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Abstract

Objective: The aim of this study is to design, fabricate and determine the cytotoxic effects of
dual loaded paclitaxel and 17-AAG in stealth polymeric nanoparticles. The nanoparticles were
fabricated by dispersion polymerization.

Methods: Two breast cancer cell lines (MCF-7 and SKBR-3) were cultured and treated with
media only, blank nanoparticles, paclitaxel (as a free drug), 17-AAG (free drug), paclitaxel +
17-AAG combination (as free drugs), and paclitaxel + 17-AAG combination loaded in poly-e-
caprolactone stealth nanoparticles. Each drug in the combination was half the concentration of the
single free drug.

Results: The cytotoxic effects of the paclitaxel treatment and that of the combination (free drug)
were found to be similar in both SKBR3 and MCF7 cell lines. Similar cytotoxic effects were
observed for the drug combination both in the drug loaded nanoparticles formulation and in free
drug form for both cell lines.

Conclusion: Both paclitaxel and 17-AAG were effectively loaded and released from the
polymeric nanoparticles. Paclitaxel (free drug), paclitaxel-17AAG combination (free drug), and
dual drug-loaded nanoparticles had similar cytotoxic effects on both cell lines. Paclitaxel and
17-AAG combination resulted in synergistic effect: paclitaxel in the combination with 17-AAG
was half its original concentration and yielded similar cytotoxic effect. The dose of paclitaxel was
reduced without lowering its therapeutic efficacy.
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Introduction

Taxanes (paclitaxel and docetaxel) have remarkable anticancer efficacy; they are among
the bioactive agents established as first-line chemotherapeutics for the treatment of breast
cancers. However, they have poor selectivity and high toxicity which are the most important
factors for discontinuation of cancer chemotherapy [1]. Due to the poor solubility of
paclitaxel and docetaxel, they are formulated as Taxol® and Taxotere® respectively for
clinical use; the solvents and surfactants used in their preparations add to the toxic effects
of taxanes during infusion [2]. In addition to toxicity, the clinical success of taxanes has
been limited by the insurgence of cellular resistance, mainly mediated by expression of
the multidrug resistant phenotype or by microtubule alterations [3, 4]. Paclitaxel acts at
the G2/M phase of mitosis, causing mitotic arrest by binding to the beta-tubulin subunits
of microtubules, stabilizing and protecting the microtubule polymer from disassembly [5].
This action disrupts the appropriate assembly of microtubules necessary for mitosis. The
mechanism of action of paclitaxel also includes the production of macrophage I1L-12

in tumor bearing hosts that downregulates the tumor growth significantly by selective
dysregulation of IL-12 p40 expression; paclitaxel also reduces glycolysis by specific
mechanisms [6,7].

Activation of the heat shock response is believed to be a general property of cancer cells
involved in the initiation and maintenance of the transformed phenotype. A particularly
important component in the heat shock response is heat shock protein 90 (HSP90). The
multichaperone heat shock protein (HSP90) complex mediates the maturation and stability
of a variety of proteins, many of which are crucial in oncogenesis including epidermal
growth factor receptor (EGFR), HER2, AKT, Raf, p53, and cdk4 [8]. These proteins are
referred to as “clients” of HSP90 and include proteins that contribute to all six “hallmarks
of cancer” including self-sufficiency in growth signaling, insensitivity to antigrowth signals,
evasion of apoptosis, sustained angiogenesis, tissue invasion and metastasis, and limitless
replicative potential [9]. Inhibition of HSP90 function disrupts the complex and leads to
degradation of client proteins in a proteasome-dependent maimer [10]. This disruption
results in simultaneous interruption of many signal transduction pathways crucial to tumor
progression and survival. Consistent with the role of an activated heat shock response in
cancer, HSP90 is over-expressed in cancer cells; it is correlated with disease progression in
melanoma and associated with decreased survival in breast cancer, gastrointestinal stromal
tumors (GIST), and non-small cell lung cancer.

HSP90 inhibitors display remarkable selectivity for cancer cells as compared to normal

cells and the inhibitors have been shown to accumulate in tumor tissue while being

rapidly cleared from the circulation and normal tissues [11-14]. HSP90 inhibitors, such

as 17-AAG and geldanamycin (GA), sensitize lung and breast cancer cells to paclitaxel
induced cytotoxicity both in vitro and in vivo [15]. Further, concurrent exposure to 17-AAG
and paclitaxel is required for the synergistic activity of the two drugs. 17-AAG has been
shown to sensitize cancer cells to apoptosis stimulated by paclitaxel when both drugs are
administered in combination. One of the mechanisms of paclitaxel resistance is by means of
microtubule associated proteins such as Tau. Both paclitaxel and Tau bind to the beta-tubulin
subunits of microtubules and stabilize them. The difference between the two is that when
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paclitaxel binds to the microtubule the affinity of the bond is so strong that there is no
room for disassembly; whereas the binding affinity between Tau and microtubules permits
the disassembly of the microtubule polymer resulting in mitosis. Due to the competition
between Tau and paclitaxel for the same binding position on the microtubule, paclitaxel
tends to be ineffective in the presence of aggregated Tau proteins [16, 17]. Tau protein

is an HSP90 client protein and hyperphosphorylated Tail binds to HSP90 at a high
affinity, resulting in aggregated Tail proteins. Microtubules at Tau aggregation sites are less
susceptible to paclitaxel binding. Therefore, in the absence of heat shock protein 90, Tau
protein aggregation is drastically reduced and paclitaxel-microtubule binding is increased,
enhancing the therapeutic efficacy of paclitaxel in causing mitotic arrest. Since 17AAG

is an HSP90 inhibitor, the combination of paclitaxel and 17AAG would greatly diminish
paclitaxel resistance [18-21].

Although the combination of these two drugs seems promising in enhancing the efficacy

of breast cancer treatment, there are challenges and limitations that pose as a threat to the
efficiency of this combination when administered as free drugs in solution. These limitations
include: the poor solubility of both drugs; lack of specificity (targetability); the use of
cremophor EL to enhance solubility in both 17-AAG and paclitaxel which may induce
hypersensitivity reactions [22]; incompatibility of cremophor EL to certain plastics which
may be used as infusion bags; the physical instability of paclitaxel which causes the drug

to precipitate during storage; and the complicated dosing regimen associated with this
combination [23-25].

Therapeutic nanoparticles are capable of providing site-specific tumor targeting (active or
passive targeting) thereby reducing toxicity in healthy cell, improving the solubility of
anticancer drugs by incorporating them in the hydrophobic core [26, 27] and synchronizing
the disposition (pharmacokinetics) of encapsulated (combination) drugs (varying
biodistribution/pharmacokinetics of combination drugs through cocktail administration has
been attributed to their ineffectiveness in the clinic) [28]. Further, therapeutic nanoparticles
could overcome drug resistance due to P-glycoprotein efflux pump and enhance anticancer
activity of therapeutic drugs (concurrent chemotherapy is more effective than sequential use
of the chemotherapeutic agents). The stealth property of the nanoparticles due to PEG on the
surface will prevent opsonization and capture by the reticuloendothelial system (RES). Dose
reduction coupled with a better quality of life during chemotherapy would also improve
patient compliance.

The use of biodegradable (poly-e-caprolactone) nanoparticles in the delivery of 17-AAG —
paclitaxel combination was investigated in this work as an excellent way to overcome the
limitations associated with the administration of chemotherapeutic agents as free drugs in
solution with the goal of enhancing breast cancer treatment.

Material and Methods

Materials

e-caprolactone monomer (Sigma Aldrich, 99%) and toluene (Sigma, 99.9%) were distilled
before use. Tin (I) 2-ethylhexanoate (stannous octoate), 2,4-dimethoxybenzaldehyde
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(DMBA) (98%), 2-Hydroxyethyl methacrylate (HEMA) (Sigma, 97%), paratoluenesulfonic
acid monohydrate (Sigma>98.5%), anhydrous dichloromethane (DCM) (>99.8%), and
triethylamine(TEA) (Sigma,>99%) were used as received. Poly (ethylene glycol)

n monomethyl ether mono methacrylate (PEG-MMA, MW=1,000) was obtained

from Polysciences, Inc. (Warrignton, PA, USA). Benzoyl peroxide (BPO), N-
phenyldiethanolamine (N-PDEA) and acetone (E1PLC grade) were obtained from Sigma
Aldrich. Paclitaxel and 17AAG were obtained from LC Laboratories. SKBR3 cell line
(American Type Culture Collection (ATCC) (Manassas VA, USA)), MCF7 cell line (Sigma
Aldrich (St. Louis, MO, USA)), fetal bovine serum (FBS) (ATCC, Manassas VA, USA),
penicillin/streptomycin (Fisher Scientific), Eagle’s minimum essential medium (EMEM)
and McCoy’s 5A medium (ATCC, Manassas VA, USA), nonessential amino acid (NEAA)
(Sigma Aldrich), trypsin EDTA (ATCC, Manassas VA, USA) were used in cell culture
studies.

Synthesis and characterization of poly (e-caprolactone) macromonomer: HEMA and epsilon
caprolactone monomer were dried over activated molecular sieves for 24h and distilled
under negative pressure in an oil bath. Toluene was dried over calcium hydride for 1h prior
to distillation. Silicone oil bath was heated and equilibrated to 120 C and 12.75 mL distilled
e-caprolactone was polymerized in the presence of 2.8 mL distilled HEMA and 0.0375

mL of 0.4M stannous octoate by ring opening polymerization. Prior to polymerization, the
mixture was placed under vacuum for 10 minutes without stirring. Subsequently it was
lowered into the oil bath set at 120 C and stirred at 350 rpm. After 24h, the reaction was
removed from the oil bath and allowed to cool for a few minutes, followed by the addition of
10 nil dichloromethane (DCM).

The product was added to 100 mL DCM and filtered through a Whatman filter paper

using a vacuum pump and a Buchner funnel [29]. The filtrate was decanted into 1000

mL beaker after which cold hexane was added to precipitate the macromonomer. The

final product was dried in the vacuum oven over phosphorous pentoxide. Characterization

of poly (e-caprolactone) macromonomer was carried out as follows. Sample of the dried
macromonomer was dissolved in chloroform-D for HNMR study to determine its purity
and in tetrahydrofuran for gel permeation chromatography (GPC: Waters 2690 with a Waters
2410 differential refractive index detector) to determine the molecular weight. Polystyrene
standards were used for calibration. The macromonomer was also characterized by Fourier
transform infrared spectroscopy (FT-IR).

Synthesis and characterization of di (2-methacryloyloxyethoxy)-[2,4 dimethoxyphenyl]
methane (DMDPM; pH sensitive crosslinker): HEMA was dried over activated molecular
sieves for 24h and distilled under negative pressure in an oil bath before use.

Molecular sieves were activated in the oven at 120°C for 3h and placed in a round

bottom flask containing a magnetic stirrer together with a mixture of 3.9964g of 2,4-
Dimethoxybenzaldehyde (DMBA), 12 mL distilled HEMA, and 0.725¢ para-toluene
sulfonic acid monohydrate. Anhydrous dichloromethane ((DCM) 30 mL) was injected into
the flask and stirred at room temperature under nitrogen gas for 30 minutes [30]. Die
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reaction was left to run for 24 h; it was quenched in an ice bath by injecting 4.2 mL

of triethylamine into the flask to neutralize the acidic catalyst used. It was stirred for 30
minutes at 0°C. The final product was filtered, washed with dichloromethane, evaporated,
and purified by column chromatography. Aluminum oxide was used as the stationary phase;
while the mobile phase consisted of hexane/ethyl acetate (6:1) with 1% (v/v) triethylamine.
The crosslinker was analyzed by 1H-NMR, using a Brooker ADVANCE 400 MHz NMR
spectrometer. Fourier-transform infrared analysis of the crosslinker was carried out using
Perkin Elmer spectrum 100 FT-IR spectrometer. Liquid chromatography mass spectrometry
(LC-MS: Agilent model (1260) Infinity (Agilent Technologies, Palo Alto, USA)) was used
to determine the molecular weight of the crosslinker.

Fabrication and characterization of dual-loaded nanoparticles: The dial-loaded nanoparticles
were prepared using dispersion polymerization method as previously described [29-31].
Briefly, poly-e-caprolactone macromonomer (0.28 mmol), PEG-MMA macromonomer
(1.01 mmol) and the crosslinker (DMDPM; 0.373 mmol) were weighed separately

and dissolved in acetone and transferred into a round bottom flask with a rubber

closure. The solution was flushed with nitrogen gas with constant stirring at 200 rpm.
N-phenyldiethanolamine (NPDEA) and benzoyl peroxide (BPO) [redox initiator system;
(1:1, 0.594 mmol)] were injected into the flask after 10 and 20 minutes respectively of
commencing the reaction. Paclitaxel and 17-AAG (0.0171 mmol each) were then injected
into the reaction solution. The reaction was left to proceed at room temperature with
constant stirring (200 rpm) and under the nitrogen atmosphere for 6h. The reaction was
allowed to proceed for a total of 18h after initiation. The drug-loaded nanoparticles were
purified by centrifugation using an ultracentrifuge. After centrifugation, the supernatant was
removed and the nanoparticle was dispersed in deionized water and lyophilized for 24h and
stored in the refrigerator at 4°C.

Particle size: The average particle size was determined by dynamic light scattering (DLS)
technique using a Brookhaven 90 plus particle size analyzer. Samples of the nanoparticles
were diluted with deionized water, probe sonicated for 45 seconds and filtered with a 5-
micron syringe filter into a cuvette before the analysis. Polydispersity index of the particles
(a measure of particles size distribution) was also determined.

Zeta potential: A known weight of freeze-dried nanoparticles was resuspended in
deionized water, probe sonicated for 45 seconds and filtered through a 5-micron syringe
filter. 1 mL of the filtrate was diluted with 1 mL deionized water and analyzed using a
Brookhaven 90 plus, Zetaplus zeta potential analyzer. For each sample, 5 measurements
were taken, and their average determined.

Scanning electron microscopy (SEM) for nanoparticle morphology: Different
dilutions of nanoparticle suspension in distilled water were placed on a carbon tape affixed
to a specimen (aluminum) stub (SPI Supplies, Inc.) and dried in a vacuum oven for 24h.
The samples were gold coated with Hummer sputtering machine for 2 minutes under argon
atmosphere to improve conductivity. The samples were then observed using JEOL JSM
7600F scanning electron microscope. A 5kV accelerating voltage and secondary electron
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mode was used with a working distance of 12 mm for the morphological characterization
[30].

Drug loading (DL): Analysis of drug loading, encapsulation efficiency and in vitro drug
release was done by reversed phase high performance liquid chromatography (RP-HPLC)
using the Agilent - Hewlett Packard 1100 Series High Performance Liquid Chromatography
System equipped with Eclipse plus C18 (4.6 x 150 mm, 5 um particle size) column kept

at 35°C using 30:42:28 (methanol, acetonitrile, and water) as the mobile phase. A known
weight (ANp) of freeze-dried nanoparticles was dissolved in acetonitrile, filtered with a
0.2-micron syringe filter and analyzed by HPLC. The developed calibration curve was used
to determine the amount of drug in the solution (Asol). The mabile phase was the same as
that used for the calibration curve [29-32]. Equation 1 below was used to determine the
percent amount of drug loaded.

(%) DL = ((Asol)/(ANp)) x 100 % Eq.1

Encapsulation efficiency (EE): Nanoparticle encapsulation efficiency was determined
under the assumption that the total amount of drug encapsulated equals the initial amount
of drug used for the nanoparticle synthesis (Aprep) minus the amount of drug found in the
supernatant (Asup) after centrifugation. Percent (%) encapsulation efficiency was calculated
with equation (2).

(%) EE = ((Aprep) — (Asup))/(Aprep)) x 100 % Eq.2

Development of calibration curve: Both 17-AAG and paclitaxel were dissolved in
ethanol at concentrations of 0.5 pg/mL, 2.5 pg/mL, 5 pg/mL, 10 pg/mL, 20 pg/mL,

50 pg/mL and 100 pug/mL and analyzed by reversed phase high performance liquid
chromatography (RP-HPLC) (Agilent-Hewlett Packard 1100 series) equipped with Eclipse
plus C18 (4.6 x 150 mm, 5 um particle size) column kept at 35°C. Methanol, acetonitrile,
and water (all HPLC grade) were filtered using 0.2-micron nylon filter paper and used at a
30:42:28 ratio respectively as the mobile phase. 20uL was injected and analyzed at a flow
rate of 1 mL/min (A max for paclitaxel is 227 nm and A max for 17AAG is 334 nm [33,34].

Drug release studies: /n vitrodrug availability of paclitaxel and 17AAG was studied
using a dialysis method. A known weight of freeze-dried nanoparticles was suspended in

2 mL acetate buffer (pH 5.0) and placed in a dialysis bag (12-14k Da MWCO (Spectra/
Por®CE)). The dialysis bag was then placed in a 15 mL Eppendorf tube containing the
release medium consisting of acetate buffer (pH 5.0) and 0.1% wi/v polysorbate 80 (Tween
80) [35]. The tube was clamped to a Labquake® shaker capable of 360° rotation at 37°C in
an endotherm laboratory oven (Fisher Scientific, USA). At specific time intervals, an aliquot
of the release medium was taken and replaced with same amount of fresh medium each time
to maintain constant volume [29-32]. Studies were done in triplicates. All samples taken
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were filtered with a 0.2 micron syringe filter and then analyzed by HPLC to determine the
concentration of each drug.

Cell Cultures

SKBR3 cells were cultured in McCoy’s 5A medium supplemented with fetal bovine serum
(FBS; 10%v/v), and penicillin/streptomycin [penicillin G (100U/mL) and streptomycin
sulfate (100ug/mL); 1% v/v]. MCF7 cells were cultured in Eagle’s minimum essential
medium (EMEM) supplemented with L-glutamine (2mm) nonessential amino acid
[(NEAA), 1% v/v], fetal bovine serum [(FBS), 10%v/v] and penicillin/streptomycin
[penicillin G (100U/mL) and streptomycin sulfate (100ug/mL); 1% v/v]. Cells were
maintained in a humid incubator (5% COo, at 37°C). The cells were maintained in culture
and split when 75-80% confluence was reached in the culture flask.

Cytotoxicity Experiments

Cells were seeded in 96-well microplates (5,000 cells in 100 pl of culture medium) and
incubated for 24 h to allow the cells to attach. The culture medium was then removed

from the wells and replaced with fresh medium containing different concentrations of the
drugs (paclitaxel, 17-AAG or equimolar combination of both drugs with the concentration
of paclitaxel and 17-AAG halved) in solution or drug loaded nanoparticles. The treatments
were applied at concentrations ranging from 0.1nM to 1000nM. Some cells (controls)
were treated with culture medium only, culture medium with 0.025% DMSO and culture
medium containing blank polymer nanoparticles. For treatment with the drugs in solution,
the drugs were weighed separately into glass scintillation vials and dissolved in DMSO and
culture medium to produce an initial stock of 10um which was diluted to 2000nM. The
1000nM solution was then used to prepare the dilutions used for treating the cells. Equal
volumes of the single drug dilutions were mixed (1:1) to prepare drug solutions for the
combination drugs treatment (the concentration of each single drug solution was halved in
the combination drug solution). For dual loaded nanoparticles (DLNP), the drug loading of
paclitaxel in the nanoparticles (1.71%) was used to determine the quantity of nanoparticles
to use for cell treatment.

To prepare the initial stock solution for treatment, DLNP was weighed into a glass
scintillation vial and suspended in culture media to obtain an initial concentration of 10puM.
This was further diluted down to obtain the highest treatment concentration (1000nM),
from which serial dilutions were prepared to obtain the solutions for treating the cells.

The blank polymer nanoparticle formulation was also weighed and similarly diluted to
obtain the concentration of nanoparticles corresponding to what is contained in the highest
concentration (1000nM) of DLNP. Subsequently, cell plates were assayed at predetermined
time points of 24 h, 48 h, 72 h, 96 h and 120 h after exposure of the cells to the treatment
solutions to determine cell viability.

At each time point, the treatment media were removed from the cell plates and fresh
media were added. An equal volume of CellTiter-Glo® luminescence assay reagent (which
produces luminescence signal proportional to the amount of ATP generated) was then added
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to each well and the plate was shaken for 2 minutes [(Clariostar Plus Microplate Reader,
BMG Tech) equipped with an in-built shaker] to lyse the cells. The plates were kept in the
dark for 30 minutes, after which luminescence was measured as a surrogate for the number
of viable (metabolically active) cells present.

Results and Discussion

The macromonomer was synthesized by ring opening polymerization of the epsilon
caprolactone monomer in the presence of HEMA as the initiator [Scheme 1]. THNMR
spectrum displays (spectrum not shown) olefinic protons of a C=C bond at chemical

shift 5.6 ppm and 6.1 ppm, showing the incorporation of HEMA. The gel permeation
chromatography (GPC) data showed a single peak (indicating its purity), with a
polydispersity index (PDI) of 1.63. Number average molecular weight (Mn) calculated by
IHNMR method was 1075g/mol; while that of GPC was 1269g/mol. The weight average
molecular weight determined by GPC was 2074g/mol.

It is usual to have different Mil values of the same polymer determined by 1H NMR analysis
and by GPC [29].1t has been ascribed to the use of polystyrene standards for calibration. It is
due to differences in the hydrodynamic volume of polystyrene relative to poly-caprolactone-
HEMA macromonomer. FT-IR spectrum (data not shown) reveals the presence of significant
functional groups such as C-H: 2943.79 cm™1, C=0: 1721.91 cm~1 and the C=C at 1636.91
cm™1,

The early endosome has a pH of about 5-6; while the lysosome has a pH of about 4-5 [30—
36]. Consequently, the purpose of incorporating an acid-labile crosslinker into the design of
our nanoparticles was to facilitate the design of nanoparticles that will be stable in blood
circulation but degrade in the acidic environment. Our laboratory [30] has reported the
synthesis of three different types of acetal crosslinkers using three different benzaldehydes
which differ in the number of methoxy groups present on the aromatic ring.

In this work, we synthesized the pH-sensitive acetal crosslinker with two methoxy groups
present on the aromatic ring and degradable in an acidic environment. The crosslinker was
characterized by H NMR, FT-IR and liquid chromatography mass spectrometry (LC-MS)
and used in this work. The TH NMR spectrum (data not shown) displays the acetal proton
peak where the crosslinker hydrolyzes in an acidic medium as a singlet at chemical shift
5.84pp, and methoxy groups at 3.80ppm and 3.81pp, as expected [30]. Also, the FT-IR
spectrum shows the presence of important functional groups as follows: The C-H group

at 2955.08 cm™1, Carbonyl group (C=0) at 1715.39 cm™1, C=C group at 1636.92 cm™1
and aromatic ring between 1376.62 cm™! - 1613.76 cm™1 [30]. According to the chemical
formula of the crosslinker (Co1H2g0g), the expected molecular weight was 408.4422 g/mol.
The molecular weight of the synthesized crosslinker determined by liquid chromatography
mass spectroscopy was 408.1775g/mol [Figure 1].

We implemented a central composite face-centered statistical experimental design (CCF) in
three independent factors and seventeen runs for the fabrication nanoparticles by dispersion
polymerization technique, followed by optimization as shown in Table 1 [37].
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The computer software optimizer was used for optimization to select the factor combination
to minimize the particle size, to minimize the time (h) for maximum release of paclitaxel
and 17-AAG, to maximize paclitaxel and 17-AAG loading efficiency and to maximize
paclitaxel and 17-AAG encapsulation efficiency. The combination of factors to give optimal
formulation is shown in Table 1 (Crosslinker 0.373 mmol, PEG 1.00981 mmol, stirring
speed, 215.075 rpm (approximated to 200 rpm in this work), macromonomer 0.28 mmol and
initiator system, 0.594 mmol) (see fabrication of nanoparticles). Figure 2 shows the average
particle size and particle size distribution (243.6 + 0.50 nm) with a polydispersity index

of 0.192 + 0.084). Figure 3 shows the scanning electron micrographs (morphology of the
nanoparticles).

Physicochemical characteristics of nanoparticles such as particle size and surface charge
play an important role in determining their in vitro drug release as well as their in vivo
pharmacokinetics and biodistribution, and hence the therapeutic efficacy of the encapsulated
drug [38,39]. When large colloidal particles are administered intravenously they are rapidly
taken up by reticuloendothelial system (RES) while small particles and those with a
hydrophilic surface show slow clearance rate [40]. In this study, the hydrophilic surface
was provided by PEG-MMA, which has been shown to promote long circulation of
nanoparticles. Figure 4 shows the negative zeta potential of the nanoparticles (=35 %

3.69 mv). Zeta potential is a measure of the effective electric charge on the surface of

the nanoparticles. Thus, negatively charged nanoparticles will repel each other, making
them less likely to aggregate in suspension [41]. The tendency of cells to internalize
nanoparticles greatly depends on the overall surface charge of surrounding fluids which
arises from the cell-nanoparticle surface charge interactions and studies have shown that
nanoparticle surface charge influences cellular uptake. Higher cellular uptake and lower
protein adsorption was detected with negatively charged more than with positively charged
nanoparticles [42].

The average zeta potential is =35 + 3.69 mV.

Figure 5 shows in vitro availability of the dual-loaded nanoparticles. The average in-vitro
release studies revealed a maximum release time of 53h for paclitaxel and 30h for 17-
AAG.Data obtained from HPLC analysis showed that drug loading and encapsulation
efficiency for paclitaxel were 1.71% + 0.03 and 93.3% =+ 0.03 respectively; while for
17-AAG, drug loading and encapsulation efficiency were 0.92% + 0.06 and 97.83% + 0.01
respectively.

(Paclitaxel:e = 0.06-0.314;n = 3; 17-AAG: ¢ = 0.08-0.646;n = 3).

The result of cytotoxicity experiments showed that there was no appreciable cytotoxic effect
in both cell lines at the 24 h time point with cell viability of approximately 100% across all
the treatments at all tested concentrations (Figure 6).

Although there was a noticeable decrease in the viability of SKBR3 cells treated with
paclitaxel and the combination with 17-AAG (drugs in solution) at the 48 h time point,
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the viability was still above 60% in all tested concentrations (Figure 7). The drug

loaded nanoparticle formulation also produced similar effects at higher (10nM-1000nM)
concentrations. The MCF7 cells, on the other hand, did not show appreciable response at
this time point, with viability of above 75% at all tested concentrations of the treatments
applied. At 48 h, it is becoming discernible that SKBR3 cells are more responsive to the
treatments than MCF7 cells.

In SKBR3 cells at 72 h time point, there was appreciable reduction in cell viability across
all tested concentrations, with viability lower than 50% for all applied treatments except
17-AAG (Figure 8).

Cells treated with 17-AAG showed reduction in viability only at concentrations of 100nM
and 1000nM. For MCF7 cells (Figure 9), viability was still in the order of 60% or higher
across all treatments applied. A similar pattern was found at the 96h time point with cell
viability below 50% in SKBR3 cells (down to about 20%) in all applied treatments apart
from 17-AAG, which resulted in viability of about 50% at 100nM and 1000nM. In MCF7
cells viabilities were still up to 50% for all applied treatments (Figure 9).

At the 120 h time point, all treatments (including 17-AAG at 100nM and 1000nM) produced
viability lowers than 50% in SKBR3 cells (Figure 10). In MCF7 cells, at 1nM concentration,
paclitaxel was superior to all other treatments; while drug combinations (paclitaxel and 17-
AAG) in nanoparticles and in solution have the same behavior (similar level of cytotoxicity).
17-AAG does not show much cytotoxicity. Paclitaxel, DLNP and paclitaxel combination
with 17-AAG (drugs in solution) produced viability lower than 50% at concentrations from
10nM to 1000nM; while 17-AAG (drug in solution) produced viability lower than 50% only
at the highest tested concentration of 1000nM (Figure 10).

From the data, it can be deduced that 17-AAG does not seem to exert considerable

cytotoxic effect on its own. However, 17-AAG appears to be contributing to the cytotoxic
effect of paclitaxel, as the combination treatment (PTX+17-AAG) containing half the
concentration of each drug (the drug solutions for combination drug treatment were prepared
by mixing the solutions of the individual drugs in a 1:1 ratio for each concentration with

the concentration halved) produced similar cytotoxic effect as the whole concentration

of paclitaxel. The same trend is seen in DLNP. Thus, although the concentration of
paclitaxel and 17-AAG had been reduced by half in the combination, similar levels of
cytotoxicity were produced in treated cells. The data support previous results indicating

that 17-AAG sensitized the cytotoxicity of paclitaxel [18-21]. The therapeutic potential of
HSP90 inhibition is being evaluated extensively in a number of clinical trials, including
17-AAG which is now in phase Il clinical trials. Additionally, inhibition of HSP90 function
by 17-AAG has been reported to enhance the apoptotic effects of cytotoxic agents such as
paclitaxel and doxorubicin. A recent review highlights the extensive clinical evaluations that
17-AAG has undergone as both a single agent and in combination with approved therapies
such as bortezomib, imatinib, docetaxel, paclitaxel, irinotecan, sorafenib, trastuzumab,
cisplatin, cytarabine, rituximab, etc. with enhancement or synergistic effects [43].
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In order to understand the concurrent effects of the drugs in solution for the current
combination (paclitaxel: 17-AAG; 1:1), the effect produced was assessed by computing the
combination index (CI) by the Chou-Talalay method, using the Compusyn® software. In the
Chou-Talalay method, CI values less than 1 indicate synergism, CI values equal to 1 indicate
summation, while CI values greater than 1 indicate antagonism [44, 45]. The CI for MCF7
cells at the ED50 were 0. 27, 0.34 and 0.58 at the 48, 72 and 96h time points respectively
over the concentration range from 0.1 — 1000nM. These values are less than 1 suggesting a
synergistic effect for the cytotoxic activities of the current drug combination in MCF7 cells.
The ClI values for SKBR3 could not be computed because the viability was well below 50%
at the time points greater than 48 h and there was no distinct difference in viability across all
tested concentrations at those time points.

Statistical analysis:

To show the synergistic effects of the dual-loaded nanoparticles and the drug solutions on
SKBR3 cell lines, statistical analysis was carried out on the data obtained at 96 hours. Two
factor (drug concentration and type of treatment) analysis of variance (ANOVA) with F-test
of significance was carried out on the data of % viability of SKBR3 HER2-positive cancer
cell lines at 96h using Design-Expert® software (Mersion 12.0). Pair wise comparisons

test (Tukey’s test) was used to locate specific differences between the means. The level of
significance was set at 0.05.

The analysis of variance (ANOVA) test was conducted to determine whether the difference
in % viability among the types of treatment was statistically significant, and also to
determine the effect of drug concentration on % viability.

The analysis of variance test (Table 2) shows that the model is significant (p < 0.0001),
meaning that either one of the two factors (type of treatment or drug concentration) or both
significantly affect % viability data. Further, the effect of type of treatment is significant
(p<0.0001) showing that there is a statistically significant difference in the % viability
among the four types of treatment (Paclitaxel solution (PTX), 17-AAG solution (17-AAG),
Paclitaxel+17-AAG solution each at half the concentration of individual drug solution

and Dual loaded nanoparticles (DLNP) containing the same drug concentration as PTX+
17-AAG). The effect of drug concentration is also significant (p< 0.0001), showing that %
viability of SKBR3 HER2-positive cancer cell line differs at different drug concentrations.
The interaction of type of treatment with drug concentration is also significant, indicating
that % viability of the type of treatment is not the same at different levels of drug (drug
concentration). Figures 9 and 11 support the inferences.

Having shown that ANOVA test is valid for our data on % viability of the treatments on
SKBR3 HER2-positive cancer cell lines (validation data not shown), it is of interest to

use multiple comparisons test (Tukey’s test) to compare the means of % viability for the
treatments at each concentration. When the interaction of factors is significant, as we have
in our ANOVA analysis (Table 2), comparisons between the means of a factor (i.e. type of
treatment) may be obscured by the interaction of type of treatment with drug concentration.
One approach to this situation is to fix one factor (i.e., drug concentration) at a specific level
and apply Tukey’s test to the means of each type of treatment [30,46]. Tukey’s test makes
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use of studentized range and is applicable to pair wise comparison of means. It requires a
single range value for judging the significance of all differences.

The procedure involves computing a critical value, as shown in Equation 3, and applying it
to differences between all pairs of means.

Ty = qu(ps fe)(MSg/n)™ Equation (3)

Where T, is the Tukey’s critical value, q is obtained from percentage points of the
studentized range statistic; p is equal to t (the), and f, is error degree of freedom, number of
treatments

From Equation (3), the Tukey’s critical value for the types of treatment was calculated as
shown below.

T0.05 = 40,054, 96)(13.77/4)° = 6.86

The level of significance was set at a= 0.05. The results are shown in Table 3.

Table 3 shows that there is nostatistical significant different between the means of %
viability of the blank nanoparticles and the medium (0 nM) indicating that the blank
nanoparticles were not toxic. From 0.1nM to 1000nM concentrations, paclitaxel solution
(PTX) and PTX+17-AAG (Paclitaxel+17-AAG solution, each drug at half the concentration
of paclitaxel solution) showed the same effect on % viability of SKBR3 cell line. The
implication is that 17-AAG is synergistic with paclitaxel. This synergistic effect becomes
discernible for DLNP (dual loaded nanoparticles containing the same drug concentration as
PTX+17-AAG) from 10 nM to 1000nM (Table 3 and Figure 11).

Combination therapies are beneficial and they potentially offer several advantages which
include improvements in the toxicity profile (since lower concentrations of individual agents
can be used), reduced or delayed development of drug resistance and improved efficacy
[45,47]. Due to these advantages, combination therapies have become a standard for the
treatment of several diseases and continue to represent a promising approach in indications
of unmet medical need [47]. Drug-loaded nanoparticles provide an excellent platform for
the application of combination therapy as they offer some benefits over conventional drug
delivery systems. These advantages include the ability to carry multiple agents within the
same nanoparticle system.

Thus for combination therapy, the agents to be delivered can be encapsulated within

the same delivery system. Other advantages include the potential for controlled and site-
specific delivery, lower dosage regimen, reduction in administered dose and toxic effects
[48-51].This study has demonstrated that the application of paclitaxel and 17-AAG in the
current combination would potentially afford a reduction in the dose (by half) required to
produce the desired therapeutic effect and would thus lead to a reduction in toxicity. The use
of the nanoparticle system would further extend the advantages by providing the possibilities
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for controlled and/or site-specific delivery to affected tissue or organ systems using the PEG
molecules on the surface of the nanoparticles for tethering or conjugating ligands on the
surface of the nanoparticles which can bind to the receptors expressed on the surface of
cancer cells.

SKBR3 cells were found to be more sensitive to paclitaxel-17-AAG combination than
MCFT7 cells. It is known that SKBR3 cell line is HER-2-overexpressing. Data from 17-AAG
clinical studies in which trastuzumab was combined with 17-AAG showed activity in
patients with ELER2-positive metastatic breast cancer who had progression of disease on
trastuzumab therapy [10,52-54]. Moreover, HSP90 inhibitors such as 17-AAG potently
downregulate the cell surface EIER2. Combined 17-AAG and trastuzumab treatment
induced synergistic growth arrest and cell death specifically in ELER2-overexpressing but
not in HER2-low breast cancer cells [54].

Figures 12 and 13 shows the effects of DLNP with time on both cell lines. It was observed
that at 0.1nM and 1nM, there was no significant decrease in % cell viability within all

the treatment times for both cell lines. This result may be attributed to the fact that low
amounts of the drugs were loaded in nanoparticles. Cytotoxic effect occurred between 1nM
and 10nM DLNP to varying extents in both cell lines and across all treatment times, after
which the effect plateaued at higher concentrations. This plateau trend is typical of taxanes
as reported in literature.

Conclusion

The dispersion polymerization method was successfully used to fabricate an optimized dual
drug-loaded nanoparticle formulation using a pH-sensitive crosslinker and a macromonomer.
In-vitro cytotoxicity studies revealed that the blank nanoparticles were biocompatible with
and non-toxic to the cells as compared to the control (media only). Also, cytotoxic effects

of the paclitaxel treatment and that of the drug combination (free drugs or nanoparticles
(DLNP) observed were similar in both SKBR3 and MCF7 cell lines suggesting synergistic
or potentiation effects. Also, since paclitaxel in the combination is half its original
concentration, and still yielded similar cytotoxic effect, we have been able to reduce the
dose of paclitaxel without lowering its therapeutic efficacy. 17-AAG on its own was not as
effective as compared to paclitaxel alone or in combination with paclitaxel.
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Figure 1:
The molecular weight of the synthesized crosslinker, LC-MS of di

(2-methacryloyloxyethoxy)-[2,4-dimethoxyphenyl]methane (DMDPM; pH Sensitive
Crosslinker) Expected MW(C21H»g0g)=408.4422g/mol. Molecular weight observed
in spectrum=MW(C51H50g) + MW(Na*) MW(C»1H,50g+MW(Na+*)=431.1673g/mol
MW)(C21H2g0g) Obtained=431.1673g/mol —22.9898g/mol=408.1775g/mol.
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Figure 2:
Particle size analysis data of dual-loaded (Paclitaxel and 17-AAG) nanoparticles by dynamic

light scattering. The average nanoparticle diameter recorded is 243.6 + 0.50 nm with a
polydispersity index of 0.192 + 0.084.
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Figure 3:
Scanning electron micrographs of dual-loaded nanoparticles.
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Figure 4
Zeta potential of dual-loaded (Paclitaxel and 17-AAG) nanoparticles.
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Figure5:
In vitro drug release isotherm of dual-loaded-nanoparticles.
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Figure6:
Comparison of the effects of all the treatment arms on SKBR3 and MCF7 cell lines after

24 hours of cell exposure to treatment (DLNP=Combination drug loaded nanoparticles,
PTX=Paclitaxel solution, 177AAG=17AAG solution and PTX+17AAG= combination drug
solution at half concentration of each drug).
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Figure7:
Comparison of the effects of all the treatment arms on SKBR3 and MCF7 cell lines after

48 hours of cell exposure to treatment (DLNP=Combination drug loaded nanoparticles,
PTX=Paclitaxel solution, 17AAG=17AAG solution and PTX+17AAG=combination drug
solution at half concentration of each drug).
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Figure8:
Comparison of the effect of all the treatment arms on SKBR3 and MCF7 cell lines

after 72 h of cell exposure to treatment (DLNP=Combination drug loaded nanoparticles,
PTX=Paclitaxel solution, 17AAG=17AAG solution and PTX+17AAG=combination drug
solution at half concentration of each drug).
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Figure9:
Comparison of the effects of all the treatment arms on SKBR3 and MCF7 cell lines after

96 hours of cell exposure to treatment ((DLNP = Combination drug loaded nanoparticles,
PTX=Paclitaxel solution, 177AAG=17AAG solution and PTX +17AAG=combination drug
solution at half concentration of each drug).
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Figure 10:
Comparison of the effects of all the treatment arms on SKBR3 and MCF7 cell lines after

120 hours of cell exposure to treatment (DLNP=Combination drug loaded nanoparticles,
PTX=Paclitaxel solution, 177AAG=17AAG solution and PTX + 17AAG=combination drug
solution at half concentration of each drug).
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Figure 11:
3D plot showing the effect of type of treatment (PTX=Paclitaxel solution, 17AAG =17AAG

solution and PTX+17AAG=combination drug solution at half concentration of each drug
and DLNP=combination drug loaded nanoparticles containing half the concentration of each
drug).

J Pharm Drug Deliv Res. Author manuscript; available in PMC 2021 March 04.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Berko et al. Page 28

120
100 T
L\{
H0
s ‘/____.__[
= T
g 6D 1
p— "
&« a0 r !
20 - - ;
0

01 1 10 100 1000
Concentration (nM|

s JANCS  w— 18NS Jahrs Obhre s 120hrs

Figure 12:
Effect of combination drug loaded nanoparticles treatment duration on the % cell viability of

SKBR3 cells (n=5).
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Figure 13:
Effect of treatment duration of dual-loaded nanoparticles on the % cell viability of MCF7

cells (n=5).
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P(CL-HEMA) Macromonomer
Scheme 1:

Ring-opening polymerization scheme for the synthesis of poly (e -caprolactone)
macromonomer.
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Optimization of dual-loaded (Paclitaxel and 17-AAG) nanoparticles.

Table 1:

Page 31

& Optimizer
Setpoint

Selected setpoint: #20
O The run with lowest log(D)

is selected.

Alternative setpoints:
2 log(D) Prob. of failure
16 -0.963. 26%
17 -0.967 26%
18 -1.16 16%
19 -1.16 15%
[ 20 146 2.2%

Select best run
Optimizer settings

~

| Objective Setpoint (=20)  Alterative setpoints

Iog(E]_: Prob. of failure

0.02%
0.02%
0%
1.7%
0.51%

Cpk
1.46743
1.37947
1.93583

0.683567
1.50871
l.66818
1.20532

W

i Response _ Criterion Value Graph

IS Minimize 241,967 . | -0.615121 |

| 2 Maximize 1.66388% | = -10

| 3 Maximize 0.95546 | = -10

2 Maximize 9€.35 | = -10

[ S Maximize 96.1165 | | = -10|

| 6 Minimize 50,9236 m , | -10|

I Minimize 24.2931 | | -10
Value Graph Factor contribution
0.37303 44.8339
1.00581 | L 20.1506
215.075 . 35.0156

O]
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Table 2:

Page 32

Analysis of variance (ANOVA) table for the effect of treatment [(Paclitaxel solution (PTX), 17-AAG solution

(17-AAG), Paclitaxel+17-AAG solution each at half the concentration of individual drug solution and

dual loaded nanoparticles (DLNP) containing the same drug concentration as PTX + 17-AAG)] and drug
concentration on % viabilitySKBR3 cell line at 96 hours.

Source Sum of Squares | df Mean Square | F-value | p-value

Model 1.20E+05 23 5200.54 377.73 <0.0001 | significant
A-Treatment 29085.81 3 9695.27 704.19 <0.0001 | significant
B-Concentration | 61939.1 5 12387.8 899.76 <0.0001 | significant
Interaction (AB) | 28587.6 15 1905.84 138.43 <0.0001 | significant
Pure Error 1321.72 96 13.77

Cor Total 1.21E+05 119
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Table 3:

Page 33

Tukey'’s test for the % viability studies of the four types of treatment at different drug concentrations.

Differencein the means of % cell viability

Comparison with Tq s

Conclusion

Tukey’s test for the % viability studies of the four types of treatment at 0 nM (medium or blank
nanoparticles).

Medium-DLNP=2.31 2.31<6.86 Not significant
Tukey’s test for the % viability studies of the four types of treatment at 0.1nM.

PTX-(17-AAG+PTX)=3.56 3.56<6.86 Not significant
PTX-DLNP=75.08* 75.08>6.86 Significant
17-AAG-PTX=60.63* 60.63>6.86 Significant
(17-AAG+PTX)-DLNP = 66.69* 66.69>6.86 Significant
17-AAG-(17-AAG+PTX)=57.07* 57.07>6.86 Significant
17-AAG - DLNP=14.61* 14.61>6.86 Significant
Tukey’s test for the % viability studies of the four types of treatment at 1 nM.

PTX-(17-AAG+PTX)=1.46 1.46<6.86 Not significant
PTX-DLNP=71.84* 71.84>6.86 Significant
17-AAG-PTX =54.31* 54.31>6.86 Significant
(17-AAG+PTX) - DLNP= 70.42* 70.42>6.86 Significant
17-AAG-(17-AAG+PTX)=52.85* 52.85>6.86 Significant
17-AAG-DLNP=17.53* 17.53>6.86 Significant
Tukey’s test for the % viability studies of the four types of treatment at 10 nM.

PTX-(17-AAG+PTX)=6.02 6.02<6.86 Not significant
PTX-DLNP =5.92 5.92<6.86 Not significant
17-AAG-PTX=54.56* 54.56>6.86 Significant
(17-AAG+PTX)-DLNP=0.11 0.11<6.86 Not significant
17-AAG-(17-AAG+PTX=48.54* 48.54>6.86 Significant
17-AAG-DLNP=48.65* 48.65>6.86 Significant
Tukey’s test for the % viability studies of the four types of treatment at 100 nM.

PTX-(17-AAG+PTX)=5.35 5.35<6.86 Not significant
PTX-DLNP=2.24 2.24<6.86 Not significant
17-AAG-PTX=27.12* 27.12>6.86 Significant
(17-AAG+PTX-DLNP=3.12 3.12<6.86 Not significant
17-AAG-(17-AAG+PTX)=21.77* 21.77>6.86 Significant
17-AAG-DLNP=24.89* 24.89 > 6.86 Significant
Tukey’s test for the % viability studies of the four types of treatment at 1000 nM.

PTX-(17-AAG+PTX)=0.03 0.03<6.86 Not significant
PTX-DLNP=0.81 0.81<6.86 Not significant
17-AAG-PTX=27.51* 27.51>6.86 Significant
(17-AAG+PTX)-DLNP=0.84 0.84<6.86 Not significant
17-AAG-(17-AAG+PTX)=27.23% 27.23>6.86 Significant
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Differencein the means of % cell viability

Comparison with Tq 5

Conclusion

17-AAG-DLNP=28.32*

28.32>6.86

Significant

J Pharm Drug Deliv Res. Author manuscript; available in PMC 2021 March 04.



	Abstract
	Introduction
	Material and Methods
	Materials
	Methods
	Particle size:
	Zeta potential:
	Scanning electron microscopy (SEM) for nanoparticle morphology:
	Drug loading (DL):
	Encapsulation efficiency (EE):
	Development of calibration curve:
	Drug release studies:


	Cell Cultures
	Cytotoxicity Experiments
	Results and Discussion
	Statistical analysis:

	Conclusion
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Figure 7:
	Figure 8:
	Figure 9:
	Figure 10:
	Figure 11:
	Figure 12:
	Figure 13:
	Scheme 1:
	Table 1:
	Table 2:
	Table 3:

