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Abstract

Doxorubicin (DOX) is one of most common anti-cancer chemotherapeutic drugs, but its clinical
use is associated with dose-limiting cardiotoxicity. We have recently developed a series of PEG-
oligocholic acid based telodendrimers, which can efficiently encapsulate hydrophobic drugs and
self-assemble to form stable micelles in aqueous condition. In the present study, two
representative telodendrimers (PEG®K-CAg and PEG2K-CA,) have been applied to prepare DOX
micellar formulations for the targeted delivery of DOX to lymphoma. PEG2K-CA,4 micelles,
compared to PEG®K-CAg micelles, were found to have higher DOX loading capacity (14.8% vs.
8.2%, wiw), superior stability in physiological condition, and more sustained release profile. Both
of these DOX-loaded micelles can be efficiently internalized and release the drug in Raji
lymphoma cells. DOX-loaded micelles were found to exhibit similar in vitro cytotoxic activities
against both T- and B- lymphoma cells as the free DOX. The maximum tolerated dose (MTD) of
DOX-loaded PEGZK-CA, micelles in mice was approximately 15 mg/kg, which was 1.5-fold
higher of the MTD of free DOX. Pharmacokinetics and biodistribution studies demonstrated both
DOX-loaded micelles were able to prolong the blood retention time, preferentially accumulate and
penetrate in B-cell lymphomas via the enhanced permeability and retention (EPR) effect. Finally,
DOX-PEG2K-CA4 micelles achieved enhanced anti-cancer efficacy and prolonged survival in Raji
lymphoma bearing mice, compared to free DOX and PEGylated liposomal DOX (Doxil®) at the
equivalent dose. In addition, the analysis of creatine kinase (CK) and lactate dehydrogenase
(LDH) serum enzymes level indicated that DOX micellar formulations significantly reduced the
cardiotoxicity associated with free DOX.
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1. Introduction

Doxorubicin (DOX) is a commonly used anti-cancer chemotherapeutic agent that is
effective for the treatment of a wide range of cancers, including hematological malignancies,
many types of carcinoma and soft tissue sarcomas. It works through the interaction with
DNA by intercalation and the inhibition of the topoisomerase 11 enzyme activity. However,
the long-term clinical use of DOX is often compromised by its severe side effects such as
cardiotoxicity, which may result in irreversible cardiomyopathy and subsequent congestive
heart failure [1]. One of the promising approaches for limiting DOX associated
cardiotoxicity is to selectively deliver the drug to tumor tissue while decreasing its exposure
to normal tissues including the heart.

Nanomedicine is an emerging field that has shown great promise for the development of
novel diagnostic, imaging, and therapeutic agents for a variety of diseases, including cancer.
To limit some of the side effects associated with many chemotherapeutics agents such as
DOX, several nanocarrier systems have been developed. These nanomaterials include solid
nanoparticles (NPs) [2], liposomes [3], liposome-nanogel [4], dendrimers [5], polymeric
micelles [6], water soluble polymers, and protein aggregates. It is believed that such
nanoformulation will decrease the toxicity to normal organs, prolong the circulation time,
slow down the metabolism of the drug, and facilitate the delivery of the drug to the tumor
sites via the enhanced permeability and retention (EPR) effect. PEGylated liposomal DOX
(Doxil®) is the first nanoformulations of DOX approved by FDA for the treatment of AIDS-
related Kaposi's sarcoma, breast cancer, and ovarian cancer. Although the encapsulation of
DOX into liposome does result in decreased DOX-induced cardiomyopathy, its clinical anti-
cancer efficacy is only marginally better than the parent drug. This could in part be
explained by its relatively large size (ca. 140 nm), thus limiting the tumor tissue penetration
and obviating the EPR effects [7]. In addition, one of dose limiting toxicities of Doxil® is
hand-foot syndrome (HFS) [8], which may be due to the trapping of the larger
nanoaggregates and therefore drug leakage at the capillaries of palms and soles.

Polymeric micelles are a large family of nano-sized particles with unique core-shell
structure, and they may offer some therapeutic advantages over liposomes as their size could
be significantly smaller (20-100 nm). Compared to liposomes, the smaller polymeric
micelles have been shown to have an enhanced tumor-penetrating capability [9, 10]. We
have recently developed a series of micelle nanocarriers, which were formed by the self-
assembly of novel linear-dendritic block copolymers (hamed as telodendrimer) with
engineerable and well defined structures, comprising polyethylene glycol (PEG) and
dendritic oligo-cholic acids (CA) [11-15]. By varying the length of PEG chain and the
number of cholic acids in the dendritic core of the telodendrimers, the particle size of the
resulting micelles could be easily tuned from 17 nm to 150 nm after drug loading. It has
been demonstrated that the biodistribution of these telodendrimer micelles depends greatly
on the particle size [13]. The smaller micellar NPs (17-64 nm) could preferentially
accumulate in the tumor site via EPR effects, whereas most of the larger NPs (154 nm) were
trapped in liver and lung where macrophages were located. The representative PEG°K-CAg
micelles (superscript “5k” represents the molecular weight of PEG (Dalton), while subscript
“8” indicates the number of CA subunits in the telodendrimer) have been shown to have
high loading capacity for some hydrophobic drugs such as paclitaxel (PTX), outstanding
stability (over 6 months at 4 °C), and sustainable drug release profiles. PTX-loaded PEG®-
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CAg micelles were found to exhibit superior anti-cancer efficacy and toxicity profile in
SKOV-3 ovarian cancer xenograft mouse models when compared to free PTX formulation
(Taxol®) and the albumin-bound PTX formulation (Abraxane®) at equivalent PTX dose
[11]. Furthermore, we have recently completed a phase I clinical trial of PTX-loaded
PEG®K-CAg micelles in companion dogs with lymphoma, and demonstrated that it was well
tolerated and exhibited significant anti-cancer efficacy.

Although PEG®K-CAg micellar NPs have been successfully applied in the delivery of PTX,
unfortunately, the delivery of DOX using this nanocarrier is limited by the relatively low
drug loading capacity and poor stability. However, another telodendrimer with the similar
structure, PEG2X-CA,, was found to be able to encapsulate DOX to form stable micelles
with higher drug loading capacity, and prolonged drug release rate, when compared to
PEG®K-CAg micelle formulation. In the present study, in an attempt to overcome the
cardiotoxicity of DOX, and to prevent the problems associated with Doxil® (HFS and
insufficient tumor penetration), two micelle-based nanoformulations of DOX have been
prepared and systematically evaluated for their efficacies in the treatment of cancers such as
lymphoma. DOX is one of the four drugs (doxorubicin, vincristine, cytoxan, and
prednisone) in the standard CHOP regimen commonly used for the treatment of lymphoma.
The morphology, particle size distribution, stability, and drug release profiles of DOX-
loaded micelles were characterized by transmission electron microscopy (TEM), dynamic
light scattering (DLS), and dialysis method, respectively. The in vitro cytotoxicity of
different DOX formulations (free DOX, Doxil® and DOX-loaded micelles) were examined
in both T and B lymphoma cell lines using MTS assay. The pharmacokinetics,
biodistribution, and tumor accumulation of DOX micellar formulations were investigated in
normal or lymphoma bearing mice via the DOX fluorescence measurement and near-
infrared fluorescence (NIRF) optical imaging approach, respectively. Finally, the in vivo
anti-cancer efficacy and toxicity profiles including cardiotoxicity of DOX-loaded micelles
were evaluated in the subcutaneous Raji lymphoma mouse model, when compared with
clinical formulations (free DOX and Doxil®, the liposomal formulation).

2. Experimental Section

2.1. Materials

Doxorubicin hydrochloride (DOX-HCI) (Novaplus) and Doxil® (Ben Venue Laboratories,
Inc., Bedford, OH) were obtained from the UC Davis Cancer Center Pharmacy.
Monomethyl-terminated poly (ethylene glycol) monoamine (MeO-PEG-NH,, Mw = 2 kDa
and 5 kDa, respectively) were purchased from Rapp Polymere (Tibingen, Germany).
(Fmoc)lys(Boc)-OH, (Fmoc)Lys(Dde)-OH, (Fmoc)Lys(Fmoc)-OH were obtained from
AnaSpec Inc. (San Jose, CA). NIRF dye DiD (1,1'-dioctadecyl-3,3,3',3"-
tetramethylindodicarbocyanine perchlorate, D-307), BODIPY 650/665 (6-(((4,4-difluoro-5-
(2-pyrrolyl)-4-bora-3a,4a-diaza-s-indacene-3-yl)styryloxy) acetyl) aminohexanoic acid,
succinimidyl ester), and 4', 6-diamidino-2-phenylindole (DAPI) were purchased from
Invitrogen. Tetrazolium compound [3-(4, 5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, MTS] and phenazine
methosulfate (PMS) were purchased from Promega (Madison, Wisconsin). Cholic acid,
triethylamine (TEA), and all other chemicals were purchased from Sigma-Aldrich (St.
Louis).

2.2 Synthesis of PEG®K-CAg and PEG2K-CA, telodendrimers

The telodendrimers were synthesized via solution-phase condensation reactions using Meo-
PEG-NHSy, lysine and cholic acid as building blocks as described previously [13].
BODIPY650/665 (NIRF dye) labeled telodendrimers were synthesized by coupling
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BODIPY NHS ester to the amino group of the proximal lysine between PEG and cholic acid
after the removal of 1-(4,4-dimethyl-2,6-dioxocyclohex-1-yldine)ethyl (Dde) protecting
group by 2% (v/v) hydrazine in DMF.

2.3 Preparation and characterization of DOX-loaded PEG®K-CAg and PEGZK-CA, micelles

DOX-loaded PEG®K-CAg (DOX-PEG®K-CAg) and DOX-loaded PEG2X-CA, (DOX-PEGZ-
CA,) micelles were prepared, respectively, via a dry-down (evaporation) method as
described previously [11]. Before the encapsulation of DOX into the polymeric micelles,
DOX-HCI was stirred with 3 molar equivalent of triethylamine in chloroform (CHCls)/
methanol (MeOH) (1:1, v/v) overnight to remove HCI from DOX-HCI. 20 mg PEG°K-CAg
or PEGZK-CA, telodendrimer along with different amount of neutralized DOX were first
dissolved in CHCIl3/MeOH, mixed, and evaporated on rotavapor to obtain a homogeneous
dry polymer film. The film was reconstituted in 1 mL phosphate buffered solution (PBS),
followed by sonication for 30 min, allowing the sample film to disperse into micelle
solution. To track their in vivo fates, hydrophobic NIRF dye DiD was encapsulated into the
micelles using the same method as described above. Finally, the micelle formulation was
filtered with 0.22 um filter to sterilize the sample. To determine the amount of DOX, DOX-
loaded micelles were diluted with DMSO (micelle solution/DMSO: 1:9, v/v) to dissociate
micelle nanoparticles and the fluorescence was measured by NanoDrop 2000
spectrophotometer (Thermo Scientific), wherein calibration curve was obtained using a
series of DOX/DMSO standard solutions with different concentrations. The drug loading
content (DL) and encapsulation efficiency (EE) were calculated according to the following
formula:

DL (%) = (mass of DOX encapsulated in micelles/mass of DOX—loaded micelles) x 100%

EE (%) = (mass of DOX encapsulated in micelles/mass of DOX added) x 100%

The morphology and particle size distribution of DOX-PEG®K-CAg and DOX-PEGZK-CA,
micelles were characterized by Philips CM-120 transmission electron microscopy (TEM)
and dynamic light scattering (DLS, Microtrac), respectively. The stability of DOX-loaded
micelles in the physiological condition was evaluated by monitoring the particle sizes of
micelles in 50% fetal bovine serum (FBS) over time using DLS.

The in vitro drug release profiles from DOX-loaded micelles were measured by the dialysis
method. The DOX loading levels of both micelles used in the drug release study were 2 mg/
ml DOX in 20 mg/ml telodendrimer. Aliquots of free DOX or DOX-loaded micelles
solution were injected into dialysis cartridges with the MWCO of 3.5 kDa (Thermo
Scientific, Rochford, IL), respectively. The cartridge was dialyzed against 1 L PBS and
gently shaken at 37 °C at 100 rpm with activated charcoal to create a sink condition. The
concentration of DOX remained in the dialysis cartridge at different time points were
measured using a Molecular Devices SpectraMax M2 (Sunnyvale, CA) at excitation 470
nm/emission 590 nm. Data were reported as the average percentage of DOX accumulative
release for each triplicate samples.

2.4 Cell culture and animals

T-cell lymphoma cell lines (Jurkat and MOLT-4) and B-cell lymphoma cell lines (Raji and
Ramos) were purchased from American Type Culture Collection (ATCC; Manassas,VA,
USA). All these cells were cultured in ATCC-formulated RPMI-1640 medium
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supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin G, and 100 ug/mL
streptomycin at 37 °C using a humidified 5% CO, incubator.

Female SPF BALB/c mice, 8-10 weeks age, were purchased from Charles River (Hollister,
CA); female athymic nude mice (Nu/Nu strain), 6-8 weeks age, were purchased from
Harlan (Livermore, CA). All animals were kept under pathogen-free conditions according to
AAALAC (Association for Assessment and Accreditation of Laboratory Animal Care)
guidelines and were allowed to acclimatize for at least 4 days prior to any experiments. All
animal experiments were performed in compliance with institutional guidelines and
according to protocol No. 07-13119 and No. 09-15584 approved by the Animal Use and
Care Administrative Advisory Committee at the University of California, Davis. Lymphoma
xenograft mouse models were established by subcutaneously injecting 1x107 Raji, Ramos or
MOLT-4 lymphoma cells in a 100 uL of mixture of PBS and Matrigel (1:1 v/v) at the right
flank in female nude mice.

2.5 Cellular uptake study

2.5.1. Confocal fluorescence microscopy—Raji lymphoma cells were incubated with
DOX-HCI and DOX-loaded micelles at the final DOX concentration of 10 uM for 30 min or
2 hat 37 °C, respectively. The cells were washed three times with cold PBS, spinned down
onto glass slides using CytoSpin Il Cytocentrifuge (Shandon), and fixed with 4%
paraformaldehyde for 10 min. The nuclei were counterstained by DAPI. The slides were
mounted with coverslips and cells were imaged with an Olympus FV1000 laser scanning
confocal fluorescence microscopy.

2.5.2. Flow cytometric analysis—The quantitative cellular uptake of various DOX
formulations by Raji cells was analyzed by flow cytometry. Briefly, 3x10° Raji cells were
incubated with DOX-HCI, DOX-PEG®K-CAg or DOX-PEGZK-CA, at different DOX
concentrations (1, 3 and 9 uM) for 30 min or 2 h at 37 °C, respectively. Then, the cells were
washed with cold PBS three times and resuspended in PBS for the flow cytometry analysis
using the FACScan (Becton Dickinson, San Jose, CA). Cell-associated DOX was excited
with an argon laser (488 nm), and fluorescence was detected at 560 nm. 10, 000 events were
collected for each sample.

2.6 In vitro cytotoxicity assay

The MTS assay was used to evaluate the effects of DOX-loaded micellar NPs on the cell
viability against both T and B lymphoma cell lines. MOLT-4, Jurkat, Raji and Ramos cells
were seeded in 96-well plate at the cell densities of 4 x 103 cells/well, respectively. After
overnight incubation, the cells were treated with different concentrations of DOX-HCI,
Doxil®, and DOX-loaded micelles, as well as the equivalent doses of blank micelles. After
72 h incubation, CellTiter 96® Aqueous Cell Proliferation Reagent, which is composed of
MTS and an electron coupling reagent PMS, was added to each well according to the
manufacturer's instructions. The cell viability was determined by measuring the absorbance
at 490 nm using a microplate reader (SpectraMax M2, Molecular Devices, USA). Untreated
cells served as a control. Results were shown as the average cell viability
[(ODyrear—ODplank)/(ODgontrol—ODplank) X100%] of triplicate wells.

2.7 Maximum tolerated dose (MTD) studies

Healthy female SPF BALB/c mice were administered intravenously with DOX-HCI or
DOX-PEG2K-CA4 (3 mg/ml DOX in 20 mg/ml PEGZK-CA, telodendrimer) at the dose of 5,
10, 15, 20 and 30 mg DOX/kg body weight, respectively (n = 4). Mice survival and body
weight change were monitored daily for two weeks. The MTD was defined as the allowance
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of a median body weight loss of 15% and causes neither death due to toxic effects nor
remarkable changes in the general signs within two weeks after administration.

2.8 Pharmacokinetics and biodistribution studies

Various DOX formulations (DOX-HCI, DOX-PEG®X-CAg and DOX-PEGZK-CA,) were
injected into female BALB/c mice via tail vein at a dose of 10 mg/kg body weight,
respectively (n = 4 for each group). At different time points (3 min, 8 min, 15 min, 30 min, 1
h, 2 h, 4 h, 8 h, and 24 h) post-injection, blood was collected in a heparinized tube. The
blood was separated by centrifugation and plasma was isolated for the analysis. Twenty
microliters of plasma were added to 180 pL of extraction buffer (10% Triton X-100,
deionized water, and acidified isopropanol (0.75 N HCI) with 1:2:15 volumetric ratio), and
DOX was extracted overnight at —20 °C. Standard curves for DOX drug in blood were
generated by the addition of free DOX with different concentrations to whole blood
followed by extraction and quantification. The fluorescence of the supernatant was
determined at excitation/emission of 470/590 nm to calculate DOX concentration. Non-
compartmental pharmacokinetic analysis was done using Microsoft Excel 2008 version
12.2.9 (Seattle, WA). The area under plasma concentration (AUC) versus time curve from
time zero to the time of the last measurable drug concentration (AUC.¢) was calculated
using the linear trapezoidal rule. The extrapolated AUC from last measurable timepoint to
infinity (AUC;jn¢), was calculated by dividing the last measurable plasma concentration by
elimination rate constant of the terminal phase (kg). The half-life of the terminal phase (t1/,)
was calculated by In(2)/ke. Total body clearance (CI) was calculated as dose divided by
AUC_ijns and adjusted for body weight.

In another set of experiment, DOX-HCI, DOX-PEG®K-CAg and DOX-PEGZK-CA, micelles
were intravenously injected into Raji lymphoma bearing mice at the dose of 10 mg DOX/kg,
respectively (n = 4). At 16 h post-injection, major organs (heart, liver, spleen, lung and
kidney) and tumor tissue were harvested from the mice. 100 mg tissues were mixed with
900 pL extraction buffer, and homogenized using POLYTRON® PT 10-35 homogenizer
(Kinematica, AG, Littau/Lucerne, Switzerland). DOX was extracted overnight at —20 °C
using the same method mentioned above. The samples were centrifuged at 3000 rpm for 5
min after sufficient mixing, and the supernatant was used for the fluorescence measurement.
The recovery standard curve for each tissue was separately generated by mixing different
concentration of free DOX with different tissues followed by extraction and quantification.
The biodistribution data was expressed as the % injected dose per gram tissue.

2.9 NIRF optical imaging

NIRF dyes (DiD or BODIPY650/665) fluorescently labeled micelles and free DiD in 100 pL
PBS were injected into lymphomas bearing nude mice via the tail vein, respectively (n = 3).
At different time points (1 h, 2 h, 4 h, 8 h, 24 h and 48 h) post-injection, mice were scanned
using a Kodak multimodal imaging system 1S2000MM with the excitation at 625 nm and
the emission at 700 nm. The mice were anaesthetized by intraperitoneal injection of
pentobarbital (60 mg/kg) before each imaging. All animals were euthanized by CO,
overdose at 24 h or 48 h after injection. Tumors and major organs were excised and imaged
with the Kodak imaging station. For the histological evaluation, excised tumors were frozen
in O.C.T. (cryo-embedding medium) at 80 °C. The corresponding slices (10 um) were then
prepared with a Zeiss Microm HM500 microtome cryostat (Zeiss, Walldorf, Germany), air-
dried for 30 min and fixed with 4% paraformaldehyde for 10 min. The nuclei were stained
with DAPI, and the slides were mounted with coverslips and imaged with an Olympus
F\V1000 confocal fluorescence microscopy.
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2.10 In vivo anti-cancer efficacy study

Subcutaneous Raji lymphoma xenograft mouse model was used to evaluate the therapeutic
efficacy of different DOX formulations. When tumor volume reached 150-300 mm3, mice
were intravenously administrated with PBS, DOX-HCI, Doxil®, DOX-PEGX-CAg and
DOX-PEG2X-CA, at the dose of 10 mg/kg DOX equivalent (MTD of free DOX),
respectively (n = 5-8). The treatment was given every four day on days 0, 4 and 8 for total
three doses. Tumor sizes were measured with a digital caliper twice per week. Tumor
volume was calculated by the formula (LxW?)/2, where L is the longest, and W is the
shortest in tumor diameters (mm). To compare between groups, relative tumor volume
(RTV) was calculated at each measurement time point (where RTV equals the tumor volume
at given time point divided by the tumor volume prior to initial treatment). For humane
reasons, animals were sacrificed when the implanted tumor volume reached 2000 mm3,
which was considered as the end point of survival data. At day 7 after the last dosage, blood
samples were obtained from all the mice for the measurement of blood cell counts, serum
chemistry including alanine aminotransferase (ALT), aspartate aminotransferase (AST),
blood urea nitrogen (BUN), and markers of cardiotoxicity such as creatine kinase (CK) and
lactate dehydrogenase (LDH). One mouse from each group was also sacrificed, and its heart
was submitted for histopathology evaluation.

2.11 Statistical analysis

The level of significance in all statistical analyses was set at a probability of P < 0.05. Data
are presented as means + standard error (SEM). Statistical analysis was performed by
Student's t-test for comparison of two groups, and one-way analysis of variance (ANOVA)
for multiple groups, followed by Newman-Keuls test if overall P < 0.05.

3. Results and discussion

3.1 Preparation and characterization of DOX-loaded PEG®K-CAg and PEG2K-CA4 micelles

The chemical structure of PEG2X-CA, telodendrimer, with four dendritic cholic acid
molecules attached to one terminus of linear PEG chain (2k), is shown in Fig. 1A.
PEGZKCA, and PEG®K-CAg telodendrimers were synthesized via stepwise solution-phase
condensation reactions using MeO-PEG-NH,, lysine and cholic acid as building blocks,
respectively. As previously reported [13], the chemical structures of both telodendrimers
were determined by TH-NMR spectrometry, and their molecular weights were analyzed
using MALDI-TOF mass spectrometry. The monodispersed mass traces were detected for
both telodendrimers and their molecular weights obtained from both NMR and MALDI-
TOF measurements were very similar to the theoretical values, indicating their well-defined
structures.

Both PEG®K-CAg and PEG2K-CA, telodendrimers are able to self-assemble in aqueous
solution to form core/shell micellar NPs with the particle size of around 16 nm and 10 nm,
respectively (Fig. 1B). Using the dry-down method, both telodendrimers can efficiently
encapsulate some hydrophobic drugs such as PTX into the core of micelles with relatively
high loading capacity (up to 7.3 mg/ml PTX in 20 mg/ml telodendrimer) [11]. However, in
the present study, PEG2K-CA, telodendrimer has been shown to have relatively higher drug
loading content and encapsulation efficiency (EE) for DOX, compared to PEG®-CAg
telodendrimer. As summarized in Table 1, the EE of DOX in PEG°K-CAg micelles was 91%
when the feeding amount of DOX/telodendrimer (wt/wt) was < 5%, whereas it decreased to
78% and 55%, when the feeding amount increased to 10% and 15%, respectively. In
contrast, the EE of DOX into PEG2K-CA, micelles was almost 100% when DOX feeding
amount was < 15%, and gradually decreased as the feeding amount was increased. It should
be noted that DOX loading capacity of PEG2K-CA4 micelles is superior to Doxil® (2 mg/ml)
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and other reported micelle formulations such as PEGylated PLGA NPs (< 5% DOX/
polymer, w/w) [1]. After DOX was loaded into micelles solution, the IH NMR signals of
drug and hydrophobic oligocholane of the telodendrimers were significantly suppressed in
D,0, which indicated the formation of solid core of the aggregates for both PEG°K-CAg and
PEGZK-CA, micelles (Supplementary, Fig. S-1). In addition, no free DOX signals were
observed in the proton NMR spectra of the DOX-loaded micelles, indicating the negligible
concentration of free DOX existing in the micelles solutions. Subsequent 1H NMR spectra
obtained for the DOX-loaded micelle samples after one month's storage at 4 °C were
identical to those obtained previously, with the absence of free DOX signals, which further
suggested the overall stability of the micelles, particularly in their capability of retaining
DOX. The differential loading capacity of PEG®K-CAg telodendrimer micelles for PTX and
DOX may be explained by the miscibility and interactions between cargo and nanocarriers,
including hydrogen bonding, electrostatic interaction and dipole-dipole interaction [16].
However, given that PEG®K-CAg and PEG2K-CA4 micelles have the same chemical
components, the differential DOX loading capacity and stability may be caused by the
difference in the thermo-dynamic character of the drug-loaded system, including the
hydrophilic-lipophilic balance (HLB) [17] and the molecular weight of the telodendrimers.
To further understand this micellar system, a combination of experimental and theoretical
studies such as molecular dynamics analysis will be needed.

The morphology and particle size distribution of DOX-loaded micelles were characterized
by TEM and DLS, respectively. The particle sizes of DOX-loaded PEG®K-CAg and PEG2X-
CA4 micelles were in the range of 10-20 nm in diameter, when their DOX loading content is
lower than 5% and 15%, respectively. TEM image (Fig. 1D) showed that DOX-loaded
PEGZK-CA, micelles (3 mg/ml DOX in 20 mg/ml PEGZK-CA, telodendrimer) were
spherical, with an average diameter of around 15 nm, which was consistent with the results
obtained from the DLS particle sizer (Fig. 1C).

The release profiles of DOX from DOX-loaded micelles were determined by dialysis against
PBS at 37 °C. As shown in Fig. 2A, 90% of free DOX diffused out of the dialysis cartridge
within the first 4 hours. In contrast, the rate of DOX release was considerably slowed down
by the micelle encapsulation. The DOX release patterns from both DOX-loaded micelles
were biphasic, with the initial fast release of DOX (approximately 50% from DOX-PEG®X-
CAg, and 35% from DOX-PEGZ-CA,) during the first 6 hours, followed by the slow linear
release in the next 7 days. However, the DOX release rate from DOX-PEG2K-CA, micelles
was significantly slower than that from DOX-PEG®K-CAg micelles. Even after one week,
DOX-PEG2K-CA4 micelle solution still had deep red color indicative of DOX remained in
the dialysis cartridge (Supplementary, Fig. S-2), suggesting more sustained drug release
feature of DOX-PEGZK-CA4 micelles. The slower DOX release rate from DOX-PEGZ-CA,
micelles also reflects their better stability and stronger interaction between the nanocarrier
and DOX drug [18].

The stability of DOX-loaded micelles was monitored by the DLS particle sizer. Both DOX-
PEG®K-CAg and DOX-PEGZK-CA, micelles (2 mg/ml DOX in 20 mg telodendrimer) were
found to be very stable at 4 °C for over one month, with no significant change in particle
sizes. To further test their stability in the physiological condition, both DOX-loaded micelles
and Doxil® were incubated with 50% FBS for up to 72 h at 37 °C. DOX-PEG?K-CA,
micelles as well as Doxil® were able to maintain their initial particle sizes over 72 h
incubation in the presence of 50% FBS. However, DOX-PEG®K-CAg micelles started to
form bigger aggregates (around 300 nm) after a 6-hour of incubation with 50% FBS (Fig.
2B). The above results suggest that the DOX-PEG2K-CA, formulation may exhibit higher in
vivo stability than the DOX-PEG®K-CAg formulation.

J Control Release. Author manuscript; available in PMC 2012 October 30.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Xiao et al. Page 9

3.2 Cellular uptake and intracellular distribution of DOX-loaded micelles

The intracellular uptake and localization of free DOX and DOX-loaded micelles in Raji cells
were first investigated using confocal fluorescence microscopy. At 30 min after incubation,
DOX fluorescence from both free DOX and DOX-loaded micelles were mainly distributed
in the cytoplasm with slight fluorescence in the nuclear region (Fig. 3A). Interestingly, some
dot-shape fluorescent foci were observed at the perinuclear region of the cytoplasm in the
cells treated with DOX-loaded micelles, but not in the cells treated with free DOX. Similar
observation was also reported by Shuai and coworkers in the MCF-7 cells incubated with
DOX-loaded PEG-PCL (poly (e-caprolactone)) micelles [19]. These fluorescent foci are
probably due to the micelles trapped in the endocytic vesicles (i.e. endosomes and
lysosomes) upon cellular uptake. This suggests that the endocytosis pathway is likely to be
involved in the internalization process of DOX-loaded micelles in this study, which is
different from the diffusion pathway of free DOX. At 2 hrs after incubation, the majority of
DOX were transported into the nuclei as indicated by the weak DOX fluorescence in the
cytoplasm, although some perinuclear cytoplasmic fluorescent foci did remain in the DOX-
PEGZK-CA, treated sample, as shown in Fig. 3B. This indicated that DOX was released
from micelles in the endocytic compartments with a much faster rate than the in vitro release
study. The mechanism of faster intracellular drug release from those micelles is still unclear.
The complexity of intracellular environment, e.g. lower pH, and the presence of many
enzymes in the endosomes and lysosomes likely plays an important role.

The uptake efficiencies of various DOX formulations by Raji cells were further quantified
by the flow cytometric analysis. The cellular uptake of each DOX formulation was in
concentration- and time- dependent manners (Fig. 3C and D). However, the micellar
formulations were demonstrated to have higher cellular uptake than free DOX. For
examples, when Raji cells were incubated with 1 uM of various DOX formulations for 2 h,
the median fluorescence intensity (MFI) of cells treated with DOX-PEG®K-CAg and DOX-
PEG2K-CA, micelles were 1.8-fold and 1.9-fold higher than that of free DOX, respectively.
Anthracycline drugs such as DOX have been proven to be P-glycoprotein (P-gp) substrates
[20]. P-gp could efflux drugs out of tumor cells, contributing to multiple drug resistance
(MDR) in tumor cells [21]. Several types of NPs drug delivery systems including polymeric
micelles have demonstrated to be able to overcome MDR by preventing the drug efflux
mediated by P-gp [22-24]. Therefore, the enhanced cellular uptake of DOX-loaded micelles
demonstrated in this study suggests that our micellar formulations might prevent the
extracellular efflux of DOX and overcome the DOX-associated MDR.

3.3 In vitro cytotoxicities

Cytotoxicities of blank and DOX-loaded micelles, free DOX and Doxil® against T-cell
lymphoma cell lines (Jurkat and MOLT-4) and B-cell lymphoma cell lines (Raji and Ramos)
after 72 h continuous exposure were determined by MTS assay. As shown in Fig. 4 and
supplementary Fig. S-3, no obvious cytotoxic effects were observed with blank PEG®K-CAg
and PEG2K-CA4 micelles at the tested concentrations. However, both DOX-loaded micelles
showed similar cytotoxicities against both T and B lymphoma cells compared with free
DOX and Doxil®, with the ICsq values ranging from 20 to 50 ng/ml DOX.

3.4 MTD study

Dose-finding studies were conducted to establish the MTD for DOX-loaded micelles in non-
tumor bearing female BALB/c mice. Four mice per group were injected intravenously with a
single dose of either free DOX or DOX-loaded PEG2X-CA4 micelles at a dose range of 5-30
mg/kg. There were no obvious body weight loss and other toxicity signs in the mice treated
with DOX-PEG2X-CA4 micelles at the doses of 5-10 mg DOX/kg throughout the
experiment (Supplementary, Fig. S-4). Only moderate body weight loss (< 10%) was found
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in mice treated with 15 mg/kg of DOX-PEGZK-CA, micelles during the first week of
treatment, which was completely recovered at the end of the second week. In contrast, 15
mg/kg of free DOX caused a sharp decrease (> 15%) in the body weight, and resulted in the
death of all the animals in this group (Supplementary, Table S-1). Although the mice treated
with lower than 10 mg/kg of free DOX survived with moderate body weight loss. Therefore,
the MTD of DOX-PEG2K-CA, micelles and free DOX in BLAB/c mice are approximately
15 mg/kg and 10 mg/kg, respectively. The MTD of free DOX reported here is also
consistent with previous results (8—-12 mg/kg) from several independent studies [9, 25, 26].
Whereas, the MTDs of Doxil®, a very stable nanoformulation of DOX, were reported to be
only comparable or even lower than that of free DOX, respectively in dogs and mice [27,
28]. In this study, the 1.5-fold higher of MTD for DOX-PEG2K-CA, micelles compared to
free DOX is likely related to the prolonged circulation time and the controlled drug release
property, as well as the improved biodistribution profile of the micellar formulation.

3.5 Pharmacokinetics and biodistribution

Free DOX, DOX-PEG®K-CAg and DOX-PEG2K-CA, at the dose of 10 mg/kg were
administered intravenously into tumor-free BALB/c mice, respectively. The blood were
collected and extracted for the DOX fluorescence measurement at different time points [1].
A standard curve of DOX in blood was generated by the extraction and measurement of
predetermined concentrations of DOX in the blood, and there was a good linear correlation
(RZ = 0.9994) between the fluorescence intensity and the DOX concentration in the range of
0.39-100 pg/ml (Supplementary, Fig. S-5A). As shown in Fig. 5A, when compared to free
DOX, both DOX micellar formulations significantly increased the retention time of DOX in
the blood. The pharmacokinetic parameters were summarized in supplementary Table S-2,
and the results revealed that the administration of the micellar formulations DOX-PEG®K-
CAg and DOX-PEG2ZX-CA, resulted in substantially higher Cyax and AUC compared to free
DOX. The AUCy.i;s of DOX-PEG®X-CAg and DOX-PEGZK-CA, were 10-fold and 14-fold,
respectively higher than that of free DOX, whereas the V4 and CL were significantly lower
than that of free DOX, suggesting the prolonged blood circulation property of the micellar
DOX formulations.

In another set of experiment, various DOX formulations at the dose of 10 mg/kg body
weight were injected intravenously into Raji lymphoma bearing mice, respectively. The
recovery standard curve for each tissue is present in supplementary Fig. S-5 (B-G). A strong
linear correlation between DOX concentration and fluorescence intensity was found in each
tissue, with the correlation coefficient (R2) in tumor, heart, liver, spleen, lung, and kidney
being 0.9983, 0.9978, 0.9827, 0.9992, 0.9999 and 0.9957, respectively. At 16 h post-
injection, major organs and tumor tissue were excised for the measurement of DOX amount.
Data in Fig. 5B demonstrated that both micellar formulations significantly enhanced the
accumulation of DOX into the tumor tissue, compared to free drug (P < 0.05). The DOX
uptake in the tumor tissue of mice treated with DOX-PEG°K-CAg and DOX-PEG2K-CA,
micelles were 2.0-fold, and 2.2-fold higher than that in the free DOX group, respectively.
The preferential tumor uptake of both DOX micellar formulations is likely due to the
prolonged circulation and the EPR effect. It was also noted that both micellar formulations
reduced significant amounts of drug distribution into the heart compared with free DOX,
which may lower the DOX-associated cardiotoxicity. It is not surprising that both micellar
formulations have relatively higher uptake in the liver and spleen compared with free DOX,
which could be explained by the nonspecific elimination of micellar NPs via the
reticuloendothelial system (RES) such as macrophage in the liver and spleen. However, liver
function tests were found to be normal in the following in vivo therapeutic studies
(Supplementary, Table S-4).
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3.6 NIRF optical imaging

NIRF dyes with high penetration, low tissue absorption and scattering enable the deep tissue
imaging [29]. To track the in vivo fate of the payload or the nanocarriers, NIRF dye DiD or
BODIPY 650/665 was either physically encapsulated into the micelles or chemically
conjugated to the telodendrimer, respectively [30]. The in vivo optical images in Fig. 6A
demonstrated that DiD-loaded PEG2K-CA4 micelles were able to gradually accumulate at the
Raji tumor starting at 1 h after intravenous administration, and the micellar NPs were
retained in the tumor throughout the 48 h period. In contrast, no obvious tumor
accumulation was observed all the time in the mice injected with free DiD dye. At 48 h post-
injection, all tumors and other major organs were excised for ex vivo NIRF imaging to
determine the tissue distribution of NPs. As shown in Fig. 6B, DiD-loaded PEG2X-CA4
micelles mainly accumulated in the tumor tissue, with significantly higher fluorescence
signal than other normal organs, whereas in the mice treated with the free DiD, DiD was
mainly taken up by spleen and lung, instead of the tumor. The preferential tumor uptake of
DiD-loaded PEGZK-CA, micelles in the NIRF optical imaging study correlates very well
with the above biodistribution results of DOX-PEG2X-CA4 micelles.

To simultaneously monitor the in vivo fates of both DOX drug payload and the
telodendrimer carrier, BODIPY650/665 dye chemically conjugated PEG®-CAg micelles
loaded with DOX were intravenously injected into the nude mice bearing B-cell lymphoma
(Raji and Ramos) and T-cell lymphoma (MOLT-4), respectively. The in vivo and ex vivo
NIRF optical images at 24 h post-injection demonstrated that DOX-loaded BODIPY 650/665
labeled PEG®K-CAg micelles could predominantly accumulate in B-cell lymphomas such as
Raji and Ramos (Supplementary, Fig. S-6A and B). However, the uptake of PEG>-CAg
micelles in the MOLT-4 T-cell lymphoma was relatively low (Supplementary, Fig. S-6C).
This could be attributed to the insufficient “leaky” vasculature network in the MOLT-4
tumor as demonstrated in our previous study [30], which is essential for the EPR effects of
NPs in tumors. The microscopic analysis further demonstrated that the majority of micellar
NPs were able to penetrate deep into the tumor, and efficiently release the DOX payload
from the micelles after their permeation from the blood vessels. This is evidenced by the
strong BODIPY650/665 fluorescence from the micellar carrier especially in the perivascular
region, and the even distribution of DOX fluorescence throughout the tumor tissue in Raji
lymphoma (Supplementary, Fig. S-6D).

3.7 In vivo therapeutic study

The anti-tumor activities of DOX micellar formulations were evaluated in the subcutaneous
Raji lymphoma mouse model in comparison with the clinical formulations of DOX. Free
DOX, Doxil®, DOX-PEG®K-CAg and DOX-PEG2K-CA, micelles at the equivalent DOX
dose of 10 mg/kg (MTD of free DOX), as well as PBS control were administered
intravenously into Raji lymphoma bearing mice every four days on days 0, 4, and 8,
respectively (n = 5-8). The tumor growth inhibition and survival rate of mice in different
groups were compared and the results are shown in Fig 7. Compared with the control group,
mice in all the DOX treatment groups showed significant inhibition of tumor growth (P <
0.05). However, the tumor growth rates of mice treated with both liposomal and micellar
DOX formulations were significantly lower (P < 0.05), compared to those in the free DOX
treatment group. It can be attributed to the higher amount of DOX that reached the tumor
site via the EPR effects for both liposomal and micellar NPs. More importantly, DOX-
PEG2ZK-CA, micelles exhibited even better tumor growth inhibition (P <0.05) than both
DOX-PEG®k-CAg micelles and Doxil®. For example, by day 28, the median RTV was 9.9
for mice treated with free DOX, while the RTVs for mice treated with Doxil®, DOX-
PEG®K-CAg and DOX-PEGZK-CA, micelles were 7.6, 7.7 and 6.8, respectively. Compared
to Doxil®, the superior tumor inhibition of DOX-PEG2X-CA4 micelles could be partially
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explained by the deeper penetration capability throughout the tumor tissue due to their
significantly smaller particle sizes (12 nm VS 140 nm) when reaching the tumor site via
efficient EPR effect. Compared to DOX-PEG®K-CAg micelles, DOX-PEG2K-CA4 micelles
have relatively longer retention time and slower drug release rate as demonstrated earlier,
which may facilitate the delivery of more DOX drugs to the tumor site, resulting in the
improved anti-tumor efficacy. The survival rate of mice in each group is presented by the
Kaplan-Meier survival curve, respectively (Fig. 7B). In general, compared to PBS control,
all the DOX formulations significantly prolonged the survival rates of tumor bearing mice.
However, mice treated with DOX-PEG2K-CA, micelles achieved the longest survival time
among all the DOX formulations. The median survival time of mice in the group of PBS
control, free DOX, Doxil®, DOX-PEG®K-CAg and DOX-PEGZK-CA, micelles was 20, 32,
36.5, 36 and 41 days, respectively. Such observations are also consistent with the above
tumor growth inhibition result, owing to more efficient in vivo delivery of DOX to cancer
cells via PEG2K-CA, micelles, compared to free DOX and other nanoformulations in this
study.

The toxicities of all the treated mice were monitored by the body weight change, blood cell
counts and serum chemistry including hepatic and renal function panels as well as cardiac
enzymes. Compared to PBS control group, mice given all the DOX formulations exhibited
initial body weight loss to varying extent, followed by the recovery of body weight one
week after the end of treatment (Fig. 7C). However, the body weight loss of mice in the free
DOX group was significantly higher than other DOX nanoformulation groups (P < 0.05),
leading to one death on day 16. One week after the last dose of DOX formulations, blood
samples were collected on day 15 for blood cell counts and serum chemistry analysis.
Compared to PBS control group, the WBC count in free DOX group significantly decreased
(P < 0.05), whereas the WBC counts in all the DOX nanoformulations groups were within
the normal range (Supplementary, Table S-3). The hepatic and renal function tests including
ALT, AST and BUN were within the normal ranges for all the groups (Supplementary,
Table S-4). Importantly, encapsulation of DOX in the micellar NPs was found to decrease
the cardiotoxicity compared with free drug. Serum CK and LDH levels are two of well-
characterized markers for cellular damage in a variety of cardiac disease models. The
induction of CK and LDH enzymes in the serum of mice treated with free DOX was
significantly increased (P < 0.05), compared with untreated mice (Fig. 8). However, when
mice were treated with DOX-loaded micelles, both serum CK and LDH levels were not
significantly different from the PBS control group (P > 0.05), but significantly lower than
those in the group treated with free DOX (P < 0.05). The decreased cardiotoxicity of DOX
micellar formulations can be attributed to the reduced uptake in the heart, as demonstrated in
the above in vivo biodistribution study. Although there were no significant findings in the
histological examination of the heart at one week after completion of treatment, it is likely
that the short follow-up time was not sufficient to discern major histological changes.

A high-affinity and high-specificity peptidomimetic ligand (LLP2A,; 1Csq = 2 pM) against
both T- and B- cell lymphomas has been identified through screening the one-bead one-
compound (OBOC) combinatorial libraries in our laboratory [29]. It is expected that the
decoration of our telodendrimer micelle system with LLP2A targeting ligand will further
enhance the tumor accumulation and anti-cancer efficacy of delivered drugs, while reducing
the side effects. The physicochemical characterization, in vitro and in vivo therapeutic
efficacy of LLP2A-targted micelle system for the treatment of lymphoma are currently
being investigated in our laboratory.
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4. Conclusion

PEG-oligocholic acid telodendrimer micellar system has been successfully applied for the
efficient delivery of DOX in the treatment of B-cell lymphoma. Compared with the
conventional PEG®K-CAg micelles reported previously, PEG2K-CA, micelles exhibited
higher drug loading capacity for DOX, better stability in physiological condition, and much
slower drug release profiles. Both DOX-loaded micellar formulations were able to be
efficiently taken up by Raji lymphoma cells via the endocytosis pathway, which may
overcome the MDR. Both DOX-loaded micelles exhibited similar in vitro cytotoxicity with
free DOX. Compare to free DOX, DOX-loaded micelles (especially DOX-PEGZX-CA,) had
prolonged blood residence time, and preferential uptake in B-cell lymphoma via the EPR
effect. Furthermore, the MTD of DOX-PEGZK-CA, was found to be 1.5-fold higher than that
of free DOX, suggesting that the micellar formulation is more tolerated. Finally, DOX-
PEGZK-CA, micelles were demonstrated to be more efficacious than the equivalent dose of
free DOX and liposomal DOX formulation (Doxil®) in Raji lymphoma bearing mice, and
significantly reduced the DOX-associated cardiotoxicity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(A\) the chemical structure of PEGZK-CA, telodendrimer; Particle size distribution of blank
(B) and DOX-loaded PEG?K-CA micelles (C) obtained by DLS; (D) TEM image of DOX-
loaded PEG2K-CA4 micelles. DOX loading level was 3 mg/ml DOX in 20 mg/ml PEG2X-

CA, telodendrimer.
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Fig.2.

(A) Cumulative DOX release profiles from free DOX and DOX-loaded micelles measured
by dialysis against PBS with activated charcoal at 37 °C. (B) DLS measurement of particle
size change of DOX-loaded micelles, and Doxil® in 50% FBS over time at 37 °C. DOX
loading level was 2 mg/ml DOX in 20 mg/ml telodendrimer, respectively.
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Fig.3.

Confocal images of Raji cells incubated with 10 uM of free DOX and DOX-loaded micelles
for 30 min (A) and 2 h (B); Quantitative analysis of cellular uptake of various DOX
formulations by Raji cells after 30 min (C) and 2 h (D) incubation via flow cytometry.
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Fig.4.

The cell viability of Raji lymphoma cells after 72 h of incubation with blank and DOX-

loaded micelles, compared with free DOX and Doxil®.

J Control Release. Author manuscript; available in PMC 2012 October 30.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Xiao et al.

Page 20

z

307 R DOX WEEE DOX-PEG*CA, [EEE DOXPEG*CA,

S
S
'y
N
o
i

» DOX 10 mg/kg
+ DOX-PEG®*-CAg 10 mg/kg
+ DOX-PEG?*-CA, 10 mg/kg

w
=3
ry
N
S
I

-
o
1

»n
o
T

% injected dose/ml serum
3

-
=3
X

54

% injected dose/g tissue 00

$
Q'
&

A &
N
Time (h) Q@

Fig.5.

Pharmacokinetics (A) and biodistribution data (B) of free DOX and DOX-loaded micelles
given intravenously at a dose of 10 mg/kg in mice.
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Fig.6.

In vivo (A) and ex vivo (B) NIRF optical images of Raji lymphoma bearing mice injected
intravenously with free DiD dye and DiD-loaded PEGZK-CA, micelles, respectively. Tumors
and major organs were excised for ex vivo imaging at 48 h post-injection.
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Fig.7.

In vivo anti-tumor efficacy (A), Kaplan-Meier survival curve (B) and body weight changes
(C) after intravenous treatment of different DOX formulations (10 mg/kg, three doses) in
Raji lymphoma bearing mice (n = 5-8).
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Fig.8.

Serum creatine kinase (CK) (A) and lactate dehydrogenase (LDH) (B) on day 7 after the last
dosage of different DOX formulations in Raji tumor bearing mice. Each data point is
represented as mean + SEM. * P < 0.05.
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