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Abstract
Current clinical and preclinical anticancer formulations are limited by their use of toxic excipients
and stability issues upon combining different drug formulations. We have found that poly(ethylene
glycol)-block-poly(d,l lactic acid) (PEG-b-PLA) micelles can deliver multiple poorly water-soluble
drugs at clinically relevant doses. Paclitaxel (PTX), etoposide (ETO), docetaxel (DCTX) and 17-
AAG were solubilized individually in PEG-b-PLA micelles. Combinations of PTX/17-AAG, ETO/
17-AAG, DCTX/17-AAG and PTX/ETO/17-AAG were also solubilized in PEG-b-PLA micelles.
PEG-b-PLA micelles were characterized in terms of drug loading, size, stability and drug release.
All anticancer agents in all combinations were all solubilized at the level of mg/mL and were stable
for 24 hours in the 2 and 3 drug combination PEG-b-PLA micelles. The stability of the 2 and 3 drug
combination PEG-b-PLA micelles was due to the presence of 17-AAG. In vitro, t1/2 values for 2 and
3 drug combination PEG-b-PLA micelles spanned 1-5 hrs. PEG-b-PLA micelles offer a promising
alternative for combination drug therapy without formulation related side effects.

1. Introduction
Polymeric micelles are nanoscopic core/shell structures usually formed through the self-
assembly of amphiphilic block copolymers (ABCs) (1). ABC micelles have a hydrophobic
core surrounded by a hydrophilic outer shell. The inner core can be used as a storage site for
poorly water-soluble drugs and can act as a nano-depot for these agents. This drug loaded inner
core is protected by a biocompatible hydrophilic outer shell. Furthermore, heterogeneous
functionalities can be introduced in each domain to facilitate drug loading and targeting. Over
the past few years, ABC micelles have been used as drug carriers for poorly water-soluble
drugs that result in improved pharmacokinetics (PK) for these drugs. These properties along
with a proven safety record in humans has lead to a research spurring it as an alternate to
commercial anti-cancer formulations (1-4). Examples of poorly water-soluble drugs in recent
studies involving ABC micelles include amphotericin B, cyclosporin A, 4-
hydroxyphenylretinamide, irinotecan, paclitaxel (PTX), propofol, and rapamycin (5-11).
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Poorly water-soluble drugs like anticancer agents in preclinical development, e.g. 17-
allylamino-17-demethoxygeldanamycin (17-AAG), and many in clinical practice, e.g. PTX,
docetaxel (DCTX), and etoposide (ETO), require safe vehicles for drug solubilization and IV
infusion. However, vehicles for IV drug infusion are often toxic, e.g. Cremophor EL (CrEL),
and hamper progress in combination drug therapy involving poorly water-soluble anti-cancer
agents. Combination therapy with current excipients runs the risk of precipitation and additive
or synergistic toxicity caused by two or more vehicles for drug solubilization, e.g. CrEL for
PTX and DMSO/lipid for 17-AAG. Hypersensitivity reactions occur in approximately 40% of
patients that receive CrEL and PTX despite pre-medication with corticosteroids and histamine
antagonists. CrEL-induced hypersensitivity reactions cause discontinuation of drug therapy,
and are life-threatening in 1-3% of patients even with pre-medication with corticosteroids and
histamine antagonists (12). Other serious toxicities associated with CrEL use include
nephrotoxicity and neurotoxicity (13-15). In preclinical research, intraperitoneal injection of
Taxol® and 17-AAG in rapid succession results in swift deaths in mice, mandating a 20 min
separation of injections for combination drug therapy (16). It is noted that the most common
grade 2 toxicity associated with a 1-or 1.5-hr IV infusion of 17-AAG/DMSO/lipid was bad
odor and nausea in a Phase II clinical trial for melanoma (17). In a phase I clinical trial involving
17-AAG and trastuzumab, grade 3 hypersensitivity reactions in two patients associated with a
2-hr IV infusion of 17-AAG/CrEL/propylene glycol/ethanol resulted in discontinuation in the
clinical trial despite pre-medication, noting a partial response in one of the patients (18).

Common IV formulations for anticancer agents include the use of CrEL and ethanol for PTX,
ethanol and polyoxyethylene sorbitan monooleate (Tween 80) for DCTX (19) and Tween 80
for ETO (20). As noted, 17-AAG is a poorly water soluble and required DMSO/lipid or CrEL
for administration in phase I/II clinical trials (21). Thus, there is a clear need to find alternate
formulations and vehicles to deliver these agents without contributing to the side effects
experienced by patients on chemotherapy.

PEG-b-PLA, an ABC, assembles readily in water into micelles and has been shown to raise
the solubility of PTX from approximately 1 μg/mL to 10 mg/mL (9). PEG-b-PLA is less toxic
than CrEL. However, a recent phase II clinical trial in metastatic breast cancer patients showed
that PTX dosed as part of PEG-b-PLA micelles, without pre-medication with corticosteroids
and histamine antagonists, does induce hypersensitivity reactions, albeit less severely than
CrEL. PEG-b-PLA micelles increase the maximum tolerated dose of PTX in humans in
comparison to CrEL, enhancing its anti-tumor efficacy (22). There is also evidence that PEG-
b-PLA micelles impart linear PK for PTX, strongly contrasting with CrEL that induces a non-
linear PK profile for PTX, i.e. lowering its clearance with dose escalation (12). Using these
PEG-b-PLA micelles to raise the solubility of various anti-cancer agents is a potential delivery
option, facilitating ease of entry into clinical trials in the cancer arena.

However, due to the heterogeneity of cancer cells as well as acquired drug resistance, single
agent therapy is limited and combination chemotherapy has become a standard regimen to treat
cancer patients. To be specific, drug combinations are beneficial in the view of retarding
occurrence of resistant cell lines and wide coverage against multiple cell lines, resulting in
maximum cell killing effect within acceptable toxicity (23). Synergistic drug combinations
produce an even greater response rate or survival time than is possible with each drug used
alone at its optimum dose. For example, 17-AAG, a prototype Hsp90 inhibitor had synergistic
effects with a broad range of anticancer agents in different tumor cell lines (21,24). 17-AAG
causes a remarkable combinatorial depletion of multiple oncogenic proteins, e.g. Akt, ErbB-2,
and Hif-1α, causing a blockage of cancer-causing and survival pathways, and there is keen
interest in the combination of chemotherapy and 17-AAG (25).
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In the case of 17-AAG and PTX it has been shown that 17-AAG sensitizes cancer cells to
apoptosis induced by PTX, a mitotic inhibitor with anti-neoplastic activity, when the drugs are
given together or when 17-AAG treatment was followed by exposure to PTX (26,27). The
combination of these two drugs was synergistic in different cancer cell lines and in mice (16,
25,26,28). Additionally in mice bearing H358 human non-small cell lung cancer xenografts
PTX cytotoxicity was enhanced by 5-22 fold when combined with 17-AAG (29). The
combination of PTX and 17-AAG was also evaluated in humans and showed enhanced efficacy
and better tolerability profile as compared to PTX alone (30). In another case 17-AAG has also
enhanced the activity of ETO, a topoisomerase II inhibitor, in vitro and in vivo (31). The
combination of 17-AAG and ETO showed synergism in leukemia cells (32). Another study
demonstrated the combination of 17-AAG and ETO decreased the IC50 of ETO by 10 fold in
four different pediatric acute lymphoblastic leukemia cell lines (33).

However, despite the advantages of combination chemotherapy, one of the main problems
associated with clinical use is the complicated regimens that must be administered to patients.
As most anti-cancer drugs are poorly water-soluble and utilize toxic excipients to enhance their
solubility, combining two or three drugs can be challenging in clinical practice, owing to
compatibility and stability issues (23). Thus, using PEG-b-PLA micelles to rationally design
and deliver chemotherapeutic regimens instead of single anti-cancer agents might be a better
approach to overcome these formulation related and clinical challenges. In our previous work,
we successfully solubilized 17-AAG in PEG-b-PLA micelles (34). The PK profile of 17-AAG
in these micelles was similar to CrEL in rats, without the attendent toxicity observed with the
CrEL formulation (no deaths versus 35% mortality for CrEL) (34). Based on this platform our
goal is to create PEG-b-PLA micellar systems that can simultaneouly delivery multiple
anticancer agents, like PTXl, DCTX, or ETO by co-solublizing them with 17-AAG to generate
safer, more stable formulations for potentially synergistic combination chemotherapy (Fig. 1).

2.Materials & Methods
2.1. Materials

PEG-b-PLA (Mn PEG and PLA are 4.2 K and 1.9 K respectively, PDI = 1.05) was purchased
from Advanced Polymer Materials Inc (Montreal, CAN). Paclitaxel was obtained from LKT
laboratories Inc (St. Paul, MN). Docetaxel and 17-AAG was purchased from LC Laboratories
(Woburn, MA). Etoposide, DMSO-d6 and D2O were purchased from Sigma-Aldrich Inc (St.
Louis, MO). All other materials were obtained from Fisher Scientific Inc (Fairlawn, NJ). All
reagents were HPLC grade.

2.2.Methods
2.2.1.Preparation and characterization of drug-loaded PEG-b-PLA micelles—
Single drug micelles (SDM) were prepared by adding 2.0 mg of PTX, DCTX, ETO or 17-AAG
and 15 mg of PEG-b-PLA in a 5.0 mL round bottom flask. The drug-polymer mixture was
dissolved in 0.50 mL acetonitrile (ACN). The ACN was removed at 60 °C under reduced
pressure on a rotary evaporator resulting in the formation of a homogenous film. The drug-
polymer film was rehydrated with 0.50 mL of DD H2O at 60 °C with gentle agitation resulting
in a clear solution of drug loaded PEG-b-PLA micelles. The micellar solution was filtered using
a 0.45 μm filter, and the micelles were characterized in terms of size and loading by Dynamic
Light Scattering (DLS)and HPLC respectively.

PEG-b-PLA was also used to prepare multiple drug micelles (MDM) with different drugs
combinations of PTX/17-AAG, DCTX/17-AAG, ETO/17-AAG and PTX/ETO/17-AAG.
MDMs were prepared similarly to the SDMs by mixing 2.0 mg of each drug with 15 mg of the
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polymer. The procedure for the preparation and characterization of these micelles was identical
to the SDMs.

Drug(s) to polymer w/w percent was calculated for SDM and MDM. PEG-b-PLA micelles
were freeze dried, weighed and the amount of drug(s) in the freeze dried sample was quantified
by HPLC. The drug w/w percent was calculated as the mass of the drug(s)to the mass of polymer
in the freeze dried sample multiplied by 100.

2.2.2. Quantification of drug loading in SDM and MDM by reverse phase-HPLC
—The content of drug loaded in PEG-b-PLA micelles was quantified by reverse phase HPLC.
The HPLC system used for quantifying was a Shimadzu prominence HPLC system (Shimadzu,
JP), consisting of a LC-20AT pump, SIL-20AC HT autosampler, CTO-20AC column oven
and a SPD-M20A diode array detector. A sample of 10 μL was injected into a Zorbax SB-C8
Rapid Resolution cartridge (4.6×75mm, 3.5 micron, Agilent). The column temperature was
maintained at 40 °C throughout the run. Two HPLC methods were developed to quantify the
amount of the drug(s) loaded in PEG-b-PLA micelles. The first method was developed to
quantify PTX,DCTX and 17-AAG in SDM or MDM. The mobile phase was an isocratic
mixture of 45% ACN and 54% aqueous phase containing 0.1% phosphoric acid and 1%
methanol in DD H2O. The run time was 10 min, the flow rate was 1.0 mL/min and the detection
was at 227 nm for PTX and DCTX while 17 AAG was detected at 333 nm. The retention time
of 17-AAG, PTX, and DCTX were 5.6, 6.8 and 8.1 min, respectively, while the limit of
detection (LOD) of the three drugs by this method were 1.00, 0.52, and 0.43 μg/mL,
respectively. The second HPLC method was developed to quantify PTX, ETO and 17-AAG
in SDM or MDM. The mobile phase was a gradient mixture of ACN and aqueous phase
containing 0.1% phosphoric acid and 1% methanol in DD H2O. The run time was 15 min, the
flow rate was 1.0 mL/min and the detection was at 227 nm for PTX and ETO while 17-AAG
was detected at 333 nm. The retention time of ETO, PTX and 17-AAG were 3.3, 8.0 and 8.5
min respectively while LOD of the three drugs were 0.55, 0.47 and 0.43 μg/mL, respectively.
With both HPLC methods sample were injected twice and reproducible and rapid separation
of the drugs was achieved.

2.2.3.Dynamic Light Scattering (DLS) measurements of SDM and MDM—The size
of the micelles was determined by DLS using a ZETASIZER Nano-ZS (Malvern Instruments
Inc., UK) equipped with He-Ne laser (4mW, 633 nm) light source and 90° angle scattered light
collection configuration. The drug loaded micellar solutions were diluted 20 times with DD
H2O and the samples was equilibrated for 2 min at 25 °C before the measurements. Final PEG-
b-PLA concentration was approximately 1.5 mg/mL. The hydrodynamic diameter of PEG-b-
PLA micelles was calculated based on the Stokes-Einstein equation. Correlation function was
curve-fitted by cumulant method to calculate mean size and polydispersion index(PDI). All
measurements were repeated three times, and volume-weighted particle sizes were presented
as the average diameter with standard deviation.

2.2.4. Turbidity measurements of SDM and MDM—Turbidity measurements were used
to evaluate the physical stability of drug loaded PEG-b-PLA micelles. A CARY 50 BIO UV-
Visible spectrophotometer equipped with dip probe was used to measure turbidity. Micellar
solutions were diluted six times, for a final concentrion of PEG-b-PLA of 5 mg/mL, with DD
H2O and filtered through 0.45 μm filter. The absorbance of each sample was recorded at 650
nm and collected over 24 hr at ambient temperature. Each measurement was performed in
triplicate.

2.2.5. 1H NMR spectroscopy of SDM and MDM—1H NMR spectroscopy was used to
confirm the incorporation of drugs into PEG-b-PLA micelles. Individual drugs or multiple
drugs in PEG-b-PLA polymer films were prepared as described in section 2.2.1. The formed
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film was solubilized in 0.70 mL of DMSO-d6 or in 0.70 mL D2O warmed to 60 °C, and
the 1H NMR spectrum recorded for each sample.

1H NMR measurements were performed on UNITY INOVA NMR spectrometers (Varian, USA)
model operating at 400 MHz normal proton frequencies. Sample temperature was regulated
for all measurements and was set at 25 °C. The spectrometer was equipped with FTS Systems
preconditioning device (composed of refrigerating unit, internal temperature controller and
inclusion transfer line). To control pre-cooling or pre-heating of the compressed and dried air
used as temperature control medium: final temperature regulation of the sample was achieved
within the NMR probe. Acquisition parameters were adjusted on a case-by-case basis to
provide adequate signal-to-noise ratio and spectral resolution, the latter typically at 0.5 ppB/
point for 1D High-resolution proton. More specifically, protons were excited by a single π/2
pulse followed by detection of the proton signal.

2.2.6.In vitro release profiles of drug(s) from SDM and MDM—The release profile of
PTX, DCTX, ETO and 17-AAG from PEG-b-PLA micelles was evaluated by a dialysis
method. SDMs or MDMs were prepared and characterized as mentioned in section 2.2.1. Post
micelle preparation each sample was diluted with DD H2O, to yield about 0.10 mg/mL of each
drug. A volume of 2.5 mL of the prepared sample was loaded into a 3 ml Slide-A-Lyzer®
(Thermo Scientific Inc.) dialysis cassette with a MWCO of 20,000 g/mol. Four cassettes were
used in each experiment. The cassettes were placed in 2.0 L of buffer which was changed every
3 hr to ensure sink conditions for drug(s) and polymer. A sample of 100 μL was drawn from
each cassette at various sampling time intervals and then replaced with 100 μL of fresh buffer.
The sampling time intervals were 0, 0.5, 2, 3, 6, 9, 12 and 24 hr. The amount of drug(s)in each
sample was quantified by HPLC as per section 2.2.2.

2.2.7. Data Analysis—Statistical analysis was performed using one-way ANOVA at 5 %
significance level combined with Tukey’s Multiple Comparison Test or t-test at 5 %
significance level. Curve-fitting analysis using one phase exponential association was used to
calculate the half-life (t1/2) of drug in in vitro drug release experiments. Both analyses were
performed using GraphPad Prism version 5.00 for Windows, GraphPad Software, San Diego
California USA, www.graphpad.com

3. Results
3.1 Preparation and characterization of drug-loaded PEG-b-PLA micelles

SDMs were prepared for PTX, DCTX, ETO or 17-AAG with PEG-b-PLA. The solubility of
all drugs in the micelles was starkly significantly higher as compared to their intrinsic solubility
in water Table 1 and Fig.2. PTX solubility increased from 0.0003 mg/mL (35,36) to 3.50 mg/
mL, DCTX solubility increased from 0.0055 mg/mL (35)to 4.27 mg/mL. ETO solubility also
increased from 0.0580 mg/mL (37) to 3.17 mg/mL. 17-AAG solubility increased from 0.1000
gm/mL (38)to 4.21 mg/mL.

PEG-b-PLA was used to prepare MDM with different drugs combinations of PTX/ 17-AAG,
DCTX/17-AAG, ETO/17-AAG and PTX/ETO/17-AGG. The magnitude of solubility
enhancement for all drugs in the MDM micelles was similar to the SDMs. The presence of
multiple drugs within PEG-b-PLA micelles did not adversely affect the apparent solubility
enhancement of the individual drugs in a statistically significant manner Table 1 and Fig.2.

The drug(s) to polymer w/w percents of SDM and MDM are listed in Table 1. For SDM, PTX,
DCTX, ETO and 17 –AAG w/wpercentswere11.3, 11.5, 9.6 and 11.3% respectively. The w/
w percents for all drugs in the MDM were statistically the same as the SDM. For all SDMs
and MDMs approximately100% of the initial amount of the drug(s) and polymer was recovered
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as loaded PEG-b-PLA micelles. The capacity of these PEG-b-PLA micelles to incorporate
drugs increased as the number drugs being loaded increased. For SDM the loading capacity %
w/w was approximately 10%, with two drug MDM the loading capacity of the micelle increased
to approximately 25 % w/w and with three drug MDM the loading capacity was approximately
35 % w/w.

3.2 DLS measurements of SDM and MDM
The size of unloaded PEG-b-PLA micelle, SDMs and MDMs measured by DLS are listed in
Table 1. All micelles exhibited a unimodal distribution with a size range of 30 -40 nm. PDI of
all SDMs and MDMs were below 0.2, indicating narrow particle size distribution.

3.3 Turbidity measurements of SDM and MDM
The physical stability of SDM and MDM was evaluated by turbidity measurements. The
increase in turbidity, as measured by changes in absorbance at 650 nm, over time correlates
with drug precipitation following release from PEG-b-PLA micelles. The turbidity
measurements were further supported by HPLC and DLS measurements. SDM with 17-AAG
is physically stable over 24 hrs without a change in particle size or drug loss Table 2. SDM
with PTX (Fig. 3), DCTX & ETO were stable for approximately 6 hrs. HPLC data shows that
at 24 hrs approximately 84%, 73 % and 68 %of PTX, DCTX and ETO precipitated,
respectively. SDM solutions exhibited a cloudy, white appearance post 24 hrs indicative of
drug precipitation. DLS data also showed aggregate formation (data not shown).

MDM with PTX and 17-AAG were more stable against precipitation than SDM with PTX
alone over a 24 hr period (Fig. 3), noting drug retention of approximately 97 % Table 2. DCTX/
17-AAG and ETO/17-AAG have similar results for stability and drug retention within the
micelle of approximately 96% and 94 % respectively Table 2. At 24 hrs these MDMs solutions
were visually clear and DLS data confirmed the particle size, remained between 30 -40 nm
(data not shown).

In the 3-drug combination, MDM of PTX/ETO/17-AAG was stable for 24 hrs (Fig 3). Drug
loading data indicated that all drugs were retained above 97 % of their initial loading value at
24 hrs. MDM solutions were visually clear and particle size did not change significantly at 24
hrs (data not shown).

3.4 1H NMR spectroscopy of SDM and MDM
1H NMR measurements were used to confirm the incorporation of drugs into PEG-b-PLA
micelles. 1H NMR spectra in DMSO-d6 for individual drugs and drug combinations showed
all the prominent resonance peaks representative of the drug(s) and those of PLA and PEG
blocks. In contrast only the PEG resonance peaks were detected in D2O while PLA and drug
(s) resonance peaks were absents due to the restricted mobility of the PLA and drug(s)
molecules within the core of the micelle which is indicative of drug(s) incorporation into PEG-
b-PLA micelles (39).

PEG-b-PLA was identified by proton resonances at 3.4-3.6 ppm from ethylene oxide of the
PEG group and the proton resonances at 5.0-5.1 for the lactic acid group (39,40). 17-AAG was
identified by proton resonance at 0.7 ppm for the methyl groups. PTX was identified by proton
resonances at 1.0 ppm for its methyl groups at C16 and C17. Lastly, ETO was identified by
proton resonances between 6 – 7 ppm for the aromatic protons of the benzene rings. A
representative group of NMR spectra for PTX/ETO/17-AAG and polymer in DMSO-d6 and
MDM with PTX/ETO/17-AAG in D2O have been provided (Fig. 4).
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3.5 In vitro release profiles of drug(s) from SDM and MDM
Drug release data from SDM containing 17-AAG, ETO showed that over 90% of the drug was
release from PEG-b-PLA micelle in 6 hrs (Fig. 5A). Over 90% of DCTX was released from
SDM in 9 hrs (Fig. 5A). Rapid precipitation of PTX from the SDM during the dialysis
experiment precluded garnering of any meaningful data. MDM containing PTX and 17-AAG
showed over 72 % PTX release in 24 hrs while more than 90% of 17-AAG was released in 9
hrs (Fig. 5B). MDM containing ETO and 17-AAG showed over 90 % drug release in 6 and 9
hrs, respectively (Fig. 5C). MDM containing DCTX and 17-AAG showed over 90 % release
in 12 and 9 hrs, respectively (Fig. 5D). MDM containing the three drug combination of PTX/
ETO/17-AAG showed approximately 80% release of PTX in 24 hrs and over 90 % release for
ETO and 17-AAG in 6 and 9 hrs, respectively (Fig. 5E).

The in vitro drug release data was curve fitted using one phase exponential association
(GraphPad Prism). The first order rate constant derived from the curve-fitting was used to
calculate the t1/2 of the drug release from PEG-b-PLA micelles. The data for the SDM and
MDM are presented in Table 3 along with the goodness of fit and log oil-in-water partition
coefficient values for all drugs. The data in Table 3 lists the first-order rate constants and the
t1/2 values for all SDM and MDM except for SDM with PTX. This again was due to the rapid
precipitation of PTX from the SDM during drug release test, which precluded the possibility
of garnering any useful data.

4. Discussion
PEG-b-PLA micelles were able to successfully solubilize all chemotherapeutic agents alone
or in combination with other drugs at clinically relevant levels. Given the toxicity associated
with common formulation vehicles used, like CrEL, ethanol, DMSO and Tween 80 to name a
few, this formulation provides a safer and less toxic alternative. Additionally, the presence of
multiple drugs within the same micelles did not adversely effect the solubility enhancement
achieved by individual drugs. This is due to the high loading capacity of PEG-b-PLA micelles
as seen by the increasing % w/w contributions of the drug in forming these micelles. This
allows for combination chemotherapy within one carrier system, which has not been previously
attempted due to solubility and stability issues. Initial solubility studies have indicated that
PEG-b-PLA micelles have the capacity to solubilize multiple drugs allowing for concomitant
delivery of potentially synergistic chemotherapeutic combinations without the attendant
clinical issues currently seen while using multiple drug regimens.

The stability of these formulations was also evaluated using optical density measurements
coupled with HPLC and DLS. Assessing the stability of PEG-b-PLA micelles is crucial to
determine if the formulation is stable long enough for handling and IV administration. As the
data shows the SDM are stable for at least 6 hrs while the 17-AAG micelles were stable for 24
hrs. The two drug MDM combinations showed greater stability. The presence of 17-AAG in
these micelles helps stabilize the formulation and confers greater stability of the
chemotherapeutic agents at the same level of solubilization as seen with the SDM. All two
drug MDM combinations retained over 94 %of their drug loading at 24 hrs. The three drug
combination MDM showed the highest degree of stability at 24 hrs with over 97 % of drug
loaded being retained. For all PEG-b-PLA micelles that were stable at 24 hrs there was no
significant shift in their size as determined by DLS. The stability data is extremely promising
and indicates that these MDM formulations are able to deliver clinically relevant doses of there
chemotherapeutic agents in a clinically relevant time frame.

We were able to confirm the formation of micelles and the localization of the drug(s) within
the micellar core using 1H NMR spectroscopy. The data in Fig. 4B clearly shows the proton
resonances for all drugs and PEG-b-PLA in DMSO-d6. In contrast Fig. 4A had suppressed
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proton resonances for the PLA block and drugs with only the PEG block peaks clearly visible.
The presence of the drug(s) within the micelle core restricts the mobility of the drug(s)
molecules and results in a loss of drug proton resonances. Characterization of the in vitro release
kinetics of chemotherapy of individual drugs and in combination for PEG-b-PLA micelles is
important to assess the stability and release pattern of the drug(s) from the micelle under sink
conditions. In previous work, the in vitro release of 17-AAG from PEG-b-PLA micelles was
fairly rapid (on the scale of a few hrs), consistent with a low impact of PEG-b-PLA micelles
on the PK of 17-AAG in rats (34). In this work, in vitro release of DCTX, ETO, or 17-AAG
from PEG-b-PLA micelles spans several hrs with t1/2 ranging from 1.09 hr for ETO,1.32 hr
for 17-AAG, and 1.83 hr for DCTX (Fig. 5), corresponding well with the oil/water partition
coefficients of anticancer agents Table 3. PTX precipitates during release from PEG-b-PLA
micelles, preventing an estimation of t1/2. For 2-drug combinations, release of 17-AAG is faster
than PTX and DCTX and slower than ETO, which has the lowest log P (Fig. 5) Table 3. For
the 3-drug combination, t1/2 values for ETO, 17-AAG, and PTX are 0.88, 1.80, and 5.10 hrs,
respectively, for PEG-b-PLA micelles (Fig. 5E), corresponding well with the oil/water partition
coefficients of these anticancer agents.

The interesting phenomena seen with all the two drug and these combinations is the ability of
17-AAG to stabilize PEG-b-PLA micelles. This phenomenon is starkly evidenced by the
stability of PTX in the two drug and three drug combinations, while itself being prone
precipitation in the SDM formulation. The novel finding of ability of 17-AAG to maintain the
stability of PTX and other hydrophobic drugs in PEG-b-PLA micelles for at least 24 hours
bears further investigation. This insight might lead to designing better combination
chemotherapeutic carriers in the future.

Another facet of the in vitro release kinetics suggests that variation between the release of anti-
cancer agents from the micelles is diffusion-controlled and not due to the break down of PEG-
b-PLA micelles, where drug release kinetics are expected to be similar for the two and three
drug combinations. However, t1/2 values for PEG-b-PLA micelles suggest that drug release
will be fairly rapid and comparable in vivo, owing to poor stability of PEG-b-PLA micelles in
the presence of serum proteins, specifically α- and β-globulins (41). In earlier work, PEG-b-
PLA micelles filled with a pair of fluorescent probes, DiIC18 and DiOC18, lose fluorescence
resonance energy transfer after IV injection within 15 min, indicating rapid release of DiIC18
and DiOC18 in vivo. As it turns out, α- and β-globulins induce a rapid loss of fluorescence
energy transfer of DiIC18 and DiOC18 for PEG-b-PLA micelles in vitro as well, probably due
to disruption of PEG-b-PLA micelles. These results indicate that PEG-b-PLA micelles will
release pairs of chemotherapy and 17-AAG within 1 hr in vivo due to a loss of integrity, caused
by α- and β-globulins, although effects of dilution and other components in blood must also
be considered.

The promising nature of these results will be tested in the near future in cancer cell lines to
determine cytotoxic concentrations for these combinations. This will allow us to further
determine if any additive and/or synergistic effects are seen with these combinations. Further
validation in murine tumor models will help test the hypothesis that concurrent combination
drug release from PEG-b-PLA micelles may provide linear PKs for PTX and 17-AAG and
potentially synergistic anti-tumor efficacy given higher maximum tolerated doses in
comparison to DMSO/lipid and CrEL (16). Studies with other two and three drug combinations
in PEG-b-PLA micelles will also be conducted in murine tumor models.

5. Conclusions
Current chemotherapeutic agents in clinical and pre-clinical situations require dosing with
harsh excipients that can cause severe formulation related side effects. Additionally stability
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concerns create issues with administering combination chemotherapy simultaneously. Our
formulation using PEG-b-PLA offers a novel alternative to the current commercial
formulations. We have shown that we can successfully combine up to three chemotherapeutic
agents in one carrier system at clinically relevant concentrations and with 24 hour stability.
Another promising find of this work is the ability of 17-AAG to maintain the stability of
different hydrophobic drugs in the carrier system for 24 hours.
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Fig. 1.
Schematic representation of single and multiple drug loaded PEG-b-PLA micelles
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Fig. 2.
Aqueous solubility of drug(s) in SDM and MDM (n = 3)
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Fig. 3.
Turbidity measurements of SDM with PTX, PTX/17-AAG MDM & PTX/ETO/17-AAG
MDM (n = 3 ± SD)
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Fig. 4.
1H NMR spectra of PTX/ETO/17-AAG in (A) D2O (B) DMSO-d6
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Fig. 5.
In vitro drug release kinetics of (A) SDM containing ETO, DCTX or 17-AAG, (B) MDM with
PTX/17-AAG, (C) MDM with ETO/17-AAG, (D) MDM with DCTX/17-AAG and (E) MDM
with PTX/ETO/17-AAG (n = 4 ± SD)
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Table 1

Physical characterization of SDM and MDM. (n = 3 ± SD).
Drug(s) in SDM or

MDM
Solubility (mg/ml) Drug to polymer w/w (%) Total drug(s) to polymer

w/w (%)
Micelle diameter (nm ±

SD)

PTX 3.54 ± 0.32 * 10.3 ± 0.9 10.3 ± 0.9 38.8 ± 0.6

DCTX 4.27 ± 0.44 * 11.5 ± 0.5 11.5 ± 0.5 37.3 ± 1.7

ETO 3.31 ± 0.15 * 9.6 ± 0.6 9.6 ± 0.6 32.6 ± 1.0

17-AAG 3.90 ± 0.28 11.3 ± 0.3 11.3 ± 0.3 39.3 ± 2.9

PTX 3.92 ± 0.17 13.4 ± 0.9 25.9 ± 1.6 38.9 ± 1.117-AAG 3.88 ± 0.29 12.4 ± 0.8

DCTX 4.62 ± 0.44 12.6 ± 1.6 25.8 ± 2.2 39.0 ± 0.817-AAG 4.01 ± 0.08 13.3 ± 0.6

ETO 3.49 ± 0.24 12.6 ± 0.9 25.0 ± 2.2 35.3 ± 1.217-AAG 4.21 ± 0.38 13.3 ± 0.6

PTX 3.50 ± 0.20 11.5 ± 0.5
35.6 ± 1.5 36.5 ± 0.5ETO 3.17 ± 0.04 12.0 ± 0.5

17-AAG 3.61 ± 0.33 12.1 ± 0.5
*
denotes statistical significance at p<0.05 compared to the compound’s intrinsic solubility
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Table 2

Initial solubility and solubility at 24 hours of drug(s) in SDM and MDM as assessed by HPLC (n = 3 ± SD).
Drug(s) in SDM or MDM Initial Solubility (mg/ml) Solubility @ 24 hr (mg/ml) % w/w drug(s) retained @

24 hr

PTX 3.54 ± 0.32 * 0.57 ± 0.07 * 16.2 ± 1.0

DCTX 4.27 ± 0.44 * 1.14 ± 0.03 * 26.8 ± 3.3

ETO 3.31 ± 0.15 * 1.07 ± 0.16 * 32.3 ± 3.4

17-AAG 3.90 ± 0.28 3.84 ± 0.18 98.6 ± 2.4

PTX 3.92 ± 0.17 3.86 ± 0.15 98.5 ± 0.3
17-AAG 3.88 ± 0.29 3.77 ± 0.28 96.9 ± 0.2

DCTX 4.62 ± 0.44 4.45 ± 0.13 96.3 ±1.8
17-AAG 4.01 ± 0.08 3.83 ± 0.17 95.5 ± 2.7

ETO 3.49 ± 0.24 3.28 ± 0.19 94.1 ± 1.5
17-AAG 4.21 ± 0.38 3.95 ± 0.39 93.9 ± 1.1

PTX 3.50 ± 0.20 3.46 ± 0.18 98.7 ± 1.3
ETO 3.17 ± 0.04 3.11 ± 0.06 98.2 ± 1.1

17-AAG 3.61 ± 0.33 3.52 ± 0.33 97.5 ± 1.4
*
denotes statistical significance at p<0.05
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Table 3

Curve fitting of in vitro drug(s) release from SDM and MDM (n = 4, mean ± SD).
Drug(s) in SDM or MDM first-order rate constant (hr-1) t1/2 (hr) goodness of fit (r2) log P

PTX - - - 3.0

DCTX 0.379 1.83 0.993 2.4

17-AAG 0.525 1.32 0.999 1.3

ETO 0.636 1.09 0.999 1.0

PTX 0.138 5.01 0.938 3.0
17-AAG 0.398 1.74 0.996 1.3

DCTX 0.288 2.41 0.996 2.4

17-AAG 0.375 1.85 0.996 1.3

ETO 0.657 1.06 0.997 1.0
17-AAG 0.414 1.67 0.997 1.3

PTX 0.136 5.10 0.973 3.0
ETO 0.785 0.88 0.992 1.0

17-AAG 0.386 1.80 0.995 1.3
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