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Objective: A strategy in site-specific drug delivery is the use of pH-
gradients that exist in diseased conditions such as cancer for the release of
loaded drug(s) in the biophase. The objective of this work is to synthesize
pH-responsive docetaxel-loaded nanoparticles with a bisacrylate acetal
crosslinker, which can get internalized into cells, and which will be
equivalent to or more cytotoxic than the free drug against cancer cells.
Methods: pH-responsive nanoparticles were synthesized by a dispersion
polymerization technique. The nanoparticles were characterized for
physicochemical properties. Cytotoxicity studies of the nanoparticles were
performed on PC3 and LNCaP prostate cancer cell lines using a cell
viability assay. Cellular uptake studies were performed using a confocal
laser scanning microscope.

Results: Smooth spherical nanoparticles were formed. In-vitro drug
release was faster at pH 5.0 than pH 7.4, which confirmed the pH-

responsiveness of the nanoparticles. Cytotoxicity studies showed that the
nanoparticles were more effective at the same molar amount than the free
drug against cancer cells. Both dose exposure and incubation time affected
the cytotoxicity of prostate cancer cells. Furthermore, LNCaP cells
appeared to be the more sensitive to docetaxel than PC3 cells. The cellular
uptake studies clearly showed the presence of discrete nanoparticles within
the cells in as little as 2 hours.

Conclusion: pH-sensitive nanoparticles were developed; they degraded
quickly in the mildly acidic environments similar to those found in
endosomes and lysosomes of tumor tissues. These novel pH-sensitive
nanoparticles would offer several advantages over conventional drug
therapies.
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polymerization, polymeric nanoparticles, hydrolysis, cell viability assay,
cytotoxicity and cellular uptake

INTRODUCTION

Prostate cancer (PCa) is the most common solid organ malignancy
affecting men and the second leading cause of cancer death, following
lung cancer in men in the United States [1]. Docetaxel is one of the most
effective anticancer drugs for the treatment of prostate cancer [2,3].
However, the commercial formulation of docetaxel (Taxotere®) is
presented as a solution with a high amount of solubilizers (Tween 80/
ethanol). A high concentration of these solubilizers in its formula has been
associated with severe toxic effects and allergic reactions. Hence, it is
necessary to develop alternative formulations without the use of these
solubilizers to prevent the side effects and also to target docetaxel
specifically to tumors cells [4,5]. Nanotechnology platform can be used for
site-specific drug delivery of docetaxel to the cancerous cells.
Nanoparticles, by using the passive targeting (enhanced permeability and
retention effect-EPR) and active targeting (by ligand-receptor or antigen-
antibody interactions and receptor mediated endocytosis) can result in
increased accumulation and internalization or intracellular uptake of the
nanocarriers into the tumors. However, these strategies have some
limitations [6-8]. The EPR effect can enhance the accumulation of
nanoparticles in tumor tissues but it may not result in good cellular
internalization as well as sufficient intracellular drug release [6].

Current approaches for the development of pH-sensitive nanocarrier
systems generally involve either incorporation of “titratable” groups into
the copolymer or the use of linkages (crosslinkers) that degrade under pH
changes. Several pH-sensitive linkages have been proposed in recent years
for the development of nanoparticles and polymer-drug or antibody-drug
conjugates. pH-sensitive covalent bonds such as hydrazone, orthoester,
cis-aconityl, N, O-dimethacryloylhydroxylamine and acetal are used as
linkages to develop acid-labile nanoparticles [9-11]. This linkage can be
used either to directly attach the drug to the copolymer or to alter the

structure of the polymer sufficiently that drug release is triggered upon
hydrolysis of the linker [12].

An ideal acid-sensitive linker in a drug delivery system would have an
increased rate of hydrolysis at pH~5.5, but be fairly stable at physiological
conditions (pH=7.4). Though various environmental responsive stimuli are
used in drug delivery, pH-responsiveness is the most frequently used, as
pH in the tumor microenvironment is slightly more acidic than in the
normal cells. In addition, pH-responsiveness has been proposed for
nanocarriers taken up by cells via an endocytosis process [13]. Although
the endocytic pathway of cells begins near the physiological pH of 7.4, it
drops to a lower pH of 5.5-6 in the endosomes and approaches pH 5.5-5 in
the lysosomes. Therefore, nanocarriers that are responsive to these
gradients can be designed to release their payload selectively within tumor
cells [+].

In this work, free radical dispersion polymerization technique was used for
the fabrication of pH-sensitive nanoparticles. N-butyl acrylate (n-BA) was
copolymerized with the acid cleavable bisacrylate acetal crosslinker. Poly
(ethylene glycol) was used as a steric stabilizer which, when attached onto
the surface of the nanoparticles, rendered the surface hydrophilic (stealth
nanoparticles). Stealth nanoparticles are not recognized by the
reticuloendothelial system and hence have increased circulation time and
accumulation into the tumors by enhanced permeability and retention
effect. Also, once the nanoparticles accumulate into the tumor
environment, get internalized into cancerous cells by endocytosis and then
reach the acidic organelles such as endosomes (pH 5.5-6) and lysosomes
(pH 5-5.5), the acetal crosslinker in the nanoparticles hydrolyzes, resulting
in the disruption of nanoparticle structure and the release of loaded
docetaxel into the cells, resulting in site-specific drug delivery.

Benzaldehyde acetals are well-suited for the preparation of acid-labile
nanoparticles because their acid-sensitivity can be tuned by the
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introduction of substituents at different positions on the aromatic ring
[14]. The use of crosslinkers containing substituted benzaldehyde acetals
has been shown to provide an easy and versatile way to introduce acid
cleavability to polymeric colloidal systems for site-specific drug release
[15,16]. Akala and his coworkers have synthesized three benzaldehyde
bisacrylate acetal crosslinkers using three benzaldehydes: 4-
methoxybenzaldehyde, 2,4- dimethoxybenzaldehyde and 2,4,6-
trimethoxybenzaldehde [17]. The three crosslikers differ in the number of
methoxy groups that are present on the aromatic ring. N-butyl acrylate
monomer and the acetal crosslinkers were used for in situ nanoparticle
preparation using BPO/N-PDEA as the redox co-initiator system. Poly
(ethylene glycol) (n) monomethyl ether monomethacrylate (MW of PEG
Block=1,000) was used both as a hydrophilic macromonomer and a steric
stabilizer in the nanoparticle preparation. The results for the hydrolysis
studies of the pure crosslinkers and nanoparticles containing the
crosslinkers revealed that the rate of hydrolysis depended on the structure
of the crosslinkers; it was also highly pH dependent. The rate of
hydrolysis was faster at pH 5.0 buffer than pH 7.4 buffer. The
nanoparticles formulated with  di(2-methacryloyloxyethoxy)-[2,4,6-
trimethoxyphenyl]methane crosslinker showed the fastest hydrolysis rate,
followed by di(2-methacryloyloxyethoxy)-[2,4-dimethoxyphenyl]methane
crosslinker and di(2-methacryloyloxyethoxy)-[4-methoxyphenyl]methane
crosslinker. The data were similar to the results obtained for the hydrolysis
of pure crosslinkers. In these structure activity relationship studies, the
rate of hydrolysis of the crosslinker which has three methoxy groups was
the fastest, followed by the crosslinker with two methoxy groups and then
the crosslinker with one methoxy group on the benzaldehyde ring. The
belief is that protonation of the acetal yields a resonance stabilized
carbocation, which facilitates the hydrolysis of the crosslinkers to form the
relevant alcohol and the aldehyde [17]. The acceleration of the kinetics of
hydrolysis of the nanoparticles containing the crosslinkers at pH 5.5 buffer
compared to pH 7.5 buffer is expected because the rate of hydrolysis of
benzaldehyde acetals is proportional to the hydronium ion concentration
[14,18].

Akala and his coworkers [17,19-24] have reported on in situ dispersion
polymerization for the fabrication of nanoparticles. The polymerization
technique involves the use of a macromonomer or a monomer that forms
the core of the nanoparticles, a cross-linker that cross-links the core, a
redox co-initiator system and a hydrophilic macromonomer (polyethylene
glycol [PEG]), which confers stealth property to the nanoparticles and
which also serves as a stabilizer. The advantages of nanoparticles
fabrication by dispersion polymerization are as follows: fabrication of the
nanoparticles is a one-pot process (simultaneous encapsulation of drugs
during fabrication of nanoparticles by dispersion polymerization) carried
out at an ambient temperature suitable for product development of thermo
labile bioactive agents. It is possible to add surface functionalities in one-
batch process without further modifications compared to nanoparticle
fabrication by dispersion of preformed polymers which involves many
steps leading to drug loss from the nanoparticles. The process is surfactant
free thereby obviating problems associated with the use of surfactants
[17,22].

MATERIALS AND METHODS

Materials

2,4-dimethoxybenzaldehyde and p-toluene sulfonic acid monohydrate
were purchased from Sigma Aldrich (St. Louis, MO, USA). 2-
hydroxyethyl methacrylate (HEMA) (97%) and n-butyl acrylate (99%)
obtained from Sigma Aldrich were dried over molecular sieves (4A°) for
24 hours and distilled under negative pressure prior to use. Silica gel was
purchased from Selecto Scientific Inc., USA. Molecular sieves (4A°),
sodium hydroxide pellets, potassium phosphate monobasic, anhydrous
dichloromethane (> 99.8%), triethylamine, ethyl acetate, n-hexanes,
dichloromethane, methanol, sodium chloride, sodium acetate, potassium
hydroxide, chloroform-D and docetaxel (purum, > 99%) were obtained
from Sigma Aldrich. Poly (ethylene glycol) n monomethyl ether mono
methacrylate (MW of PEG Block=1,000) was obtained from
Polysciences, Inc. (Warrignton, PA, USA). Benzoyl peroxide (BPO) and

N-phenyldiethanolamine (N-PDEA) were obtained from Sigma Aldrich.
All the chemicals were used as received, unless specified. Gibco® RPMI
media 1640, heat-inactivated fetal bovine serum (FBS), trypsin-EDTA,
penicillin-streptomycin antibiotic (10,000 U/ml), Hanks' balanced salt
solution (HBSS buffer), Hoechst® 33342 dye, CellMask™ orange plasma
membrane stain and rhodamine-123 were obtained from Life
Technologies, USA. Dimethyl sulfoxide-Hybri Max™ was obtained from
Sigma Aldrich. 96 well, flat, clear bottom white polystyrene TC-treated
microplates for cell viability studies were obtained from Corning Inc.,
USA. Glass bottom microwell dishes (35 mm-dish diameter) for cell
uptake studies were obtained from MatTek Corporation, USA. PC3 cells
(ATCC® CRL-1435™) and LNCaP cells (ATCC® CRL-1740™) were
obtained from the American Type Culture Collection (ATCC, Manassas,
VA). The cells were cultured in RPMI 1640 medium supplemented with
10% fetal bovine serum and 1% antibiotic (penicillin/streptomycin, v/v),
and incubated at 37°C in a humidified environment of 5% CO,. The cells
were passaged once a week and medium was changed twice a week. The
human LNCaP and PC3 cell lines served as androgen sensitive and
androgen insensitive human prostate cancer cell lines respectively.

Instrumentation

IH NMR and *C NMR spectra were recorded on a Bruker AVANCE
400MHz NMR spectrophotometer. Reported chemical shifts (ppm) are
relative to residual CDCI; peak and coupling constants are reported in Hz.
IH NMR spectra were recorded at 400MHz while **C spectra were
recorded at 100MHz. The molecular weight of the crosslinker was
determined by high resolution mass spectroscopy using thermo LTQ
orbitrap mass spectrometer (MS) with Nano Electro Spray (NSI)
technique. FT-IR spectrophotometric analysis of crosslinker was carried
out using a Perkin Elmer Spectrum 100FT-IR spectrometer enabled with
attenuated total reflectance (ATR) technology. The average particle size
and zeta potential were determined by dynamic light scattering using a
Zetasizer Nano-ZS (Malvern Instruments, USA). The mean of three
measurements was recorded. The surface morphology of the nanoparticles
was evaluated by scanning electron microscopy using JEOL JSM 7600F
Scanning Electron Microscope. Analysis of drug loading, encapsulation
efficiency and in-vitro drug release was done by a reversed phase high
performance liquid chromatography (RP-HPLC) using the Agilent-
Hewlett Packard 1100 Series High Performance Liquid Chromatography
System equipped with Eclipse plus Cig (4.6 X 150 mm, 5 um particle size)
column kept at 25°C using 50:50 (acetonitrile:water) as mobile phase at a
flow rate of ImL/min. The amount of aldehyde released from acetal
hydrolysis studies of blank nanoparticles was measured by U.V.
spectrometer (UV-2401 PC, Shimadzu). The nanoparticles were
lyophilized using Labconco Freeze dry system/Freezone 4.5. The drug
release studies were carried out using a Labquake Shaker capable of 360°
rotation and maintained at 37°C in endotherm laboratory oven (Fischer
scientific, USA). Cell viability was determined using the CellTiter-Glo®
luminescent cell viability assay (CellTiter®-Glo Luminescent Cell
Viability Assay, Technical Bulletin, TB 288; Promega). Luminescence for
determination of cell viability (%) was measured using the Labsystems
Luminoskan RT microplate reader. In-vitro uptake of rhodamine-123
loaded nanoparticles was determined using the confocal laser scanning
microscope (Nikon configuration D-Eclipse C1 with a TE2000
microscope, Nikon Instruments, Inc.).

Synthesis of di(2-methacryloyloxyethoxy)-[2,4-
dimethoxyphenyl]methane (Bisacrylate Acetal
Croslinker)

The reaction of 2,4-dimethoxybenzaldehyde (1.9982 g, 12.02 mmol),
HEMA (6 ml, 49.47 mmol), p-toluenesulfonic acid monohydrate (0.3625
g, 1.906 mmol) and 4A° molecular sieves (5.5 g) was carried out in 25 ml
of anhydrous dichloromethane (anhyd. DCM) at room temperature under
nitrogen gas for 30 minutes and for another 24 hours without nitrogen gas.
Then, the reaction mixture was quenched with triethylamine (2.1 ml, 15.1
mmol) at 0°C for 30 minutes, filtered, washed with dichloromethane and
evaporated to give a crude liquid product. The crude product was purified
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by column chromatography using silica gel as a stationary phase and n-
hexanes/ethyl acetate (50:50) with triethylamine (1% v/v) as the mobile
phase.

Characterization of Acetal crosslinker

1H NMR and *C NMR analyses of synthesized acetal crosslinker in
CDCI3 were carried out on a Bruker AVANCE 400 MHz NMR
spectrophotometer. Reported chemical shifts (ppm) are relative to residual
CDCl; peak and coupling constants were reported in Hz. 1H NMR spectra
were recorded at 400 MHz while *C NMR spectra were recorded at 100
MHz. FT-IR spectrophotometric analysis of crosslinker was carried out
using a Perkin Elmer Spectrum 100FT-IR spectrometer enabled with
attenuated total reflectance (ATR) technology. This equipment does not
require the preparation and use of potassium bromide pellets. The
molecular weight of the crosslinker was determined by high resolution
mass spectroscopy. Analyte was dissolved in Acetonitrile (50%)
+Trifluoric acid (0.1%) and injected into Thermo LTQ Orbitrap XL
tandem Mass Spectrometer by syringe pump, using Nano Electro Spray
lonization (NSI). Mass spectrometer was operated in FT positive ion
mode with resolution 30,000.

Hydrolysis studies of the crosslinker

Stock solutions (5 mg/ml) of the crosslinker were prepared in
tetrahydrofuran (THF). 20 pL of the stock solution was added to 3 ml of
PBS buffer (pH 7.4) or acetate buffer (pH 5.0). The hydrolysis of the
crosslinker was investigated at pH 7.4 and pH 5.0 after incubation of the
solutions at 37°C, using a UV-V is spectrophotometer (UV-2401PC). UV
absorbance of the solutions was measured at pre-determined time points at
a wavelength of 275 nm. This wavelength number is the Amax Of 2,4-
dimethoxybenzaldehyde which is the hydrolysis product of the
crosslinker. Complete hydrolysis of the crosslinker was determined by
taking the maximum absorbance after 24 hours of hydrolysis of the
crosslinker at 37°C. The percent hydrolysis of the crosslinker at each pH
value was expressed as a percentage of the maximum absorbance
[15,17,18,25].

Preparation of blank and docetaxel-loaded
crosslinked nanoparticles by dispersion
polymerization

The blank and docetaxel-loaded nanoparticles were synthesized by
dispersion polymerization technique [17,19-24], using n-butyl acrylate
monomer, poly (ethylene glycol) n monomethyl ether mono methacrylate
(MW of PEG Block=1,000) (a comonomer and a steric stabilizer),
synthesized  acetal crosslinker ~ and  benzoyl peroxide/N-
phenyldiethanolamine (BPO/N-PDEA) as a co-initiator system.

For the synthesis of blank nanoparticles, 1.146mL, 7.993 mmol of n-butyl
acrylate monomer, 0.1002 g, 0.1002 mmol of PEG-MMA and 0.309 g,
0.756 mmol of the crosslinker were dissolved in methanol: water solvent
system (10:3) in a three necked round bottom flask. 0.0405 g, 0.1672
mmol of BPO and 0.0303 g, 0.1672 mmol of N-PDEA were injected at
predetermined intervals through the rubber closure under continuous
flushing with nitrogen gas and stirring for 18 hours. The resulting
suspension was further purified by introducing it into a dialysis tube with
a 12,000-14,000 Dalton molecular weight cut-off (Spectra/Por®CE), and
dialyzed against phosphate buffer. The dialysis medium was changed at
selected time intervals with fresh phosphate buffer. After dialysis, the
nanoparticles were freeze dried using Labconco Freeze dry system/
Freezone 4.5 (Labconco, Kansas City, MI) for 24 hours and then stored in
the refrigerator at 4°C. The method of preparation for drug-loaded
nanoparticles was the same as for blank nanoparticles except that 10mg of
docetaxel was added during the nanoparticle synthesis and also the drug-
loaded nanoparticles were purified by centrifugation using an
ultracentrifuge. The centrifugation was carried out at 4°C and 19,000
RPM for 10 minutes. After centrifugation, the supernatant was discarded
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and the nanoparticle pellet was dispersed in deionized distilled water and
lyophilized for 24 hours and stored at 4°C.

Characterization of blank and docetaxel-loaded
nanoparticles by Scanning Electron Microscopy

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 24 hours. 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 5 kV
accelerating voltage and secondary electron mode was used with a
working distance of 12 mm for the morphological characterization. The
images were taken at different magnifications.

Particle size and size distribution analysis

Particle size distribution and average particle size of nanoparticles were
determined by dynamic light scattering (DLS) technique. A known weight
of freeze dried particles was dispersed in 5mL of filtered distilled
deionized water; then the suspension was placed in a cuvette (Malvern,
Inc.). Particle size was determined at 25°C using a Malvern Zetasizer
Nano ZS (Malvern Instruments, Inc., USA). The mean of three
measurements was recorded. The particle size distribution is expressed as
polydispersity index (PDI). The lower the value, the narrower the size
distribution or the more uniform is the nanoparticle sample. A PDI of 0
indicates an ideal monodisperse formulation; while a PDI of 1 indicates
large variations in particle size.

Zeta potential determination

A known weight of freeze-dried nanoparticles was dispersed in filtered
distilled deionized water as described for particle size analysis. Following
filtration through an Acrodisc® syringe filter with a 5 pm Versapor®
membrane (Pall Corporation), 1.5 mL of the resulting suspension was
diluted with 1.5 mL of filtered distilled water and mixed by vortexing.
Then this suspension was placed in a capillary zeta potential cell
(Malvern, Inc.) and analyzed using Malvern Zetasizer Nano ZS (Malvern
Instruments, Inc., USA). The mean of three measurements was recorded.

Drug loading and encapsulation efficiency

Preparation of calibration curves for docetaxel: Analyses of drug loading,
encapsulation efficiency and in-vitro drug release were 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 Cig (4.6 x 150 mm, 5
m particle size) column kept at 25°C using 50:50 (acetonitrile:water) as
the mobile phase at a flow rate of 1mL/min. Calibration curves were
constructed for docetaxel by linear regression analysis of the peak area
versus drug concentration. The stock solution was prepared by dissolving
5 mg of docetaxel in 10mL of acetonitrile to give a final concentration of
0.5 mg/mL. From the stock solution, dilutions were made to prepare
solutions with concentration ranging from 2.5, 5, 10, 15, 20 to 25 pg/mL.
The diluent used for the preparation of the solutions was acetonitrile:
water (50:50). Linearity was demonstrated (R?=0.9994). Ultraviolet-
visible detection was performed using an HP photodiode array detector.
The eluents were monitored at 230 nm. No interfering substances eluting
at the retention time for docetaxel were observed for the blank
nanoparticles.

Drug loading (DL) was determined by dissolving a known weight of
docetaxel-loaded nanoparticles (Anp) in 2 mL of dichloromethane. The
solution was filtered through a 0.45 m syringe filter and the amount of
docetaxel dissolved in the solution (Asq) was quantified by reversed
phase high performance liquid chromatography (RP-HPLC) method.
Briefly, 20 pL of the filtered solution was injected into HPLC kept at
25°C using 50:50 (acetonitrile: water) as the mobile phase at a flow rate of
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1 mL/min. The percent DL was calculated from the equation (1) as shown
below [19,24]:
(%)DL AM
0 =
Encapsulation efficiency (EE) was determined by quantifying the amount
of docetaxel in the supernatant (Asy) after ultracentrifugation by RP-
HPLC method with the assumption that the rest of the drug used for
nanoparticle preparation had been encapsulated into the nanoparticles.The
supernatant solution was filtered through a 0.45 um syringe filter and 20
uL of the filtered solution was injected into HPLC instrument for the
analysis of the amount of docetaxel in total volume of supernatant. The
initial amount of drug used in the synthesis of nanoparticles was
designated as (Aerep). The amount in the supernatant was designated as
(Asw). The Encapsulation efficiency (EE) was determined from the
equation (2) as below:

x 100% Equation Q )

ASup

EE = (APrep)_ A

Hydrolysis studies of blank nanoparticles

%X 100% Equation (2)

Prep

The particle cleavage kinetics of blank nanoparticles synthesized with
acetal crosslinker was determined using a UV-V is spectrophotometer
(UV-2401 PC, Shimadzu Corporation), by measuring the concentration of
the cleavage by-products, (2,4 dimethoxybenzaldehye) formed upon
hydrolysis of the acetal crosslinker from the nanoparticles at 275 nm. The
dialysis bag containing a known weight of the blank nanoparticles in 2 mi
of buffer was immersed in a 15 ml centrifuge tube containing 12 mL of
either pH 5 or pH 7.4 buffers, and the tubes were clamped to a Labquake®
shaker capable of 360° rotation maintained at 37°C in an endotherm
laboratory oven (Fischer Scientific, USA). At predetermined time
intervals, 1 mL of the dialysis medium was removed for the measurement.
The volume of the dialysis medium was retained by adding fresh 1 mL of
the buffer solution at relevant pH after each sampling to maintain constant
volume. The experiments were performed in triplicate [17,26,27].

In-vitro drug release studies

In-vitro drug release was measured by a dialysis method [19-24]. A
known amount of docetaxel-loaded nanoparticles was suspended
separately in 2 mL of phosphate buffered saline (PBS-pH 7.4) and acetate
buffer (pH 5.0) and placed in separate dialysis bags with a 12,000-14,000
Da molecular weight cut-off (Spectra/Por®CE). The dialysis bags were
then placed in 15 mL centrifuge tubes containing a known volume of PBS
7.4 and pH 5 acetate buffers. The tubes were clamped to a Labquake®
shaker capable of 360° rotation and maintained at 37°C in an endotherm
laboratory oven (Fischer Scientific, USA). At specific time intervals, an
aliquot of the release medium was taken and replaced with the same
amount of fresh medium each time to maintain constant volume and sink
conditions. The amount of docetaxel released in each medium was
quantified by RP-HPLC analysis method. The release profile was
determined by plotting a graph of (%) cumulative amount of docetaxel
released versus release time. The concentration of released docetaxel was
corrected for the dilution due to the addition of fresh medium.

Biological studies on cancer cells
Cytotoxicity Studies on PC3 and LNCaP prostate cancer cell lines

The docetaxel-loaded nanoparticles were used for in-vitro cytotoxicity
studies. Blank nanoparticles were used as a comparison. Prostate cancer
cells (PC3 and LNCaP) were seeded in 96-well plates (New Corning
Costar 3903, opaque, white, flat bottom) at a seeding density of 5000 and
10,000 cells/well /0.1 ml respectively. The medium used was RPMI 1640
containing 10% FBS and the cells were placed in an incubator and
allowed to attach for 48 hours. After 48 hours of incubation at 37°C, the
old media was aspirated off and replaced with fresh medium containing
different concentrations of docetaxel solution or docetaxel-loaded

nanoparticles at an equivalent concentration of drug ranging from 0.5 to
100 nM. Following drug treatment, at different time intervals (24-, 48- or
72 hours), assay plates were removed from the incubator, allowed to
equilibrate to room temperature for about 30 minutes, and 100 pL of
CellTiter-Glo® assay reagent, equilibrated to room temperature, was
added to each well. Plates were shaken for 2 min to mix the contents of
the wells using an orbital plate shaker. Following 10 minute incubation at
ambient temperature, luminescence was determined using a Labsystems
Luminoskan RT microplate reader. Control cells were treated with
medium only, medium with dimethyl sulfoxide (DMSO) and medium
containing blank nanoparticles at the highest concentration of docetaxel-
loaded nanoparticles tested. For data analysis, the measured luminescence
from cells treated with docetaxel-loaded nanoparticles and docetaxel
solution was normalized to the luminescence from cells with no treatment
(medium only) which was set at 100% and used as a control. Results are
presented as percent cell viability and as the mean £ S.D. of 4 replicates
per concentration tested.

Cell internalization studies using confocal laser scanning microscope

In order to study cellular uptake of nanoparticles in-vitro or in-vivo, the
use of fluorescently or radioactively labeled nanoparticles is the most
common experimental approach. Fluorescent labeling was chosen in the
present research work. Fluorescent labeling makes cellular uptake of
nanoparticles readily detectable by fluorescence microscopy or confocal
laser scanning microscopy (CLSM). Rhodamine-123 is a lipophilic
fluorescence probe that has been widely used to study cellular uptake of
nanoparticles. In this study rhodamine-123 loaded nanoparticles were
synthesized and used for cell uptake studies using a confocal laser
scanning microscope [23,28,29]. Rhodamine-123 labeled nanoparticles
were prepared in the same way as the docetaxel-loaded nanoparticles.
Instead of docetaxel, rhodamine-123 (Invitrogen, USA) was incorporated
into the nanoparticles for fluorescence detection. PC3 cells were seeded
(30,000 cells/1 mL/dish) in glass bottom microwell dishes (35 mm- dish
diameter, MatTek Corporation, USA) and incubated for 48 hours. After 48
hours, old medium was removed and cell monolayers were then treated
with 1 mL of rhodamine-123 loaded nanoparticles (250 pg/mL) dispersed
in the serum free medium for 2 hours and 4 hours. After specified time
intervals, the cells were stained with Hoechst® 33342 dye (Invitrogen,
USA) for 1 hour and then the medium was aspirated off. The dishes were
then rinsed three times with phosphate buffered saline (PBS buffer) to
remove all the free nanoparticles that were not internalized into the cells,
and stained with CellMask™ Orange Plasma membrane stain [23]. The
cells were then viewed and imaged by a confocal laser scanning
microscope (Nikon configuration D-Eclipse Cl1 with a TE2000
microscope, Nikon Instruments, Inc.). The laser excitation and emission
bandpass wavelengths were 408 nm and 450 + 35 nm for blue filter, 488
nm and 515 + 30 nm for green filter and 543nm and 605 + 75 nm for red
filter. The nucleus stained with Hoechst® 33342 dye showed blue color,
rhodamine-123 labelled nanoparticles appeared green and the cell
membrane stained with CellMask™ Orange Plasma membrane stain
showed red color.

RESULTS AND DISCUSSION

Synthesis of Benzaldehyde Bisacrylate Acetal
crosslinker:

The main aim in the synthesis of acid- labile crosslinker is to achieve the
desired pH-responsive behavior, i.e. rapid cleavage in slightly acidic pH
such as those present in intracellular vesicles of the cells (pH4.5-6.8), and
stability for long time in the blood, i.e. pH 7.4. The acetals synthesized
from p-substituted benzaldehydes have been shown by the previous
studies [15,30] to be particularly well suited to this purpose as their acid-
labile behavior can be tailored by introducing different substituents at the
para-position of the benzaldehyde. Thus, the use of the crosslinkers
containing p-substituted benzaldehyde acetals as an intrinsic acid-
responsive element provides an easy and versatile way to incorporate and
engineer the acid-cleavability to the polymeric colloidal systems for the
site-specific drug release [30].
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The benzaldehyde (2,4-dimethoxy benzaldehyde) was reacted with 2-
hydroxyethyl methacrylate (HEMA\) in the presence of p-toluenesulfonic
acid to form bisacrylate acetal crosslinker. The chemical structure of the
crosslinker shown below references in Scheme 1. The formation of acetal
crosslinker was confirmed from the *H NMR, *C NMR, FT-IR spectra
and high resolution mass spectroscopy. 1H-NMR spectra showed the
presence of singlet acetal protons (& 5.85 ppm). Also, there was no
aldehyde peak observed in the "H-NMR spectra of the crosslinker, which
further confirmed the formation of acetal. All the other peaks and
chemicals shifts were as expected (Figure 1). The IR spectrum of
crosslinker showed presence of alkane C-H stretch at 2956 cm™. The
sharp absorption at 1715 cm™ (C=0 stretch) and multiple sharp bands of
C-O stretch from 1000-1300 cm™ confirm the presence of an ester group.
The presence of a C=C stretch at 1637 cm™ indicates the C=C stretch

polymerization

from the vinyl groups of the crosslinker. Medium to weak multiple bands
between 400-1600 indicates C=C stretch from an aromatic ring. (Figure
not shown). The result of high resolution mass spectroscopy was in
agreement with the expected mass of the crosslinker (Figure 2). The *C
NMR spectrum of the crosslinker confirms the structure (Figure not
shown). The crosslinker was a colorless viscous liquid with yield of 36%.
'H NMR (400 MHz, CDCl; ppm): 1.93 (t, 6H, J=1.3 Hz), 3.75 -3.78 (m,
4H), 3.79 (s, 3H), 3.81 (s, 3H), 4.26 - 4.35 (m, 4H), 5.55 - 5.56 (m, 2 H),
5.86 (s, 1H), 6.10 (t, 2H, J=1.3 Hz), 6.44 (d, 1H, J=2.36 Hz), 6.476.49 (dd,
1H, J=8.4 Hz, 2.4 Hz), 7.47, (d,1H, J=8.4 Hz). *C NMR (100 MHz,
CDCl; ppm): 18.095, 55.241, 55.402, 63.409, 63.708, 97.266, 98.411,
104.019, 125.362, 128.170, 136.156, 158.114, 161.196, 167.155. HR-MS
(theoretical mass for Cz1H250s: 408.44 g/mol, measured mass: 408.17 g/
mol).

Figure 1 1H-NMR spectra of bisacrylate acetal crosslinker.

nol| O
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Figure 2 Mass spectra of Bisacrylate acetal crosslinker with sodium ion.
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Hydrolysis of Bisacrylate Acetal crosslinkers

Figure 3 shows the plot of percentage of acetal crosslinker hydrolyzed
versus time in pH 7.4-buffer and pH 5.0 buffer. The rate of hydrolysis of
the crosslinker is faster at pH 5.0 as compared to pH 7.4. Akala and his
coworkers have explained in detail the mechanism of acid-catalyzed

hydrolysis of para-methoxybenzaldehyde acetal to paramethoxy
benzaldehyde and 2-hydroxyethylacrylate in the preliminary work that
preceeded this manuscript [17]. The acceleration of the hydrolysis kinetics
of the crosslinker from from pH 7.4 to pH 5.0 is expected because the rate
of hydrolysis of benzaldehyde acetals is proportional to the hydronium ion
concentration which increases 250 fold between pH 7.4 and pH 5.

120
100 = |
F i —4—pH74
30
——-pH5

o ]
/

% acetal crosslinker
hydrolyzed

40 l
20

0 2 4

Time (Hours)

Figure 3 Hydrolysis curve of Bisacrylate acetal crosslinker at pH 7.4 and pH 5.0. (n = 3).

Characterization of nanoparticles

Scanning electron microscopy studies

The formation of nanoparticles was confirmed by scanning electron
microscopy (SEM) as shown in Figures 4 and 5. The images show that
spherical nanoparticles were obtained. The images demonstrated a narrow
particle size distribution, in support to the findings from particle size
analysis as shown in Table 1.
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Figure 4 Scanning electron micrograph of blank nanoparticles.

It was observed that the size of the nanoparticles increased slightly after
incorporation of docetaxel into the nanoparticles. SEM images showed the

particle size is slightly lower than that obtained from dynamic light
scattering (DLS) experiment.

Figure 5 Scanning electron micrograph of the docetaxel-loaded
nanoparticles.

The tendency to shrink and collapse while the nanoparticles are in dry
state may contribute to this difference with the DLS results [31,32]. The
particle size from the DLS measurement was the size of the particles plus
an aqueous layer that surrounds the particles and moves together with the
particles [33]. Moreover, the possibility of slight swelling of the
nanoparticles while in an aqueous environment for DLS measurement

J Nanosci Nanomed. Vol.2 No.1 April-2018
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cannot be ruled out. Hence, the particle size observed from DLS
experiments was slightly larger than that obtained from SEM.

polymerization

Table 1 Average particle size, PDI, zeta potential, encapsulation efficiency and loading efficiency of nanoparticles (n = 3).

Nanoparticles Particle Size (nm) PDI

Blank nanoparticles 205.87 £13.15 0.37£0.05

Docetaxel-loaded 265+ 1.96

nanopatrticles

0.23 £ 0.003

Zeta Potential (mV) Encapsulation efficiency Loading Efficiency (%)

(%)
-21.77 £1.33
-30.13 £0.51

90.48 £ 0.31 1.79+0.24

Particle size

Physicochemical characteristics of the 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 [34,35]. When
large colloidal particles are administered intravenously they are rapidly
taken up by RES while small particles and those with a hydrophilic
surface show slow clearance rate [36]. In this study, the hydrophilic
surface was provided by PEG-MMA, which has been shown to give long-

circulating nanoparticles. The particle size distribution curves of
nanoparticles are shown in Figures 6 and 7. Thus it appears that the
encapsulated docetaxel contributed to the enlargement of the particles
size. The increase in size can possibly be attributed to new interactions
between docetaxel and n-butyl acrylate monomer and crosslinkers. The
addition of the drug in the formulations produces an expansion of the
polymeric matrix, thereby increasing particle size. Docetaxel-loaded
nanoparticles had particle size 265 + 1.96 nm, which is in size range
favoring cellular uptake of nanoparticles [34].

Size Distribution by Infensity

Intensity (%)
[=2]

4
2
0 ++ — P+ -t
1 10 100 1000 10000
Size (d.nm)

Figure 6 Particle size distribution graph of blank nanoparticles prepared with Bisacrylateacetal crosslinker.

Zeta potential

Zeta potential is the difference in the electrical charge developed between
the dense layers of ions surrounding the particles and the charge of the
bulk of the suspended fluid surrounding the particle. Zeta potential gives
information about the overall surface charge of the particles. Thus, the
measurements of zeta potential may indicate colloidal stability of
nanoparticles, as interactions between particles play an important role in
determining colloidal stability. The use of zeta potential measurements to
predict stability attempts to quantify such interactions. Most nanoparticles
have a tendency to aggregate which may lead to precipitation that could
prove dangerous if those particles are injected intravenously. Since most
aqueous colloidal systems are stabilized by electrostatic repulsion, the
larger the repulsive forces between particles, the less likely they will come
closer together and form an aggregate. Therefore, it is important to know
the surface charge, which directly controls aggregation behavior of the
particles in the blood [37]. It is also an important factor in envisaging the

J Nanosci Nanomed. Vol.2 No.1 April-2018

interaction of nanoparticles in-vivo with the biological cell membrane. In
addition, from the zeta potential measurement, we can roughly know the
dominant component on the particle’s surface [38]. It has been reported
that a higher absolute value of the zeta potential indicates a more stable
suspension, and a lower value indicates colloid instability, which could
lead to aggregation of nanoparticles. In general, higher the absolute value
of zeta-potential (>15 mv) is, the stronger the electrostatic repulsion
between particles. [39]. Zeta potential values obtained in this study range
from 21.77 + 1.33 to -30.13 £ 0.51 (Table 1). Puri, et al. [17] has reported
that nanoparticles with the smallest absolute value of zeta potential have
the smallest particle size. It has also been reported that PEG outer shell is
capable of lowering the negative surface charge to a certain degree,
resulting in reduction of cell repulsion to the nanoparticles [40,41]. It can
be inferred that the smallest nanoparticles obtained in this work have the
maximum PEG coating on the outer surface, and hence the smaller
negative zeta potential value.
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Size Distribution by Intensity
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Figure 7 Particle size distribution graph of docetaxel-loaded nanoparticles with Bisacrylate acetal crosslinker.

Drug loading and encapsulation efficiency

Drug loading of nanoparticles is an important factor in the nanoparticle
drug formulation since high drug loading implies that less amount of the
nanoparticle is needed for a given dose of treatment [42]. The
encapsulation efficiency and loading efficiency of the nanoparticles are as
shown in Table 1. The encapsulation efficiency of nanoparticles is 90.48 +
0.31%; while the loading efficiency of nanoparticles is 1.79 + 0.24%.

Hydrolysis of blank nanoparticles

The pH-responsiveness of nanoparticles was characterized chemically by
monitoring the hydrolysis of the acetal crosslinker in the nanoparticles.
When exposed to aqueous acidic medium, the nanoparticles underwent
acid-catalyzed hydrolysis and released free acetal, which further
dissociated to an aldehyde and alcohol [17]. The aldehyde released has an
ultraviolet (UV) absorbance peak at a specific wavelength when in
solution but not in the acetal form when still attached to the polymer. This
easily allows monitoring of the acetal hydrolysis rates using ultraviolet/
visible (UV/Vis) spectroscopy [15,27].

Nanoparticle degradation was studied at physiological pH (7.4) and
lysosomal pH (5.0). Specifically, the amount of the aldehyde, the
byproduct of acetal degradation (2,4-dimethoxy benzaldehyde monitored
at 275 nm) released from nanoparticles at different time intervals was
determined. The hydrolysis curves of the nanoparticles are shown in
Figure 8. The results show that the hydrolysis rate of the acetals from the
nanoparticles is pH dependent. The rate and the extent of hydrolysis of the
acetal from the nanoparticles were faster and higher respectively at pH 5
as compared to pH 7.4.

10

Drug release studies

The key feature of the pH-responsive nanoparticles for cancer therapy is
their ability to respond rapidly to the acidic environment in the endosomal
and lysosomal compartments by releasing the encapsulated bioactive
agent(s). The pH-dependent cleavage behavior of the particles is due to
the hydrolysis of the acetal bonds crosslinking poly (n-BA) chains in the
particle bulk structure. Upon cleavage of the acetal, the polymer
nanoparticle changes from a hydrophobic structure to an open hydrophilic
one. Thus water enters the structure and causes the nanoparticles to
degrade and release its contents [43].

The release kinetics of docetaxel from the particles (Figure 9) is very
similar to the hydrolysis kinetic of blank nanoparticles (Figure 8). At 3
hours, the cumulative amount of docetaxel released from nanoparticles
was 94.72% at pH 5.0; while the nanoparticles were fairly stable at pH 7.4
over a period of 8 hours when compared to pH 5.0. This similarity in the
results of the hydrolysis of blank nanoparticles and drug release studies
support the position that the release of docetaxel occurs due to the pH-
dependent cleavage of acetal bonds in the polymeric matrix. The
mechanism of hydrolysis kinetics of the acetal bonds and the particle
cleavage may be explained briefly as follows. In an acidic solution, the
acid protonates one oxygen of the acetal, creating a weak base of the
relevant neighboring group of the carbonyl carbon. This makes it easier
for water to attack the carbonyl carbon resulting in the cleavage of the
acetal bonds to the relevant aldehyde and alcohol. Since there are almost
250 fold increase in the concentration of hydronium ions in the solution at
pH 5 compared to the solution at pH 7.4, the protonation of the carbonyl
oxygen and thus the hydrolysis of the acetal is expected to accelerate
proportionally when the pH is decreased from pH 7.4 to pH 5. As a result
of the hydrolysis of the acetal bonds that crosslink the particle network,
disintegration of the particles occurs and the drug is released [17].

J Nanosci Nanomed. Vol.2 No.1 April-2018
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Figure 8 Hydrolysis studies of blank nanoparticles at pH 7.4 and pH 5.0, which was monitored by the release of 2, 4 - dimethoxybenzaldehyde at 275
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Figure 9 Drug release curves of docetaxel-loaded nanoparticles at pH 7.4 and pH 5.

Cytotoxicity studies

The in-vitro cytotoxicity of docetaxel both as a free drug and when loaded
into nanoparticles , at the same drug equivalent concentration of 0.5 to
100 nM, was evaluated by the CellTiter®-Glo Luminescent Cell Viability
Assay using PC3 and LNCaP prostate cancer cell lines. LNCaP and PC-3
cells were chosen for this investigation to represent an androgen-sensitive
and androgen insensitive prostate cancer cell line respectively [44].
Untreated PC3 and LNCaP cells were used as controls. Figures 10-12 and
Figures 13-15, show the (%) viability of PC3 and LNCaP cells with free
docetaxel solution and docetaxel-loaded nanoparticles after incubation for

J Nanosci Nanomed. Vol.2 No.1 April-2018

24- , 48- and 72 hours respectively. Since no significant cell death was
detected for blank nanoparticles for the duration of the assay tested as
compared to medium-only treated controls, it appears that blank
nanoparticles are nontoxic to PC3 and LNCaP cells, even at the highest
nanoparticle concentration tested. This result shows that poly (n- butyl
acrylate) nanoparticles have no intrinsic cytotoxicity towards PC3 and
LNCaP cells. Hence, it can be assumed that the cell death caused by
docetaxel-loaded nanoparticles was due to the docetaxel in the
nanoparticles, rather than the nanoparticles themselves.

11
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Figure 10 Comparison of the effect of docetaxel-loaded nanoparticles (Dxtl-Nps) and docetaxel solution (Dxtl) on the cell viability of PC3 cells after 24
hours of treatment.
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Figure 11 Comparison of the effect of docetaxel-loaded nanoparticles (Dxtl-Nps) and docetaxel solution (Dxtl) on the cell viability of PC3 cells after 48
hours of treatment.
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Figure 12 Comparison of the effect of docetaxel-loaded nanoparticles (Dxtl-NpS) and docetaxel solution (Dxtl) on the cell viability of PC3 after 72
hours of treatment.

120

m Dxtl-Nps

m Dxtl

Cell Viability (%)

N B R I

oy .
Concentration (nM)

Figure 13 Comparison of the effect of docetaxel-loaded nanoparticles (Dxtl-Nps) and docetaxel solution (Dxtl) on the cell viability of LNCaP cells after
24 hours of treatment.
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Figurel4 Comparison of the effect of docetaxel-loaded nanoparticles (Dxtl-Nps) and docetaxel solution on the cell viability of LNCaP cells after 48
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Figure 15 Comparison of the effect of docetaxel-loaded nanoparticles and docetaxel solution.

As shown in Figures 10 and 13, compared to free docetaxel, the
docetaxel-loaded nanoparticles were slightly less effective against PC3
and LNCaP cells over the first 24 hrs. This observation may be due to the
time required for the release of docetaxel from the nanoparticles. Drug
release studies showed that docetaxel loaded into the nanoparticles was
released completely in less than 24 hours. Thus it is only after 24 hours

14

that the total amount of docetaxel loaded into the nanoparticles would be
available in the medium. However, after 48 and 72 hours of exposure,
(Figures 11, 12, 14 and 15), the nanoparticles containing docetaxel were
as effective as or more effective than the free docetaxel PC3 (24 hours:
docetaxel 42% and docetaxel-nanoparticles 48%); (48 hours: docetaxel
42% and docetaxel-nanoparticles 41%); (72 hours: docetaxel 42% and

J Nanosci Nanomed. Vol.2 No.1 April-2018
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docetaxel-nanoparticles 36%) and LNCaP (24 hours: docetaxel 40% and
docetaxel-nanoparticles 43%); (48 hours: docetaxel 38% and docetaxel-
nanoparticles 36%); (72 hours: docetaxel 25% and docetaxel-
nanoparticles 22%). The finding could be explained based on the
mechanism of action of docetaxel, which requires cell division to operate.
For longer incubation periods, a larger number of cells would enter G2
and M cell cycle phases, where docetaxel selectively works [4,45]. Hence,
increasing the incubation time led to more cell death in PC3 and LNCap
cells. Moreover, it was observed that an increase in the dose also resulted
in an increase in cell death in both the cell lines. However, a plateau effect
was observed above 40nM, above which there was no significant increase
in cell death at all the time intervals tested. A similar result was obtained
for paclitaxel-loaded PLA nanoparticles: no decrease in cell viability was
found at higher paclitaxel concentrations (above 40 nM) [23]. The
observation was explained as follows: the upregulation of the p53 protein
by paclitaxel stimulates another gene to produce a protein (p21) that
interacts with a cell division-stimulating protein (cdk2) [46]. When p21 is
complexed with cdk2, cells cannot go to the next phase of cell division
causing G1/G2 arrest and not mitotic arrest, thereby protecting against
paclitaxel cytotoxicity because of the prevention of mitotic arrest. This
reasoning agrees with the observation that if there is a G1 block, then cells

polymerization

would be unable to enter the M phase where paclitaxel exerts its effect
[47]. A similar phenomenon may be operating in the cytotoxicity of
docetaxel at high concentrations.

Improved cytotoxicity of docetaxel-loaded nanoparticles as compared to
the free docetaxel can be explained as follows. While part of free
docetaxel molecules, transported into the cytoplasm by a passive
diffusion, may be transported out by p-glycoprotein (P-gp) pumps,
nanoparticles are taken up by cells through an endocytosis pathway, thus
resulting in a higher cellular uptake of the entrapped drug, thereby
enabling them to escape from the effect of P-gp pumps [38]. Moreover,
intracellular delivery of docetaxel-loaded nanoparticles allows a drug
accumulation near the site of action [38,44,48]. Figures 10-15 show the
effect of incubation period on the cell viability of PC3 and LNCaP cells
by docetaxel-loaded nanoparticles respectively. It is evident from Figure
16 that androgen receptor sensitive-LNCaP cells are more sensitive to
docetaxel than the androgen receptor insensitive-C3 cells. These results
are in agreement with some previously reported cytotoxicity studies of
docetaxel on LNCaP and PC3 cells, which showed that LNCaP cells are
more sensitive to docetaxel than PC3 cells [44,49-52].
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Figure 16 Effect of treatment duration on cell viability (%) of PC3 cells by docetaxel-loaded.

It is known that docetaxel blocks microtubule activity during cell division
leading to apoptosis. It binds to the b-subunit of the tubulin heterodimer,
which is the key constituent protein of cellular microtubules. The binding
of docetaxel accelerates the polymerization of tubulin, and stabilizes the
microtubules network, thereby inhibiting their depolymerization. This
inhibition of microtubule depolymerization results in the arrest of the cell
division cycle at G2/M phase, leading to apoptosis of the cancer cells
eventually. Studies done by Liu, et al. [52] demonstrated that docetaxel
induced apoptotic cell death in prostate cancer cells and that docetaxel
treatment resulted in significant higher apoptosis in LNCaP than PC3
cells. They also demonstrated that docetaxel induced p53 phosphorylation
in LNCaP cells but not in PC3 cells and that p53 status is a crucial
determinant of docetaxel sensitivity in prostate cancer cells. Docetaxel
treatment increases the levels of serl5 phosphorylation of p53 in a dose

J Nanosci Nanomed. Vol.2 No.1 April-2018

dependent manner in LNCaP cells, while having little effect on the levels
of serl5 phosphorylation of p53 in PC3 cells [53,54]. Recently, Muenchen
et. al. [54] showed that the pathway for docetaxel-induced apoptosis
differs between androgen-sensitive and androgen-independent prostate
cancer cells: caspase-3 and caspase-7 are cleaved in the former case,
whereas caspase-8 is cleaved in the latter case.

The results clearly demonstrated that docetaxel formulated as
nanoparticles was equivalent or even more effective in some cases,
compared to free drug in terms of cytotoxicity against cancer cells. Both
the dose exposure and the incubation time played a major role in the cell
toxicity caused by docetaxel. The more marked inhibition of cell growth
was obtained for longer incubation (48 hours and 72 hours) at all tested
docetaxel concentrations.
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Figure 17 Cellular uptake images of PC3 cells after 2 hours [A] and 4 hours [B] of incubation with 250 pg /ml of rhodamine-123 loaded nanoparticles.
Upper left quadrant shows nuclei stained blue with Hoechst® 33342 dye; lower left quadrant shows cell membrane stained red with CellMaskTM deep
orange plasma membrane stain; upper right quadrant shows green stained rhodamine-123 loaded nanoparticles and lower right quadrant shows overlay
of all the three quadrants.

Figure 18 Cellular uptake images of MCF-7 cells after 2 hours [A] and 4 hours [B] of incubation with rhodamine-123 loaded nanoparticles respectively
at 250 pg/ml nanoparticle concentration. Upper left quadrant shows nuclei stained blue with Hoechst® 33342 dye; lower left quadrant shows cell
membrane stained red with CellMaskTM deep orange plasma membrane stain; upper right quadrant shows green stained rhodamine-123 loaded
nanoparticles and lower right quadrant shows overlay of all the three quadrants.

Cell internalization studies endocytosis. Nanoparticles can be taken up by multiple endocytotic
pathways, including clathrin-mediated endocytosis, caveolae mediated
endocytosis, and macropinocytosis [55].

Various physicochemical properties of nanoparticles such as charge,
shape, material composition, surface ligands and surface chemistry are
key parameters that determine cell uptake of nanoparticles via
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In order to study in-vitro cellular uptake of nanoparticles, rhodamine-123
loaded nanoparticles were synthesized. Figures 17 and 18 show confocal
microscopic images of PC3 and MCF-7 cells respectively after exposure
of the cells to rhodamine-123 labeled nanoparticles. Green fluorescence is
obtained from the green channel (excitation wavelength: 488 nm,
emission wavelength: 515 + 30 nm), which represents rhodamine-123
loaded nanoparticles. The blue fluorescence is from the blue channel
(excitation wavelength: 408 nm, emission wavelength: 450 + 35 nm)
which shows blue stained nuclei. The red fluorescence is from the red
channel (excitation wavelength: 543, emission wavelength: 605 + 75 nm)
which shows the red stained cell membrane. The images show that the
rhodamine-123-loaded nanoparticles aggregated and surrounded the
nucleus and bound by the plasma membrane. The overlay images for PC3
cells (Figure 17) and MCF-7 cells (Figure 18) after 2 hours of incubation
clearly show discrete nanoparticles within the cell and aggregated near the
nucleus. The overlay images after 4 hours of incubation with nanoparticles
for PC3 cells and MCF-7 cells show that the dye is released from the
nanoparticles and is diffused within the cell around the nucleus. These
results demonstrate that the pH-sensitive nanoparticles fabricated in this
work can interact with the cells and can internalize within the cell to
deliver the encapsulated materials to the target site.

CONCLUSION

We have fabricated pH-sensitive nanoparticles, by dispersion
polymerization that can degrade quickly in the mildly acidic environments
similar to those found in endosomes, and lysosomes, but are more stable
at the physiological pH of 7.4 using a pH-sensitive bisacrylate acetal
crosslinker. The release profile of docetaxel from the particles was found
to be very similar to the hydrolysis profile of blank nanoparticles. This
similarity shows that the release of the docetaxel occurs due to the pH-
dependent cleavage of the acetal crosslinker in the nanoparticle polymeric
matrix. From the in-vitro cytotoxicity studies, it was evident that docetaxel
formulated as nanoparticles was equivalent or more effective compared to
free drug in terms of cytotoxicity against prostate cancer cells, especially
after 48hours and 72 hours post treatment. Both the dose and the
incubation time played a major role in the cell toxicity caused by
docetaxel. The more marked inhibition of cell growth was obtained for
longer incubation (48 hours and 72 hours) at all tested docetaxel
concentrations. Furthermore, LNCaP cells appeared to be more sensitive
to docetaxel compared to PC3 cells. Also, in-vitro cytotoxicity assay
showed that the blank nanoparticles are biocompatible with no toxicity for
the duration of the assay comparable to medium-only treated controls.
From the cell internalization experiment, it was evident that the
nanoparticles were internalized into the cells in less than 2 hours probably
by nonspecific endocytosis. These novel pH-sensitive nanoparticles would
not only offer several advantages over conventional drug therapies but
also are expected to overcome side effects related to dosing and toxicity of
docetaxel. Thus, these nanoparticles are suitable as pH-responsive drug
delivery system for the treatment of cancer and other diseases that need
targeting to the biophase.
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Scheme 1: Synthesis of bisacrylate acetal crosslinker
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