarbon was transferred into the nanoemulsion.

Confirming DOX loading into nanodroplets by fluorescence imaging
DOX loaded 1 % PFCE and PFP emulsion solutions were centrifuged and resuspended in
PBS. A drop of the solution was placed on a glass slide and fluorescence of DOX bound to
the droplets was examined using an inverted confocal microscope (Olympus IX81, Olympus
America Inc., Center Valley, PA), with 60x/1.45 - standard oil immersion eyepiece. DOX
fluorescence was excited at 488 nm and the emission was detected through 570 nm bandpass
emission filter. The images were processed using ImageJ software59

Size distribution of micelles and droplets
Size distributions of micelles and nanoemulsions were analyzed using dynamic light
scattering (Delsa Nano S, Beckman Coulter, BREA, CA), which produced reliable size
measurements in the range from 10 nm to 3 μm. However droplets larger than 1 μm
precipitated from the suspension during measurement procedure and could not be reliably
measured by light scattering. Therefore the size and concentration of larger droplets was
characterized by the optical microscopy.

Fluorescence spectroscopy
UV-Vis absorbance and fluorescence spectra of the samples were recorded using a
microplate reader (SpectraMax M2e, Molecular devices, Sunnyvale, CA). The DOX
absorbance was measured in the wavelength range of 400 to 550 nm. DOX fluorescence was
excised at 488 nm and fluorescence spectra were obtained over the wavelength range of 535
to 650 nm. The samples were measured in Corning® 96 well plate (black plate with a clear
bottom) (Sigma Aldrich, St Louis, MO).

Measurements of DOX incorporation into micelles and nanodroplets
DOX concentration in the micelles was quantified based on the control curve that
manifested linear dependence of DOX optical density on concentration. The degree of DOX
incorporation into droplets was measured by depletion from the supernatant after droplet
removal from the micellar solution by centrifugation.

Characterization of DOX interaction with various cellular components by fluorescence
spectroscopy

In order to characterize the effect of DOX interaction with the DNA, histone, or
phospholipids, DOX fluorescence spectra were recorded before and after introduction of
corresponding agents into the DOX solution in PBS. In a stock solution, DNA was dissolved
in the TE buffer (10mM Tris-HCl containing 1mM EDTA • Na2, pH ~ 8.0). Histone was
dissolved in PBS. The experiments were run in triplicates. The differences between samples
prepared in parallel did not exceed 10%. In addition, for each sample, spectra were recorded
in three consecutive days after the sample preparation. Samples were kept in darkness at 4
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°C; however some drop of the DOX fluorescence (not exceeding 20%) was observed on the
third day; the normalized spectra and the trends remained unchanged.

Cell culture
A2780 ovarian cancer cells were cultured in RPMI-1640 medium (Sigma Aldrich, St Louis,
MO) supplemented with 10% heat deactivated fetal bovine serum (FBS) (USA Scientific
Inc., Orlando, FL ) and 1% penicillin–streptomycin (Sigma Aldrich, St Louis, MO). The
cells were maintained at 37 °C in a humidified atmosphere with 5 % CO2.

Confocal imaging
A2780 cells were grown in an 8-well cover glass chamber (LabTek Chambered Cover
Glass, NUNC, Rochester, NY) and incubated with various DOX formulations. Hoechst
33258 stain (Sigma Aldrich, St Louis, MO) was added after the incubation to identify cell
nuclei. Confocal laser fluorescence images of the cells were obtained using inverted
confocal microscope (Olympus IX81, Olympus America Inc., Center Valley, PA). Emission
filters were 570 nm for DOX and 480 nm for Hoechst. Image slices of the cells attached to
the cover slip were recorded at an incremental step of 0.5 μm from the bottom to the top of
the cell layer in the z-direction. The images recorded were stacked in the z-direction and
processed using ImageJ software 59

Sonication of suspended cells
A2780 cells were trypsinized and resuspended in RPMI 1640 media. The cell suspension
was mixed 2:1 volume ratio with the following DOX-containing formulations: PBS solution
of hydrophilic DOX-HCl or deprotonated DOX; DOX encapsulated in a 1.4 % PEG-PCL
micellar solution; DOX encapsulated in a 1 % PFCE/1.4% PEG-PCL nanoemulsion; DOX
encapsulated in a 1 % PFP/1.4% PEG-PCL nanoemulsion. Cell suspensions were sonicated
in a Samco transfer pipette (Samco Scientific Corporation, CA), with ultrasound generated
by Omnisound 3000 instrument (Accelerated Care Plus Inc, Sparks, NV); 1-MHz
continuous wave (CW) or pulsed ultrasound with 33% duty cycle was delivered at 3.4 W/
cm2 nominal power density, which corresponded to the 1.18 MPa actual peak-to-peak
ultrasound pressure at the site of the sample; 3-MHz ultrasound was applied at 2 W/cm2

nominal power density, corresponding to 1.7 MPa peak-to-peak actual ultrasound pressure at
the site of the sample. The ultrasound probe and the pipette, with a distance of 0.5 cm
between them, were immersed in a water bath maintained at 37 °C. Ultrasound exposure
was 60 s for CW ultrasound and 180 s for pulsed ultrasound, which provided the same total
ultrasound exposure. Ultrasound pressure was measured using ONDA needle hydrophone
(Onda HNR-0500) (calibrated in October, 2009) placed in front of the probe with a distance
of 0.5 cm from the probe. Prior to sonication, cell suspensions in the desired formulation
were incubated for 20 minutes at 37 °C. After ultrasound treatments, a drop of a cell
suspension was place on a glass slide and imaged with confocal microscope as described
above.

Sonication of substrate-attached cells through the agarose gel
A2780 cells were grown in 10-mL capacity OptiCell units (Biocrystal, Westerville, OH) to
90% confluence, upon which the cells were stained with 4', 6-diamidino-2-phenylindole
(DAPI) (Sigma Aldrich, St. Louis, MO). The concentration of DAPI was 140 μg/mL. After
incubation for 30 minutes at 37 °C, the media in OptiCell was replaced with 1.2% (w/v)
agarose solution in PBS (Agarose II, GBiosciences, Maryland Heights, MO) containing
either DOX-loaded micelles or DOX-loaded PFCE droplets added to the agarose solution at
37 °C. The gelling temperature of agarose was 24–28 °C. The final copolymer and DOX
concentrations in the agarose gel were 4 μg/mL DOX/0.28 % PEG-PCL for the micellar
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formulation 4 μg/mL DOX/0.4% PFCE/0.28 % PEG-PCL for the nanodroplet formulation.
The agarose solutions gelled upon cooling within 5 minutes after injection into the OptiCell
units. The OptiCells were sonicated at 25 °C with different ultrasound parameters applied to
different regions of the same OptiCell. After sonication, cells were imaged using confocal
microscopy. Emission filters were 570 nm for DOX and 480 nm for DAPI. For each
formulation, the OptiCell unit with sham sonication was used as a control.

Statistical treatment
In the region of interest (ROI) in the stacked confocal images, cell fluorescence (N = 15)
was measured, mean values of cell fluorescence were calculated and statistical significance
of the differences between the groups was evaluated using one way ANOVA. Post Hoc
comparisons were perfotmed by Tukey HSD test. The data for each group are presented as
mean values and confidence intervals.

Results
Size distributions of micelles and droplets

The average size of PEG-PCL micelles (19.6 nm) increased only slightly (to 22.8 nm) upon
DOX loading. Size distributions of nanodroplets were bimodal; no effect of DOX loading
was observed. For 1% PFCE/1% PEG-PCL droplets, a major peak was observed at 320 nm;
a small fraction of particles had a size of 90 nm. Larger and more polydisperse droplets were
observed in 1% PFP/1% PEG-PCL nanoemulsions, with the peaks at 160 nm and 720 nm. In
nanoemulsion formulations, a population of particles with smaller sizes may represent either
PEG-PCL micelles with perfluorocarbon dissolved in the micelle core or small droplets
formed when perfluorocarbon separated from micelle cores into a liquid phase.

Fluorescence spectra of DOX hydrochloride
Concentrational dependence of DOX fluorescence—Figure 2A shows dependence
of DOX optical absorbance on its concentration in the PBS solution; Figure 2B shows
concentrational dependence of fluorescence intensity for the same solutions. These data
show that while optical absorbance manifests linear dependence on DOX concentration,
fluorescence intensity is essentially non-linear and gradually levels off at DOX
concentrations above 25 μg/ml. This implies that if the concentration of a fluorescent
population of intracellular DOX molecules exceeds some particular limit, cell fluorescence
measured by flow cytometry may become insensitive to the actual intracellular DOX
concentration.

Note that in contrast to the fluorescence intensity, optical absorbance of DOX is not
sensitive to microenvironment and therefore, light scattering permitting, may be used for
measuring DOX concentration.

DOX interactions with individual cellular components
Dependence of DOX fluorescence on the hydrophobicity of local environment
—We reported earlier for DOX encapsulated in Pluronic micelles that DOX fluorescence in
micelle cores was significantly higher than in an aqueous environment, presumably due to
DOX fluorescence quenching in collisions with water molecules 60, 61. This phenomenon
was later used for measuring degree of DOX release from micelles under the action of
ultrasound 36, 62. Enhanced DOX fluorescence intensity upon encapsulation in the
hydrophobic core of micelles was also observed in the current study for DOX encapsulated
in poly(ethylene oxide)-co-polycaprolacton (PEG-PCL) micelles (Figure 3A) or PEG-
phospholipid micelles, PEG-PE (Figure 3B). Fluorescence spectra of Figure 3 were taken
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for the same DOX concentration in PBS and micelles which was confirmed by the
equivalence of the optical spectra of the samples. The data of Figure 3B indicate that DOX
partitions between the aqueous environment and PEG-phospholipid micelles; in the presence
of PEG-PE, the spectrum results from the superposition of the individual spectra in an
aqueous and phospholipid environment.

Figure 3B shows that DOX incorporation into the lipid phase results in increase of its
fluorescence intensity, which may result from protection of DOX against collisions with
water molecules that causes fluorescence quenching.

Dependence of DOX fluorescence on the interaction with the DNA and histone
—DOX fluorescence is known to be dramatically quenched upon DOX intercalation into the
DNA, as illustrated in Figure 3C. The DOX/DNA spectrum presented in Figure 3C results
from a superposition of the spectra generated by DOX intercalated into the DNA and “free”
DOX in the PBS solution. With an assumption that the measured fluorescence of the paired
DOX/DNA system presented in Figure 3C was generated exclusively by DOX disslolved in
PBS solution, the data obtained in the current study suggest that every fourth DNA base pair
was occupied by DOX molecules:

(1)

Earlier we studied the DOX/DNA interaction in the presence or absence of Pluronic
micelles; the data suggested that DOX occupied every fifth base pair in vitro in experiments
with fetal calf thymus DNA and every sixth base in the cell culture experiments 41. In the
literature, the data for DOX/DNA systems vary between four and six base pairs per DOX
molecule 38, 63.

Figure 3D shows the effect of histone on DOX fluorescence in the PBS solution. Histone
concentrations were tested in the range of 0.7 μg/ml (0.4 μM) to 222.4 μg/ml (12.8 μM);
practically no differences between the spectra were observed. Introduction of the histone
increased DOX fluorescence. For the DOX concentration of 14 μM, the leveling off of
fluorescence was observed at the lowest histone concentration tested (0.4 μM) suggesting
that already at the lowest histone concentration, all DOX molecules were associated with the
histone; a slight decrease of fluorescence at the higher histone concentration may be caused
by protein aggregation. The data presented above indicate that (a) DOX strongly binds to the
histone; and (b) DOX binding to the histone increases DOX fluorescence intensity.

DOX fluorescence in the triple DOX/DNA/histone and DOX/DNA/PEG-PE systems
We next sought to determine the effects of the histone and the phospholipid on the DOX
fluorescence in the complex with the DNA (Figure 4A, B). Therefore we introduced the
DNA into DOX/histone and DOX/PEG-PE paired systems shown in Figure 3. The triple
system DOX/DNA/Histone dissolved in PBS imitates to some extent the situation in the
nuclei of DOX-treated cells where the DNA is wound around the histone and dispersed in
the nucleoplasm.

Figures 4A and C show that DOX fluorescence in the DOX/DNA complex was substantially
increased after the introduction of the histone; moreover, in the triple system, the
dependence of the fluorescence intensity on histone concentration was observed in a broader
range of histone concentrations than in paired DOX/histone systems indicating that DOX
partitioned between the DNA and the histone. Using the data obtained from the paired DOX/
DNA and DOX/histone spectra, we determined that the measured value of the fluorescence
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intensity in the triple DOX/DNA/histone system (30 μM base pairs, 14 μM DOX, and 1.6
μM histone at the lowest concentration) could be well approximated with the assumption
that every fourth base pair in the DNA molecule was intercalated with the DOX, while the
residual DOX molecules were totally associated with the histone:

(2)

where x is a DNA-associated fraction of total DOX concentration. Based on the data for
paired DOXPBS/DOXhistone systems, DOX was exclusively associated with histone even at
the lowest histone concentration measured. Therefore in the triple system DOX could be
considered to partition between the DNA and histone. Neglecting fluorescence input from
the DNA-intercalated DOX, we come to the equation

(3)

Based on this estimation, in the triple system comprising 14 μM DOX, 1.6 μM histone, and
30 μM DNA base pairs, 53% of the DOX is associated with the histone. It is DOX binding
to histone in cell nuclei that allows visualization of DOX accumulation in cell nuclei by
fluorescence microscopy.

The introduction of phospholipid micelles into the DOX/DNA system increased DOX
fluorescence in a concentration dependent manner (Figures 4B and D). Interestingly, DOX
spectra in the triple DOX/DNA/PEG-PE system (Figure 4B) manifested different shapes in
comparison to those in a paired DOX/PEG-PE system (Figure 3B). In the triple system, the
ratio between the intensities of the first and second fluorescence peaks I560/I590 was
substantially increased so that the peak intensities were reversed. The shape of the spectrum
in the triple system corresponds to the DOX insertion deep into the hydrophobic
environment of the lipid core 38. This effect was hidden in a paired DOX/PEG-PE system
because DOX partitioned between the aqueous phase and micelle cores, and resulting
spectra presented a superposition of spectra generated by DOX in the PBS and PEG-PE
micelles. In the triple system, DOX from the hydrophilic environment of PBS was
effectively intercalated into the DNA and quenched, which allowed revealing spectra of
DOX inserted into the lipid phase. Similar changes of the spectral shape after introduction of
the DNA were observed for the DOX encapsulated in the PEG-PCL micelles (data not
shown).

Summarizing the data presented above, the intracellular fluorescence of DOX is expected to
result from a superposition of inputs from DOX molecules localized in various intracellular
compartments such as the DNA, histone (and probably other proteins), cell membranes,
cytoplasm, and nucleoplasm. The relative fluorescence inputs from these localizations will
depend on a particular intracellular distribution of DOX molecules.

Armed with these data, we studied the intracellular uptake and trafficking of DOX in the
ovarian carcinoma A2780 cells; DOX was either molecularly dissolved or encapsulated in
polymeric micelles or nanoemulsions. These experiments were performed with and without
therapeutic ultrasound used as an external trigger
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DOX intracellular uptake and trafficking: effect of the type of DOX delivery system and
ultrasound

The degree of DOX loading into PEG-PCL micelles and nanodroplets—DOX
concentration in micelles was measured by UV-Vis spectroscopy using standard curves for a
molecular solution of the DOX in PBS. For the initial DOX concentration of 65 μg/ml and
initial copolymer concentration of 1%, the degree of DOX incorporation into micelles was
31%. DOX incorporation into nanodroplets was measured by depletion from micellar
solution after nanodroplets removal by centrifugation. For either 1% PFCE or 1% PFP
droplets stabilized with 1.4% PEG-PCL solution, 15% DOX was transferred from micelles
onto droplets while 85% remained encapsulated in micelles. Therefore DOX-loaded
nanodroplet formulations comprised DOX encapsulated in both micelles and nanodroplets.

DOX localization in nanodroplets—For DOX-loaded nanodroplets, DOX localization
in nanodroplets was monitored with confocal microscopy. Figure 5 shows that DOX is
localized in the droplet shells.

Intracellular DOX trafficking
Effect of DOX deprotonation—As indicated in the Materials and Methods section, DOX
was deprotonated before encapsulation in polymeric micelles in order to enhance its
hydrophobicity. To simplify the interpretation of fluorescence images, cell nuclei were
visualized by cell incubation with Hoechst 33258. Hoechst is a nuclear stain that easily
penetrates into the nuclei of viable cells.

The DOX hydrochloride effectively accumulated in the cell nuclei of A2780 cells as
exemplified in Figure 6.

To better visualize the intracellular DOX distribution, we overlaid stacked images recorded
in the Hoechst33235 and DOX channels; the color of the Hoechst images was artificially
changed to green in order to generate a yellow color when the green color from the Hoechst
33258 and the red color from the DOX were mixed. In the images presented below, cells
were first incubated with DOX, then Hoechst was introduced for visualization of cell nuclei.
As shown in Figure 7, DOX deprotonation significantly impaired DOX ability to penetrate
into cell nuclei. The nuclei of the cells presented in Figure 7 remained “green” after cell
incubation or even sonication with the molecularly dissolved deprotonated DOX. This
indicated that there was no DOX accumulation in the cell nuclei. On the other hand, DOX
effectively accumulated in the cytoplasm.

Effect of the DOX delivery system—The effect of the delivery system is illustrated in
Figure 8 for A2780 cells incubated with DOX encapsulated in either PEG-PCL micelles
(Figure 8A), PFCE/PEG-PCL nanodroplets (Figure 8B), or PFP/PEG-PCL nanodroplets
(Figure 8C). These compositions were added to the culture medium at 1:3 volume ratios to
get a final DOX concentration of 20 μg/ml (34 μM) in the incubation medium.

DOX did not penetrate into the cell nuclei and was localized in the extranuclear
compartments. The fluorescence of the cells dropped progressively from micelles to PFCE
nanodroplets to PFP nanodroplets. Because the intracellular DOX distribution appeared to
be similar for all three delivery systems, cell fluorescence intensity presumably reflected the
intracellular DOX uptake that was two-fold lower for the PFCE nanodroplets and four-fold
lower for the PFP nanodroplets compared with PEG-PCL micelles.

Statistical analysis—In each region of interest, fluorescence was measured for fifteen
cells of each DOX formulation (micelles; PFCE droplets; and PFP droplets). Background
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fluorescence was subtracted. Independent of the delivery system, the fluorescence was found
exclusively in the cell cytoplasm; no fluorescence of nuclei was observed (Figure 8). For
each group, mean fluorescence values and 95% confidence intervals are reported in Table 1.
Significance of differences between the groups was evaluated using ANOVA and post hoc
Tukey HSD tests. Significant differences (F(2, 42) = 15.7; p ≪ 0.01) were observed between
the groups; post hoc test showed that there were statistically significant differences between
micelles and PFCE or PFP droplets but no significant differences between the droplets were
observed.

Effect of ultrasound—Cell sonication substantially enhanced DOX penetration into cell
nuclei. This effect was especially pronounced in the presence of nanodroplets as illustrated
in Figure 9 for the cells sonicated in the presence of DOX-loaded PEG-PCL micelles (A and
A’) or nanodroplets (B and B’). Corresponding mean values for various groups with 95%
confidence intervals are presented in Figure 10. The images of non-sonicated cells are
presented in panels (A) and (B) while those of sonicated cells are presented in panels A’ and
B’. The overlay images from the DAPI and DOX channels as well as images of individual
slices show that for formulations without sonication, DOX was predominantly localized in
the cytoplasm and the nuclear membranes that were clearly seen but not inside cell nuclei.
After cell sonication with micellar encapsulated DOX, the intracellular DOX fluorescence
increased both in the cypoplasm and nuclear membranes but most of the cells still did not
allow efficient DOX penetration into cell nuclei (one rare cell with the nuclear DOX
penetration is shown in Figure 9A’). In contrast, for cell sonicated in the presence of
nanodroplets, most of the cells manifested both, increased overall fluorescence intensity and
DOX penetration into the nuclei (Figure 9B’) suggesting that ultrasound application in the
presence of nanodroplets induced perturbation of both, plasma and nuclear membranes. This
resulted in the increased DOX uptake and nuclear trafficking.

Statistical analysis—ANOVA test was used to test statistical significance of the effect of
ultrasound on the DOX intracellular uptake from micelles and nanodroplets. DOX
penetration into the cell cytoplasm was treated separately from that into nuclei. Separation
of the DOX located in the nuclear membrane and nuclear interior was difficult for the cells
in which DOX penetrated into the nuclei. Therefore in Figure 10, nuclear DOX fluorescence
includes both, the membrane and the interior of the nucleus. For all sonicated groups, effect
of ultrasound was statistically significant (p ≪ 0.01). For the nuclear DOX penetration, the
effect of ultrasound appeared stronger for the cells sonicated in the presence of
nanodroplets; under the action of ultrasound, mean nuclear fluorescence increased 2.3-fold
for micelles vs. 3.3-fold for nanodroplets.

Discussion
DOX fluorescence spectra

Summarizing the data on DOX interaction with cellular components, the intracellular
fluorescence of DOX appears to be controlled by a series of equilibria, which include but are
not restricted to the equilibrium between DOX localized in cell membranes and the
cytoplasm (or other non-nuclear and non-membrane organelles), the equilibrium between
DOX localized outside and inside the cell nucleus, and the equilibrium between the DNA-
intercalated and histone bound DOX within the cell nucleus 41. The data presented above
imply that after cell incubation with the DOX, the intracellular DOX fluorescence intensity
results from a superposition of inputs from DOX molecules localized in various intracellular
compartments such as the DNA, histone (and probably other proteins), cell membranes,
cytoplasm, and nuceoplasm. The fluorescence inputs from these localizations depends on
particular intracellular distribution of DOX that may depend on the type of the delivery
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system, cellular sensitivity or resistance to DOX treatment, 32, 33, 36, 41, 60, 64–68 and other
factors.

Consider a hypothetical case of two cells with the same intracellular DOX concentration. In
the first cell, DOX was predominantly localized in the cell nucleus where its fluorescence
was essentially quenched in the interaction with the DNA; some nuclear fluorescence was
preserved due to the DOX partitioning between the DNA and the histone (Figures 3D and
4A). In the second cell, DOX did not penetrate into the cell nucleus but was localized in the
cytoplasm and/or cell membranes where its fluorescence was either not quenched or
enhanced. The cell fluorescence measured by the flow cytometry would be higher for the
second cell, while the chemotherapeutic action would be stronger for the cell with the
nuclear DOX localization because the main site of DOX action is in cell nucleus. This
example illustrates the importance of complementing flow cytometry data with the
fluorescence imaging.

In real situations, the inhibition of DOX nuclear trafficking usually goes in parallel with the
decreased intracellular DOX uptake, which is associated with DOX encapsulation in
nanoparticles or conjugation to macromolecules. DOX encapsulation or conjugation is
commonly used for tumor-targeting 64, 69–82 However, a decreased chemotherapeutic action
of a conjugated or encapsulated DOX is usually observed. This negative effect may result
from both, decreased internalization and decreased nuclear penetration. A number of
actively or passively targeted DOX conjugates and micellar formulations entered clinical
trials in the late 1990s; however they are not yet accepted in clinical practice 83, 84. A lot of
effort has therefore been directed to increase the intracellular DOX uptake through active
targeting or using cell-penetrating peptides (for reviews, see refs.85–87, and to promote
nuclear trafficking by ensuring pH-dependent or enzymatic DOX release from nanoparticles
or polymeric conjugates 88–93. In our research, we use an external trigger, ultrasound in
order to attain the same goals 30, 32, 33, 35, 40, 41, 56, 67.

Summarizing, to analyze therapeutic efficacy of various DOX carriers, flow cytometry
measurements should be complemented with fluorescence imaging that reveals the
intracellular DOX localization. The best state of the art laser scanning fluorescence
microscopes currently allow not only imaging of the intracellular DOX fluorescence in
various cellular compartments but also recording fluorescence spectra of the DOX localized
in these compartments 39. This instrument was used by Hovorka et al. for studying the
intracellular distribution of the DOX macromolecular conjugate 39. The authors suggested a
new approach for overcoming problems associated with the interpretation of DOX flow
cytometry data. They showed that Hoechst 33258 and DOX competed for the same DNA
sites. Therefore there was a linear decrease in the Hoechst 33258 fluorescence with
increasing nuclear concentration of DOX. This approach may allow measuring Hoechst
fluorescence intensity for quantification of the degree of DOX intercalation into the DNA.

DOX intracellular uptake and trafficking
We next used DOX as a reporter on the internalization and trafficking in the A2780 ovarian
carcinoma cells when DOX was delivered in polymeric micelles or nanodroplets, with and
without ultrasound stimulation. These systems have been extensively studied in vitro and in
vivo 30, 32, 33, 35, 40, 41, 56, 58, 67 . However some aspects of the mechanisms of the drug
delivery and ultrasound action remained obscure. The results discussed below shed new
light on the important aspects of the micelle, droplet, and ultrasound action.

As shown in Figure 7, DOX deprotonation resulted in the inhibition of DOX trafficking into
the cell nucleus. This is an important observation because DOX deprotonation is commonly
used for its encapsulation in polymeric micelles 90–94. A decrease in the nuclear
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accumulation of the deprotonated DOX in comparison with the DOX hydrochloride was
presumably related to a decreased DNA affinity to the neutral DOX compared with a
positively charged DOX hydrochloride. In addition, the deprotonated DOX molecule is
more hydrophobic than DOX hydrochloride, which was expected to promote DOX
accumulation in cell membranes. However, we observed DOX accumulation in the nuclear
membrane but not in the plasma membrane (Figure 7).

As shown in Figure 8, the uptake of DOX was substantially decreased in the presence of
nanodroplets. The experiments performed with fluorescein-labeled PFCE nanodroplets
showed no nanodroplet internalization by A2780 cells (data not shown). Therefore the
intracellular DOX uptake visualized in Figure 8 was associated with micelles rather than
nanodroplets. The differences observed between micellar and nanodroplet formulations
require discussion because the nanodroplet formulations comprised 85% PEG-PCL micelles.
However, micelle structure and stability is different in the presence or absence of
perfluorocarbon. Introduction of perfluorocarbon in micellar solution results in a dissolution
of some perfluorocarbon molecules in micelle cores 35. Dissolution of highly hydrophobic
compounds makes micelle cores stronger and more stable, which may impair their ability to
penetrate through plasma membranes and get internalized 95, 96.

Cell sonication with 3-MHz ultrasound increased both DOX intracellular uptake and nuclear
trafficking (Figures 9 and 10). The effect of ultrasound on DOX nuclear trafficking was
stronger in the presence of nanodroplets in comparison to micelles. Based on this finding,
we re-evaluate the interpretation of the results published in refs.35, 97. In the in vivo
experiments with micelle and nanodroplet encapsulated DOX, the dramatic enhancement of
the cell fluorescence was observed when tumors were sonicated with 3-MHz ultrasound. As
shown by flow cytometry, sonication of the tumors injected systemically with DOX-loaded
PFP nanodroplets enhanced cell fluorescence three-fold relative to sonicated tumors injected
with DOX-loaded micelles. In addition, tumor growth was effectively inhibited by the
combined DOX-loaded nanodroplet/ultrasound treatment. No statistically significant effect
on the tumor growth was observed for drug loaded nanodroplets without ultrasound. The
strong therapeutic effect of the nanodroplet/ultrasound therapy was interpreted as resulting
from the enhanced intracellular DOX uptake, which was confirmed by flow cytometry. No
fluorescence imaging was performed in this study. The results shown in Figures 9 and 10
unambiguously confirm that the enhanced tumor cell fluorescence observed in ref. 35 was
associated with the enhanced intracellular DOX uptake. Increased fluorescence was
observed despite the quenching effect of DOX nuclear trafficking. The results of Figures 9
and 10 also suggest that the differences between the ultrasound effects on the micellar and
nanodroplet formulations may be related not only to the enhanced intracellular drug uptake
but also to the enhanced DOX nuclear trafficking. Under the action of ultrasound, cavitating
microbubbles are formed from nanodroplets in the process of acoustic droplet vaporization
35, 55–57, 98–103. Cavitation of microbubble is known to enhance transport of nanoparticles
through plasma membranes. The data presented in Figure 9 show that the transport through
nuclear membranes is also enhanced under the ultrasound action. This effect may be more
therapeutically important than the enhanced intracellular uptake postulated in refs.35, 97. In
addition, the effect of ultrasound on the therapeutic efficacy of nanodroplets may be related
to the enhanced nanodroplet diffusion from the extravasation sites throughout the tumor
tissue 30. It was shown in the publications by Allen’s group that for PEG-PCL micelles of 60
nm size, the transport from the extravasation sites was substantially restricted 104, 105. The
transport will be even more restricted for larger nanoparticles such as nanodroplets (300 nm
size). Cavitation of microbubbles formed from the nanodroplets is expected to enhance
diffusion of both nanodroplets and extravasated micelles, which will additionally enhance
the overall therapeutic effect of DOX-loaded nanoparticles. The evaluation of the relative
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importance of various factors involved in the ultrasound mediated drug delivery remains to
be explored.
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Figure 1.
Chemical structure of doxorubicin hydrochloride.
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Figure 2.
Dependence of the optical absorbance (A) and fluorescence intensity (B) on DOX
concentration in PBS.
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Figure 3.
Fluorescence spectra of DOX upon interaction with PEG-PCL block copolymer (A),
phospholipid micelles (B), DNA (C), and histone (D). (A) – effect of DOX encapsulation in
PEG-PCL micelles. DOX concentration 25 μg/ml (43 μM). Solid line - DOX dissolved in
PBS; dashed line – DOX encapsulated in 0.4% PEG-PCL micelles. (B) - effect of PEG-PE
micelles. DOX concentration 8.3 μg/ml (14 μM). Solid line – DOX dissolved in PBS;
dashed lines – DOX in PEG-PE micelles. PEG-PE concentrations (from bottom to top): 27.8
μg/ml (9.9 μM); 55.6 μg/ml (19.8 μM); 111.2 μg/ml (39.6 μM), and 222.4 μg/ml (79.2 μM).
(C) – effect of DOX intercalation into the DNA; DOX concentration 8.3 μg/ml (14 μM).
DNA concentration 18.9 μg/ml (30 μM base pairs); Solid line – DOX dissolved in PBS;
dashed line – DOX intercalated into the DNA. (D) – effect of DOX interaction with histone.
DOX concentration 8.3 μg/ml (14 μM). Solid line – DOX dissolved in PBS; dashed lines -
DOX associated with histone; histone concentrations: 1.6 μM; 3.2 μM; 6.4 μM, and 12.8
μM.

Mohan and Rapoport Page 22

Mol Pharm. Author manuscript; available in PMC 2011 December 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
(A) - DOX fluorescence in a triple systems DOX/DNA/histone; (B) - DOX fluorescence in a
triple systems DOX/DNA/PEG-PE. DOX concentration 14 μM; DNA concentration 18.9
μg/ml (30 μM base pairs). Solid lines in (A) and (B) – fluorescence of the DOX/DNA paired
system. (A) - histone concentrations (from bottom to top, dashed and dotted lines): 1.6 μM
(dotted line); 12.8 μM; 6.4 μM; and 3.2 μM. (B) – PEG-PE concentrations (from bottom to
top, dashed and dotted lines): 9.9 μM; 19.8 μM; 39.6 μM, and 79.2 μM. (C) - dependence of
DOX fluorescence intensity at 592 nm on histone concentration; (D) - dependence of DOX
fluorescence intensity at 592 nm on PEG-PE concentration. Paired systems – diamonds;
triple systems - circles.

Mohan and Rapoport Page 23

Mol Pharm. Author manuscript; available in PMC 2011 December 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Confocal images of DOX loaded PFCE and PFP droplets.
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Figure 6.
Stacked fluorescence images of A2780 cells incubated with (A) - Hoechst 33258 and (B) –
DOX hydrochloride; DOX concentration in the incubation medium 20 μg/ml.
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Figure 7.
Laser confocal images of one slice of A2780 cells incubated/sonicated at 37 °C with a
deprotonated DOX that was molecularly dissolved in PBS. Ultrasound parameters: 3-MHz
CW, nominal power density 2W/cm2, actual peak-to-peak pressure 1.7 MPa, duration 60 s.
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Figure 8.
Fluorescence images of substrate-attached A2780 cells incubated with DOX encapsulated in
(A) - PEG-PCL micelles; (B) - PFCE nanodroplets; (C) – PFP nanodroplets. DOX
concentration in the incubation medium 20 μg/ml. Left column – original images; right
column – magnified images of the selected areas in the corresponding panels of the left
column; in the images of the right column, contrast was enhanced to better reveal DOX
intracellular localization. Scale bar 20 μm.
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Figure 9.
Overlay (left column) and three z-direction slices of the intracellular DOX fluorescence in
A2780 cells that were either non-sonicated (A and B) or sonicated (A’ and B’) with DOX
encapsulated in PEG-PCL micelles (A and A’) or PFCE/PEG-PCL nanodroplets (B and B’).
Sonication conditions as indicated in Figure 7.
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Figure 10.
Mean fluorescence values and 95% confidence intervals for the cytoplasm and nuclei of the
cells incubated (white bars) or sonicated (black bars) with DOX encapsulated in micelles or
PFCE nanodroplets (N = 15 for all groups except PFCE nanodroplets/ultrasound, for which
N = 10).
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Table 1

Mean fluorescence values and confidence intervals for the cells incubated with 20 μg/ml (34.5 μM) DOX
encapsulated in either 1.4% PEG-PCL micelles, 1% PFCE or 1% PFP nanodroplets.

Sample Mean fluorescence value inside the cells ( n = 15) 95 % Confidence intervals

PEG-PCL micelles 114.3 (95.7, 132.9)

PEG-PCL stabilized PFCE droplets 78.4 (63, 93.7)

PEG-PCL stabilized PFP droplets 53.8 (43.7, 63.8)
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