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ABSTRACT

Purpose O°-(2,4-dinitrophenyl) | -[(4-ethoxycarbonyl)piperazin-
| -ylldiazen- | -ium-|,2-diclate] or JS-K is a nitric oxide-producing
prodrug of the arylated diazeniumdiolate class with promising anti-
tumor activity. JS-K has challenging solubility and stability proper-
ties. We aimed to characterize and compare Pluronic® P123-
formulated JS-K (P123/S-K) with free JS-K.

Methods \We determined micelle size, shape, and critical micelle
concentration of Pluronic® P123. Efficacy was evaluated in vitro
using HL-60 and U937 cells and in vivo in a xenograft in NOD/
SCID IL2Ry™" mice using HL-60 cells. We compared JS-K and
P123/)S-K stability in different media. We also compared plasma
protein binding of |S-K and P 123/JS-K. We determined the bind-
ing and Stern Volmer constants, and thermodynamic parameters.
Results Spherical P123/)S-K micelles were smaller than blank
P123. P123/)S-K formulation was more stable in buffered saline,
whole blood, plasma and RPMI media as compared to free JS-K.
P 123 affected the protein binding properties of |S-K. In vitro it was
as efficacious as JS-K alone when tested in HL-60 and U937 cells
and in vivo greater tumor regression was observed for P 123/)S-K
treated NOD/SCID IL2Ry™" mice when compared to free JS-K-
treated NOD/SCID IL2Ry™" mice.
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Conclusions Pluronic® P 123 solubilizes, stabilizes and affects the
protein binding characteristics of JS-K. P123/)S-K showed more
in vivo anti-tumor activity than free JS-K.
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ABBREVIATIONS
AGP  Alpha | acid glycoprotein

AML  Acute myeloid leukemia
AUC  Area under the curve
CMC  Ciritical micelle concentration

dr Difference in the fluorescence in the absence and
presence of |S-K or P123//S-K at the concentration Q
dG Free energy
dH Enthalpy change
dS Entropy change
Quenched fluorescence

f Fraction of initial fluorescence accessible to quencher
Fo Fluorescence in the absence of external quencher
GSH  Glutathione

HLB Hydrophilic-lipophilic balance

HPLC  High performance liquid chromatography
HSA  Human serum albumin

Ka Association binding constant

Kl Potassium iodide

Kq Quenching rate constant

Ksv Stern Volmer Constant

mL Milliliter

mM Milimolar

NO Nitric oxide

PEO  Poly(ethylene oxide)

PPO  Poly(propylene oxide)

Q Conc. of quencher/drug

T Temperature in Kelvin

TEM  Transmission electron microscopy
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UPLC  Ultra performance liquid chromatography

uM Micromolar

To Average lifetime of HSA molecule in absence of JS-K
(quencher) or any other drug

INTRODUCTION

Acute myeloid leukemia (AML) 1s the most common type of
adult acute leukemia. The American Cancer Society estimates
that 18,860 cases of AML will be diagnosed in the United
States in 2014 with 10,460 AML-related deaths (1). The
success of conventional chemotherapeutic agents in the treat-
ment of AML s frequently limited by the development of drug
resistance and severe toxicity (2).

Nitric oxide (NO), a biologically occurring molecule, is in-
volved in a plethora of physiological, biological and pathological
functions (3). NO has shown promising therapeutic activity
against multiple diseases including cardiovascular and pulmo-
nary diseases (4). NO has also shown @ vitro tumoricidal activity
(5). It can lead to apoptosis by targeting various cellular sites and
bringing about post-translational modifications such as $-
nitrosylation, S-glutathionylation, DNA nitration or deamination
and ADP ribosylation (6). NO induces differentiation in acute
myeloid leukemia (AML) cells (7). Due to mstability of the NO
radical and its hypotensive effects, NO cannot be administered
directly or in high doses. NO donors of the diazeniumdiolates
class generate NO spontaneously. They induce apoptosis and
differentiation in AML cells (8). However, these compounds
cannot be used clinically for the treatment of malignant diseases
because of the pleiotropic effects of NO, and particularly NO-
induced vasodilatation through activation of the soluble
guanylate cyclase/cGMP pathway (9). Alternatively, arylated
diazeniumdiolates react with glutathione (GSH) to release NO.
Although the reaction can occur spontancously, it is catalyzed by
the glutathione S-transferases (GST). GST’s are upregulated in
malignant cells (10). O%-(2,4-dinitrophenyl)1-[(4-
ethoxycarbonyl)piperazin-1-yl|diazen-1-ium-1,2-diolate] or JS-
K (Fig. 1), an arylated diazeniumdiolate has potent anti-

on |

O,N
Fig. 1 Structure of JS-K.
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leukemic activity  vitro and i vwo (10). In in viwo murine models,
JS-K was also found to be effective against prostate cancer (10),
hepatoma (11), multiple myeloma (12) and non-small cell lung
cancer (13). JS-K also possesses anti-angiogenic activity both
i vitro and i vwo (14). In multiple myeloma and breast cancer
studies, JS-K did not affect the growth of normal human periph-
eral blood mononuclear cells (12) and normal mammary epithe-
lial cells, respectively (15).

Pluronic”™ block copolymers are used in multiple different
applications. They are amphiphilic molecules arranged as A-B-
A blocks of hydrophilic poly(ethylene oxide) (PEO or A) and
hydrophobic poly(propylene oxide) (PPO or B). The block co-
polymers possess different hydrophilic-lipophilic balance (HLB)
due to varying concentrations of ethylene oxide and propylene
oxide units. HLB is important for the critical micelle concentra-
tion (CMC) z.e. the concentration above which these copolymers
self assemble into micelles in an aqueous solution (16).

Plasma protein binding is an important parameter of the drug
development process that needs to be established in order to
predict drug distribution characteristics. Drug-binding proteins
can act as a reservoir or drug depot. Only free drug molecules
are available at the target site (17). Therefore, in preclinical
settings, it 1s important to determine the plasma protein binding
characteristics of an active pharmaceutical ingredient (API) to
assess safety, efficacy and bioavailability (18). Two major plasma
proteins involved in drug binding are human serum albumin
(HSA) and alphal-acid glycoprotein (AGP) (19). Plasma protein
binding could be analyzed using the conventional equilibrium
dialysis approach or the comparatively new technique of fluores-
cence quenching.

In the present study, a Pluronic® P123 micelle formulation of
JS-K was developed and pre-clinical studies were carried out.
We performed i wvitro cytotoxicity analysis and also an @ vio
tumor regression study in a mouse model. The Pluronic® mi-
celles were characterized for their size, shape and critical micelle
concentration. Finally, we performed serum-binding analysis
using two different techniques, namely equilibrium dialysis and
fluorescence quenching. While both techniques provided valu-
able information in terms of binding characteristics, we were able
to assess thermodynamic parameters associated with drug-
protein binding using fluorescence quenching.

MATERIALS AND METHODS
Materials

JS-K was synthesized as previously described (20) and provided
by Dr. Joseph Saavedra (Leidos Biomedical Research, Inc,
Frederick, MD). JS-K stocks were prepared in amber colored
vials to prevent any photo-degradation. Pluronic”™ polymers were
obtained from BASF (Florham Park, INJ). Human serum albu-
min (HSA) and alpha 1 acid glycoprotein (AGP) used for protein
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binding studies were from Sigma (St. Louis, MO). Low binding
SpectraPor dialysis membranes [MWCO: 12,000-14,000] were
from Spectrum Laboratories Inc (Los Angeles, CA). All other
chemicals were from Sigma (St. Louts, MO) unless otherwise
noted.

Cell Culture

Human myeloid leukemia HL-60 cells and human monocytic
leukemia U937 cells (ATCC, Manassas, VA) were cultured in
RPMI-1640 supplemented with 10% fetal bovine serum
(FBS), penicillin/streptomycin and mycozap (Lonza,
Allendale, NJ). Cells were cultured at 37°C in a 5% CO,
humidified atmosphere. Five micromolar JS-K stocks in di-
methyl sulfoxide (DMSO) were serially diluted in phosphate
buffered saline (PBS) before addition to the cultures. The final
concentration of DMSO added to the cultures was 0.1% or
less. For each experiment, JS-K was added at the time of
culture initiation, cells were harvested at the indicated time
points, washed in PBS and assays conducted.

Preparation of ]S-K-Loaded P123 Micelles

An 11.25% P123 micelle stock solution was prepared in deion-
ized water. The solution was further diluted to 2.25% in
phosphate-buffered saline (PBS - pH 6.5). One mM micelle JS-
K (P123/]S-K) was prepared by heating 980 pL of 2.25%
P123 at 50°C and adding 20 pL of a 50 mM JS-K stock in
DMSO. The weight loading of drug in P123 micelles was 1.7%.
Further dilutions were made in PBS (pH 6.5). The formulated
drug was used immediately in order to avoid photo-degradation.

Comparison of Different Pluronic® Polymers

JS-K was loaded in P123, P105 and F127 Pluronic™ polymers.
The proportion of JS-K to Pluronic® polymer in solution was
3.84% by weight. The JS-K micelle preparations were dialyzed
for 5.5 or 17 h. The different Pluronic® formulations (before and
after dialysis) were incubated with HL-60 cells for 3 days and
MTS cytoxicity analysis was performed (see below).

In Vitro Cytotoxic Activity

The in vitro cytotoxic activity of JS-K, P123/]S-K micelles and
blank P123 micelles was assessed using the MTS assay
(Promega, Madison, WI) in HL-60 and U-937 cells. Briefly,
cells were seeded in 96-well plate at a density of 10° cells per
mL. Cells were treated with 0, 0.09, 0.2, 0.4, 0.6 and 0.8 uM
of free JS-K or P123/]JS-K or an equivalent volume of blank
P123 in triplicates. After incubation for 72 h, 20 pL of MTS
reagent were added to each well and incubated further for
1.5 h. Absorbance was read at 490 nm in a microplate reader
(Modulus Microplate, Turner Biosystems, Sunnyvale, CA). A

media blank was used to correct for background absorbance.
Results were expressed as a growth percent of untreated
control and ICs, values were derived from growth vs. drug
concentration curves.

P123 Pluronic® Micelle Formulation of JS-K

JS-K stocks (50 mM) in DMSO were mixed with stocks of
Pluronic® P123 polymers prepared in PBS. Micellization was
allowed to occur spontancously with gentle heating (50°C).
The proportion of JS-K to P123 in solution was 1.7% by
weight. For experiments with free JS-K, DMSO stocks of JS-
K (50 mM) were diluted to a final concentration of JS-K of
1 mM in PBS/80% DMSO in stability experiments or PBS/
40% DMSO for protein binding experiments, or PBS/20%
DMSO for in viwwo experiments, or only PBS for other
experiments.

P123 JS-K Formulation Characterization

a) Particle size measurement: Particle mean size measure-
ments were performed using the dynamic light scattering
method using a Malvern Nano zeta sizer (Westborough,
MA). The size analysis was performed on blank P123
micelles (2.25%) in PBS and JS-K-loaded P123 micelles
(final loading 1.7%).

b) Transmission electron microscopy (TEM) analysis: The
morphology of P123 micelles was studied by TEM after
negative staining with a phosphotungstic acid solution
(2% w/v). A'1 mM solution of JS-K formulated in 2.25%
P123 micelles was prepared. TEM images were obtained
only with P123/JS-K micelles as the empty micelles were
found to be comparatively less stable without drug.

¢) Ciritical micelle concentration (CMC): CMC of Pluronic®
P123 micelles was analyzed using the Iodine UV-
absorption spectra method with iodine as a hydrophobic
probe as previously reported (21). Briefly, a KI/I, solution
was prepared by dissolving 0.5 g Iodine (Iy) and 1 g
Potassium Iodide (KI) in 50 mL water for injection
(WFI). P123 concentrations ranging from 0.000005 to
0.1% were prepared in WFIL. To each 5 mL solution,
25 pL of KI/I, solution was added. The vials were cov-
ered with foil to avoid photo-degradation. The samples
were incubated for nearly 12 h at room temperature.
Measurements were performed at 366 nm using a UV—
vis spectrometer (Ultrospec 2000, Pharmacia Biotech,
Piscataway, NJ). Triplicate readings were performed for
each sample. CMC value was analyzed by plotting absor-
bance 5. log% Pluronic® weight and was interpreted at
the point where a sharp increase in absorbance was ob-
served. The data were analyzed by piece-wise linear mod-
el with a single change in slope. A grid search method was
used to determine the optimal change point. The
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statistical analysis was performed using the R statistical
computing software version 2.15.0 (Vienna, Austria).

P123/JS-K Formulation Stability in Different Media

The stability of JS-K formulated in DMSO was compared to
JS-K formulated in P123 Pluronic® micelles in different me-
dia. JS-K recovery with either formulation was tested in 4 mM
GSH (dissolved in PBS; pH 7.4); RPMI-1640 media, human
plasma and human whole blood. At the indicated time points,
aliquots from the relevant test solution were collected in 95%
Acetonitrile/Formate (ACN/Formate) in water in polypro-
pylene vials. The extracts were spin filtered (0.2 pm, low
binding nylon filters) for 2 min. JS-K levels were measured
by HPLC using an isocratic mobile phase consisting of 25%
0.025 M ammonium formate (pH 4.2), 25% ACN and 50%
methanol at a flow rate of 1 mL/min for 6-8 min.

P123/JS-K Protein Binding Studies

The two most common proteins in the blood are human
serum albumin (HSA) and alpha 1 acid glycoprotein (AGP).
While HSA preferentially binds with acidic drugs, AGP binds
mainly with basic or neutral drugs (22). We studied interaction
of free drug and micelle-formulated drug with these two
proteins by fluorescence quenching of tryptophan present in
these proteins. Free or P123-formulated JS-K was prepared at
concentrations 20-700 uM or 100-700 pM, respectively for
temperature controlled fluorometric studies.

In preliminary experiments, we compared the equi-
librium dialysis technique with fluorescence quenching.
Both preliminary experiments were carried out at room
temperature. The purpose of these experiments was to
test the sensitivity and closeness of results obtained from
either technique. Also, with the dialysis technique, since
higher drug concentrations were used for extended
hours, free JS-K precipitation was observed and there-
fore saturation/equilibrium was not attained. Dialysis
was carried out using Spectra/Por dialysis membranes
(MWCO:12,000-14,000) which were activated for
30 min in HPLC grade water and rinsed before use.
The membranes were held in a 20 mL glass vial. The
glass vial was covered with aluminum foil to prevent
photo-degradation of JS-K. The drug preparation (JS-K
in DMSO or JS-K in P123) with 4% final HSA was
added in the dialysis bag and a similar sink (r.e. HSA
and DMSO or P123) was created in the glass vial. The
whole apparatus was kept at constant stirring position
and the samples were collected from both sides of the
membrane after 2, 4, 6 and 8 h. We found that for
P123/]S-K, equilibrium was achieved after 2 h. For free
JS-K, we could not achieve equilibrium due to possible
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degradation of the drug over time. Therefore, 2 h of
equilibrium dialysis was selected for both formulations.
The samples were then soaked for 30 min in 95%
acetonitrile/5% ammonium formate in water (pH~3)
and then spin filtered (0.2 um, low binding nylon) for
2 min. JS-K levels in the bag and the glass vial were
measured by HPLC or UPLC. For quantitation, AUC
values were calculated. Percent recovery from each frac-
tion was calculated based on the total initial amount of
JS-K added. The association and dissociation constants
were calculated using the SigmaPlot software (Systat,
Chicago, IL) with the built-in equation for Ligand
Binding.

For the fluorometric analysis, the formulation was pre-
pared as described above. Final protein concentration was
4% for HSA and 0.09% for AGP. Drug and protein were
added in 96 well black opaque plates to avoid the inner filter
effect. Fluorescence was read at an excitation of 280 nm and
emission of 360 nm. Corresponding blank fluorescence was
read and subtracted as background from the fluorescence of
interest. For the temperature-controlled studies, plates were
incubated at the desired temperature in a PCR thermal
controller (PTC-100™, MJ Research Inc, Watertown, MA)
for 30 min and read within 10 min on a fluorescence reader
(Synergy 4, BioTek, Winooski, VT) previously adjusted to the
same temperature. Fluorometric analysis was carried out
using the Stern Volmer equation. For HSA, Ksv and Ka were
obtained at 298, 303 and 310 K. Thermodynamic parameters
such as enthalpy, entropy and free energy were calculated to
assess the nature of binding involved.

In Vivo Studies of JS-K and P123/]JS-K

To study the i viwo antineoplastic activity of JS-K and
P123/JS-K, NOD/SCID IL2Ry"" mice were injected subcu-
taneously with 5% 10° HL-60 cells. When tumors became
palpable, treatment with JS-K (4 pmol/kg) or P123/]S-K (4
or 5 pmol/kg) or P123 only (volume equivalent to a P123/]S-
K dose of 5 pmol/kg) was started. Dose selection was made
based on prior experience. We have shown that a dose of
4 pmol/kg of free JS-K could be administered without pro-
ducing significant hypotension (10). We were able to escalate
the dose with P123/]JS-K to 5 umol/kg without observing
significant hypotension in mice (unpublished data).
Treatments were administered intravenously every other
day. The no-treatment control group did not receive any
treatments. Mouse weight and tumor size were measured
every other day using a Vernier caliper. Tumor volume was
calculated using the formula: width Xlength X [(width+
length)/2] % 0.5236. Animals were sacrificed after eight treat-
ments using isofluorane inhalation. The protocol was ap-
proved by the University of Utah Institutional Animal Care
and Use Committee.
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High Performance Liquid Chromatography (HPLC)
and Ultra Performance Liquid Chromatography
(UPLC)

HPLC to measure JS-K levels was conducted on a Water’s
Alliance HPLC system controlled by Empower software. We
used an isocratic mobile phase consisting of A=30% 0.02 M
ammonium formate (pH 3), 40% acetonitrile (ACN) and 30%
methanol and D=100% methanol. Flow rate was kept con-
stant at 1 mL/min for 6-8 min. During chromatographic
separation, JS-K was monitored by absorbance at 300 nm.
The method results in a standard detection curve over a linear
range of 6.1-49.1 ng with a lower limit of quantitation of
6.4 ng. Very low concentrations of JS-K were measured using
a Water’s UPLC with Empower 2 software. The samples were
run on a gradient of 0.02 M formic acid, pH ~2.7 and 100%
acetonitrile at a flow rate of 0.6 mL/min.

Statistical Analysis

The omnibus null hypothesis of no difference in mean tumor
volume between any of the groups was tested using one-way
analysis of variance. Tukey’s Honest Significant Difference
test was used to adjust the p-values for the individual differ-
ences for multiple comparisons. Statistical analysis was per-
formed using R statistical computing software version 2.13.0
(Vienna, Austria). At specific time points, individual tumor
volumes were compared using the Student’s i-test assuming a
2-tailed distribution with unequal variance. Differences were
considered significant for P values below 0.05.

We also performed statistical analysis using the trapezoid
method. For each mouse treatment group, the cumulative area
under the curve (AUC) of the tumor volume was calculated
starting from the first treatment to the last (eighth) treatment.
Cumulative AUC (for the last treatment) of each group was used
for running one-way analysis of variance. Differences were con-

sidered significant for P values below 0.05.

RESULTS
P123 JS-K Drug Retention and Loading

We performed preliminary experiments to analyze the effica-
cy of JS-K loading and cytotoxicity using different Pluronics®.
JS-K was loaded in P123, P105 and F127 as explained in the
Materials and Methods section. We tested the cytoxicity of the
obtained three different micelle formulations. The three mi-
celles tested have different HLB values (F127>P105>P123)
(23). The micelles were dialyzed and tested for cytotoxicity as
explained in the Materials and Methods section. The order of
efficacy obtained against HL-60 cells after dialysis was

P123>P105>F127 (results not shown). To determine the ex-
tent of JS-K loading and retention in micelles, JS-K was
loaded in P123. The proportion of JS-K to Pluronic”® polymer
in solution was 10% by weight. The percent of JS-K retained
after 2 h of dialysis was determined by HPLC. Percent reten-
tion of JS-K in P123 was 75 10%. These preliminary exper-
iments showed that JS-K in a micellar formulation is retained
after dialysis.

P123 Micelle JS-K In Vitro Cytotoxicity

P123 micelle JS-K (1.7% JS-K/P123 by weight) i vitro cyto-
toxicity was analyzed using two different acute myeloid leu-
kemia cell lines, HI.-60 and U-937. These cell lines have
different phenotypes, namely myeloid and monocytic, respec-
tively. They were chosen in order to analyze the sensitivity of
AML cells with different phenotypes to JS-K or P123/]S-K
treatment. With HL-60 cells, IC5( values obtained from free
JS-K treatment were similar to IC5( values obtained from the
P123/JS-K formulation. P123 control showed negligible tox-
icity. In U-937 cells, IC5( values obtained from P123/]JS-K
was slightly lower than with free JS-K. The results (shown in
Table 1) indicate that Pluronics® do not diminish JS-K’s
cytotoxic properties.

P123 Micelle JS-K Characterization

The P123/]S-K formulation was characterized by particle
size measurement and morphology. These studies are impor-
tant as particle size affects biodistribution and elimination.
The mean diameter of blank P123 micelles was 29.2+
1.36 nm. We observed a slight reduction in size upon JS-K
incorporation, suggesting stabilization of the micelles
(Table II). TEM images demonstrated that P123/JS-K mi-
celles are spherical in shape (Fig. 2). TEM images of blank
micelles could not be obtained. This could be due to the
dynamic character of the Pluronics™ changing from unimers
to micelles. Therefore, JS-K incorporation seems to stabilize
the micelles.

Table | MTS Cytotoxicity Assay on HL-60 and U-937 Cells Comparing JS-K
and P123/)S-K

System Formulation |Cs0 == SEM® (UM)
HL-60 cells P123/S-K 0.24+0.059
J5-K 024+0.055
U-937 cells P123/S-K 03+0
J5-K 040

¢ Average and standard error mean of at least two separate experiments. Each
experiment was performed in triplicates
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Table Il Size Measurement of Blank Micelles and P 123 Loaded with JS-K at
Different Percentages

System Weight % drug loading Size = SEM (nm)?
Blank P123 0 29.24+1.36
P123/5K 0.17 27.8+49

1.7 17.6x1.21

“ Averages and SEM of at least two separate measurements. Each measure-
ment with 20 iterations

Critical Micelle Concentration (CMC) Determination

CMC is an important characterization parameter that
influences micelle stability and solubilization character-
istics. To measure CMC, we used a hydrophobic probe-
Iodine (Iy) as explained in the Materials and Methods
section. Iy gets solubilized in the hydrophobic micelle
core. An excess KI solution aids conversion of triatomic
I;— to Iy, maintaining the saturated solution of I, (21).
The absorption intensity of Iy was plotted against dif-
ferent weight percent of Pluronic® and the CMC value
was obtained from the point on the curve where an
abrupt increase in absorbance was observed (Fig. 3). We
obtained an average CMC value of 5.6+1.3 uM (aver-
age and SEM of two independent experiments with
three replicates each). This value is consistent with the
value reported by Kabanov et al. for P123 (23).

Stability of P123/]JS-K in Different Physiologic
and Biologic Media

We compared the stability of unformulated JS-K and P123/
JS-K 1n blood, glutathione, plasma and RPMI/10% FBS
media. As shown in Table III, the P123 formulation extended
the percentage recovery of JS-K as compared to the free drug.
This likely reflects shielding of JS-K from proteins and nucle-
ophiles by Pluronic® micelles. Also, the table highlights how

o e

Fig. 2 TEM image (667 X) of | mM JS-K loaded in 2.25% P 123 micelles.
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different media affect drug recovery. Although all experiments
were carried out up to 60 min, the drug was not recovered at
that time point from some of the media like whole blood and a
4 mM GSH solution. The HPLC method we used for JS-K
quantification detects intact JS-K only. JS-K degradation
products were therefore not detected.

HSA and AGP Binding with JS-K and P123/JS-K
Equilibrium Dialysis

Equilibrium dialysis studies were carried out to investi-
gate the interaction of JS-K or P123/JS-K with HSA as
explained in the Materials and Methods section. JS-K
showed affinity for HSA and the equilibrium time was
obtained at 2 h. Although at that time point some drug
degradation/precipitation was seen with free JS-K, it
was important to use the 2 h to achieve steady state
conditions. We measured drug levels from both “in the
dialysis bag” and “out of the bag” in order to deter-
mine the binding constant. The values were derived
using the ligand binding equation. The results are re-
ported in Table IV.

Fluorescence Quenching Study at Room Temperature
In preliminary work, both HSA and AGP quenching by JS-K

and P123/]S-K were analyzed at room temperature. A Stern
Volmer plot was generated for both formulations and

22

2.0

AU

log % wt
Fig. 3 Critical micelle concentration (CMC) value of Pluronic® P123 as
determined by plotting Absorbance (AU) with log Pluronic® % weight/
volume. The CMC was obtained from the break point calculated on R
statistical software. CMC was calculated from the average of two independent
experiments with each concentration prepared in triplicates.
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Table Il Stability Studies of JS-K. Percent Recovery of |S-K or P 123/)S-K Calculated at the Indicated Time Points
Solution (time) JS-K (% recovery = SEM®) P123/S-K p*

(% recovery = SEM?)
RPMI 1640/10% FBS (60 min.) 23+04 48+4 0.0015
Human plasma (60 min.) 39+ 59+1.5 0.012
Whole blood (10 min.) (0= 6+0 0.0284
4 mM GSH (5 min.) 8.5x4.6 51=10.8 0.003

“ Average and SEM of at least two independent experiments

*The Students t-test was used to obtain P values comparing both formulations. Results were considered statistically significant for P <0.05

proteins. Equation 1 was used to obtain the Stern Volmer
quenching constant:

%: 1+ K50[Q) (1)

(where Fo: Fluorescence in the absence of external quench-
er; I Quenched Fluorescence; Q; Conc. of quencher/drug;
Ksv: Stern Volmer Constant).

Figures 4 and 5 show the Stern Volmer plots of HSA and
AGP, respectively.

The quenching data was used to determine the binding
constant with HSA and compare the value obtained with
equilibrium dialysis. Table IV shows the binding parameters
obtained by the two techniques and the Stern Volmer con-
stants obtained for HSA and AGP.

As shown in Table IV, the binding constants obtained from
the two techniques are acceptably close. This confirmed the
sensitivity and accuracy of both techniques. For subsequent
experiments we chose fluorescence quenching over equilibri-
um dialysis because the former is a rapid and sensitive tech-
nique. It also requires less material (UL as compared to mL for
dialysis) and is relatively quicker than dialysis. The latter factor
is particularly important for our studies in order to avoid JS-K
degradation.

Determination of Quenching Mechanism

Fluorescence quenching was performed at 25, 30 and 37°C as
explained in the Materials and Methods section in order to
obtain the Stern Volmer constant at different temperatures.
Asshown in Table V, a temperature effect was observed. With
a rise in temperature, the Stern Volmer constant is reduced.
Such an inverse relationship with temperature could explain
the quenching behavior (Figs. 6 and 7). Fluorescence
quenching could be caused by a number of factors leading
to molecular interactions such as excited state reactions,
ground state complex formation and collisional quenching.
The decrease in Ksv value with higher temperatures suggests
a static quenching mechanism (24) ¢.e. formation of a complex
between JS-K and HSA or P123/]JS-K and HSA. The
quenching rate constant (Kq) was calculated to further con-
firm formation of complex and static quenching mechanisms.
The quenching rate constant can be calculated using Eq. 2:

_ Ksv

Ty

Kq (2)

[where T, is the average lifetime of HSA molecule in
absence of JS-K (quencher) or any other drug]. It represents
the average lifetime that a molecule spends in the excited state.

The value of T, of HSA is 107 s (25). The Kq values
calculated are shown in Table V. The Kq values obtained

Table IV Binding Constants (Ka) Obtained From Equilibrium Dialysis and Fluorescence Quenching and Stern Volmer Constant (Ksv) Obtained From
Fluorescence Quenching at Room Temperature. Concentration of Drugs Used in Both Studies Ranged From 0.7-0.025 mM

Formulation Ka (equilibrium dialysis with HSA) Ksv (fluorescence quenching) Ka (fluorescence quenching Ksv (fluoroscence quenching)
(M~ +SEMY? with HSA (M~ with AGP) M~ "\ with AGP (M™')°

JS-K 34%x10°+22 12x10° 15x10° 3x10°
Ns=2.2; R?=0.84 R?*=0.59 R?=0.77 RZ=091

P123/JS-K 3.0% 10°+3.6 22%10° 35%10° 2% 10°
Ns=19; R*=0.89 R*=0.805 R?=0.99 R?=0.67

R? = goodness of fit
Ns No. of binding sites

# Average and standard error of mean (SEM) of at least three independent experiments

® Average of at least three independent experiments

@ Springer
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Fig. 4 Stern Volmer Plot for JS-K and HSA or P123/)S-K and HSA at room
temperature. y-axis : Fluorescence of HSA/Fluorescence of drug; x-axis: JS-K
or P123/)S-K concentration. Plots obtained from averages of three indepen-
dent experiments.

are higher than the maximum scatter collision quenching for
HSA ie. 2x10'" L mol™' s™'. We also performed a fluores-
cence study with HSA and P123 only. Interestingly, instead of
quenching, fluorescence enhancement was observed (results
not shown).

Analysis of Binding Constants

The association binding constant (Ka) was calculated using a
modified Stern Volmer equation (Eq. 3):

Fo 1 1

aFJEQ) T

(3)

Where Fo = original unquenched fluorescence of HSA; dFF
= difference in the fluorescence in the absence and presence of
JS-K or P123/]S-K at the concentration Q; { = fraction of
initial fluorescence accessible to quencher. Binding constants
obtained at different temperatures are shown in Table V.

3
25
2
<
o 15
L ®p123/IS-K
1 5K
0.5
0 ; y -
0 0.0001 0.0002 0.0003 00004 0.0005

Drug concentration (M)

Fig. 5 Stern Volmer plot for JS-K and AGP or P123/)S-K and AGP at room
temperature. y-axis: Fluorescence of HSA/Fluorescence of drug; x-axis: JS-K
or P123/)S-K concentration. Plots obtained from averages of three indepen-
dent experiments.
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Thermodynamic Constants Analysis

Thermodynamic parameters are important for the determi-
nation of binding forces involved between a protein and a
drug. The forces involved could be non-covalent bonds in-
cluding hydrophobic interactions; electrostatic interactions;
Van der Waals forces and/or hydrogen bonds. The thermo-
dynamic parameters were evaluated using the Van’t Hoff
equation (Egs. 4 and 5):

dH as
logKa = — 4
8= oS 0aRT T 2303k ()
4G = dH-TdS 5)

The enthalpy change (dH) and entropy change (dS) were
calculated from the slope and intercept of the binding constant
vs. temperature curve, respectively. Free energy (dG) was
calculated from the derived enthalpy and entropy at different
temperatures. The results are shown in Table VI.

In Vivo Tumor Regression Analysis

We tested the i vivo efficacy of free JS-K and P123/]S-K using
HIL-60 cells implanted in NOD/SCID IL2Ry"™" as detailed in
the Materials and Methods section. Five groups were com-
pared as follows: no treatment control, P123 control, free JS-
K (dissolved in PBS/20% DMSO) at 4 pmol/kg, P123/]S-K
at 4 pmol/kg and P123/]S-K at 5 pmol/kg. There were 12 to
13 animals per variable. Mice were treated intravenously
every other day for a total of eight doses. Tumor volume
curves for each variable are shown in Fig. 8. When the curves
were compared using the two way analysis of variance
(ANOVA) method, they were not statistically different.
However, when comparing tumor volumes using the
Student’s #test at day 13, free JS-K at 4 pmol/kg and
P123/JS-K at 5 pmol/kg induced a statistically significant
reduction in tumor volume as compared to controls.
Interestingly, at day 16, the difference between free JS-K-
treated mice and controls was no longer significant.
However, at day 16, P123/]JS-K at 4 or 5 umol/kg induced
a statistically significant reduction in tumor volume. At day 16
tumor volume measurements were as follows (average and
SEM): No treatment: 1.57+0.23 cm®, P123 control: 1.62+
0.21 em®, free JS-K (4 pmol/kg): 1.30£0.13 cm®, P123/]S-K
(4 pmol/kg): 0.8940.08 cm®, P123/]S-K (5 wmol/kg): 0.81+
0.06 cm”. Differences between P123/]JS-K at 4 or 5 pmol/kg
were not statistically significant. In the other set of analyses
performed we calculated the cumulative area under the curve
for tumor volumes plotted against the day of treatment. At day
16, we obtained statistically significant tumor reduction when
all the treated groups were compared to control or no
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Table V Stern Volmer Quenching Constant (Ksv) and HSA Association Binding Constant (Ka) of JS-Kand P123/)S-K at Three Temperatures: 298, 303 and 310 K

Formulation Temperature (K) Ksv? (x 10° M) Kg* (x 10" M™"s7h Ka®(M™"
JS-K 298 6.6 6.6 57.3
R>=0.983 R*=0.96
303 6.9 6.9 226.14
R?=0.94 R?=0.98
310 3.1 3.1 1052.3
R*=0.98 R*=0.99
P123/JS-K 298 33 33 608.2
R*=0.99 R>=0.988
303 3.4 3.4 6152
R*=0.79 R>=0.986
310 22 22 681.2
R?=0.93 R?=0.840

R? = goodness of fit

# Calculated from the slope of the curve plotted. Two independent experiments were performed with nine replicates at each concentration

treatment. However, differences between P123/]S-K at 4 or
5 pumol/kg were not statistically significant. We could not
carry the experiment beyond day 16 based on tumor volume
guidelines of the University of Utah IACUC.

DISCUS?SION

In this paper, we describe the effect of a Pluronic® formulation
on the prospective anti-cancer agent JS-K. Pluronic™ block
copolymers have been widely used as they are comparatively
non-toxic and offer ease of preparation (26). Polymeric mi-
celles do not offer high loading capacity, but seemed to work
well for our purposes. In preliminary studies, we compared
Pluronics® F127, P105 and P123. All three Pluronics® are
different with respect to their physical characteristics, HLB
value and solubility (23). The results indicated that for JS-K,
P123 was the best choice in terms of stability and enhancing
solubility of this extremely hydrophobic drug. JS-K in P123
micelles was more stable than in the other two formulations.

7

Fo/F

*208K
W303K
®310K

0 0.0002

0.0004

0.0006 0.0008

J5-K concentration (M)
Fig. 6 SternVolmer plot for JS-Kand HSA at 298, 303 and 3 10 K. Each point

and standard error of the mean (SEM) is a representative of two independent
experiments with nine replicates.

Although most of our studies were performed on HL-60 cells,
we also tested P123/JS-K in U-937 cells at the same drug
loading percentage and obtained similar i vitro cytotoxicity
results.

All the studies were performed immediately in order to
prevent any possible degradation. JS-K stocks were prepared
and stored in amber vials. For experiments requiring extended
hours, photo-degradation was prevented by covering the vials
with aluminum foil.

We conducted studies to characterize P123/]JS-K since it is
a clinical candidate. As evident from the size measurements,
there was a slight reduction in the micelle size observed when
blank micelles were compared to P123/]JS-K micelles. It is
interesting to note that with increase in JS-K loading, size
reduction became appreciable (Table II). Also, we could not
observe the shape of the blank micelles with TEM but after JS-
K incorporation, spherical shaped micelles were observed.
These two observations point towards stabilization of the
micellar structure due to JS-K incorporation. Although spec-
ulative at this point, it is likely that micelle stabilization by JS-
K is due to hydrophobic interaction of the drug with the

6
5
4
53 #298K
) =
= - 303K
2 P =S
) = 310K
1 =
0
0 0.0002 0.0004 0.0006 0.0008

P123/]5-K (M)

Fig.7 Stern Volmer plot for P123/)S-K at temperatures 298, 303 and 310 K.
Each point and standard error of the mean (SEM) is a representative of two
independent experiments with nine replicates.
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Table VI Thermodynamic Parameters for HSA and JS-K or HSA and P 123/JS-K at Three Temperatures: 298, 303 and 310 K

Formulation Temperature (K) Ka(M™" dG® ( mol™ ") dHe (i mol ") dS®(fmol ™" K1
JS-K 298 57.3 —10.14 185.46 656.39
R*=0.96 R*=0.99 R*=0.99
303 226.14 —13.42
R*=0.98
310 1052.3 —18.02
R*=0.99
P123/JS-K 298 608.2 —15.93 7.4 78.3
R*=0.988 R*=0.88 R*=0.88
303 6152 —16.32
R*=0.986
310 681.2 —16.87
R?>=0.840

Enthalpy and entropy calculated from the slope and intercept of the curve plotted between binding constant and temperature respectively as explained in the
Results section. Two independent experiments were performed with nine replicates at each concentration

R? = goodness of fit

polymer. It has been suggested that for Pluronic® micelles, at
concentrations significantly above the CMC micelle stability
diminishes (27). Our studies support this observation as we
were unable to get TEM images of blank micelles but with JS-
K incorporation, spherical micelles were observed. Being
extremely hydrophobic, JS-K likely stabilized the dynamic
nature of the micelles with physical interactions. We also
measured the CMC of the Pluronic® P123 using the KI/I,
method. The CMC value we obtained is consistent with what
has been reported by other investigators (21,23).

——NO TREATMENT
—=—P123
—+—FREE JS-K 4 umol/kg
—=—P123/JS-K 4 umol/kg
~ 1.5+  ——P123/JS-K 5 umol/kg

£

2

w

=

2 1

o

>

c

o

=

P 0.5

%= % 0 1%
DAY
null

Fig. 8 In vivo tumor regression analysis: NOD/SCID ILZRy™ mice were
injected with HL-60 cells subcutaneously. Treatments started after tumors
became palpable. A total of 8 injections were given. Treatment groups
consisted of no treatment control, Pluronic® P123 treatment control, free
JS-K injected at 4 umol/kg, P123/)S-K injected at 4 umol/kg, or P123/S-K
injected at 5 umolkg.
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Upon testing free JS-K and P123/]JS-K in various media,
P123/JS-K showed enhanced recovery and extended stability
as compared to JS-K alone. Human plasma, RPMI/FBS
media and PBS were chosen as matrices of different complex-
ity. Stability of JS-K was also tested in the presence of GSH
because JS-K is cleaved in the presence of GSH. Higher
stability of JSK in plasma as compared to whole blood could
be attributed to higher GSH in blood as compared to plasma
(28,29). The relative stabilization of JS-K with P123 micelles
could be explained by shielding of JS-K in the micelle, thus
preventing interaction with GSH.

A drug’s interaction with serum proteins is an important PK/
PD parameter that needs to be studied as this provides the basis
for dosage regimens and other related PK analyses. The two
major serum proteins are HSA and AGP. While it 1s generally
observed that acidic drugs tend to bind with HSA and basic
drugs tend to bind with AGP, this observation is not absolute
(30). We studied interaction of free JS-K with HSA and AGP
and P123/JS-K with HSA and AGP. We compared results
obtained from equilibrium dialysis with the results obtained from
spectrometric analysis. Equilibrium dialysis is an old and reliable
technique but suffers from drawbacks such as requirement of
high volumes, extensive time for equilibrium, volume shift and
the need for extensive preliminary studies. Nevertheless, it is the
most widely used method and is still used to analyze plasma
protein binding of various drugs (19). We initially performed the
equilibrium dialysis study for 8 h. For such a long time, P123/]S-
K was relatively stable but free JS-K degradation was observed.
In the P123/]S-K system, equilibrium was observed within 2 h.
Complete equilibrium was not obtained for free JS-K probably
due to drug instability. Nevertheless, the 2-h point was selected
for the equilibrium dialysis for both formulations. Using
SigmaPlot, we analyzed the binding constant and possible num-
ber of binding sites using a built-in ligand binding equation. As
free JS-K is prone to degradation we validated our results using
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spectrophotometric analysis. Furthermore, none of the binding
analysis techniques provide complete information. Therefore, a
combination of two different techniques can provide valuable
datasets (19). With the use of fluorescence quenching, we were
able to derive the Stern Volmer constant, binding constant and
thermodynamic constants such as enthalpy, entropy and free
energy. Fluorescence quenching of tryptophan upon binding of
drug can yield useful information. This technique is fast and
reliable, and requires less sample (25). In a complex system where
the drug (JS-K) is incorporated inside a micelle core, protein
binding can take place between ]JS-K and tryptophan residues of
protein, P123/]S-K micelle and the tryptophan residues and
finally between the unimers/micelles and the tryptophan resi-
dues. As observed from the results, the association constant (Ka)
obtained from the two techniques is slightly different. Comparing
equilibrium constants at room temperature, for P123/JS-K, Ka
obtained from equilibrium dialysis and fluorescence quenching
was close whereas a nearly ten times higher Ka was calculated for
free JS-K when fluorescence quenching analysis was performed.
This difference could be explained by considering the stability of
free JS-K. While P123/JS-K could attain equilibrium, free JS-K
might have degraded during the experiment. Although it could
be argued that the Stern Volmer plot obtained has various data
points that could be considered outliers, this could have been due
to the lack of technique optimization. The results were promising
and therefore a more optimized temperature controlled study
was performed. When a temperature controlled study was per-
formed with the fluorescence quenching technique, both formu-
lations showed an increase in binding constant or binding
strength with temperature although the increase observed for
free JS-K was more marked than P123/]JS-K (Figs. 6 and 7).
This could be explained by reduced binding property of
Pluronic™ polymers.

In order to be effective, the drug should be released from
the polymer to produce its therapeutic effect. How early JS-K
is released from the micelle core needs to be established. The
thermodynamic parameters obtained from the fluorescence
quenching study hold significance as well. The negative free
energy possessed by both free JS-K and P123/]S-K binding
with HSA at different temperatures indicates a spontaneous
reaction that is thermodynamically favorable. Again, both free
JS-K and P123/JS-K possess positive enthalpy and entropy
but the values are about ten times higher with free JS-K
interaction with serum protein. It is hard to speculate about
the relevance of that observation as the specific heat capacity is
not considered. However, according to studies carried out by
Ross and Subramanian (31) the positive value of both enthal-
py and entropy indicate hydrophobic interactions.

Protein binding analysis can also be extended to hypothe-
size JS-K stability and interaction with HSA. As protein
binding is occurring, it could be hypothesized that JS-K
stability can be enhanced with HSA interaction. A depot
can be formed between JS-K and HSA. Some studies have

shown interaction of NO residues (such as nitrosothiols) with
albumin (32,33). Also, the major metabolite of JS-K, S-gluta-
thione-2,4-dinitrophenyl can interact with albumin via the
GSH moiety. Therefore, cither JS-K as a whole or its metab-
olites can interact with albumin to form a depot of either
whole JS-K or the metabolites of JS-K that could be instru-
mental in producing the cytotoxic effects of the drug.

The i vivo tumor regression study carried out confirms the
antineoplastic activity of JS-K. It is interesting that both JS-K
and P123/]JS-K showed nearly equal tumor regression up to
seven injections but P123/JS-K-treated mice showed maxi-
mum regression after eight treatments. One could speculate
that the P123 formulation allowed JS-K accumulation in the
tumor to a greater extent and that a critical threshold of
antineoplastic activity was reached as a result. Another point
1s that the micelles prevented the drug from interacting with
proteins and as a result allowed more drug to reach leukemic
cells. Finally, the micelles probably enhanced penetration of
the drug in the leukemic cells as we have previously demon-
strated (34). It would have been informative to be able to carry
the experiment beyond that time point. However, ethical
guidelines precluded us from doing so.

CONCLUSIONS

Overall, our study demonstrated that JS-K formulated in
Pluronic® P123 has a more favorable i vitro and in vivo profile.
The polymeric micelle formulation stabilizes the drug and
diminishes its interaction with plasma proteins. The binding
is thermodynamically favorable and points towards hydro-
phobic interactions. We also conclude that P123/]S-K is likely
more therapeutically effective than free JS-K.
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