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ABSTRACT: Redox-responsive polymers with pendant quinone propionic acid groups as a redox trigger were optimized by computa-
tional modeling to prepare efficient redox-triggered polymer nanoparticles (NPs) for drug delivery. Lipophilicities at complete reduc-
tion of redox-responsive polymers (<5000 Da) constructed with adipic acid and glutaric acid were remarkably reduced to range from
—6.29 to —0.39 compared with nonreduced state (18.87—-32.46), suggesting substantial polymer solubility reversal in water. Based on
this hypothesis, redox-responsive NPs were prepared from the synthesized polymers with paclitaxel as model cancer drug. The average
size of paclitaxel-loaded NPs was 249.8 nm and their reconstitutions were stable over eight weeks. In vitro drug release profiles dem-
onstrated the NPs to release >80% of paclitaxel over 24 h at a simulated redox-state compared with 26.5 to 41.2% release from the
control. Cell viability studies revealed that the polymer was nontoxic and the NPs could release paclitaxel to suppress breast cancer
cell growth. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40461.
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INTRODUCTION incorporated drugs in response to the signals stemming from
tumor microenvironments such as acidic pH,*” altered oxidation-

Cancer has been a major cause of mortality across the world."? . .
) Y reduction (redox),® over-expressed enzymes,” and hyperthermia.*

Tremendous efforts have already been made to improve cancer

therapy, including chemotherapy, in conjunction with nanotech-  The alteration of the intracellular redox state is a noteworthy
nology as well as bioimaging> Potent anticancer therapeutic  characteristic in cancer cells with consideration to the impor-
agents are generally non-selective and thus affect normal cells,  (apnce of redox homeostasis in maintaining cellular functions.
leading to severe side effects. Targeted drug delivery systems have  The cellular redox systems employ endogenous enzymes, which
been considered as a promising tool to minimize the toxicity by tightly regulate intracellular redox via multiple cellular signaling
distributing the cytotoxic drugs favorably to tumor sites in the  pathways.!! Thus, physiological or metabolic changes resulting
body. In particular, abnormal leaky tumor vasculatures and defi-  from diseases affect cellular redox status via redox enzyme regu-
ciency of lymphatic drainage in tumor enable nanotechnology-  Jation.'? In conjunction with the disease-related cellular redox
based targeted drug delivery to favorably accumulate cancer thera-  changes, the redox gradient between intracellular and extracellu-

peutics in solid tumor while lessening their toxicity to normal tis- 1, spaces has motivated the paradigm of redox-responsive bio-
sues.” For selective drug release in tumor sites, stimuli-responsive  aterials intended for intracellular drug delivery."®

polymer-based drug delivery systems have been extensively
explored.” The bioresponsive delivery systems can undergo  DT-diaphorase (NAD(P)H : quinone oxidoreductase (NQO1),
conformational or physiochemical property changes and release =~ EC 1.6.99.2) is an obligate two-electron cytosolic reductase,
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Scheme 1. Schematic synthetic reactions for redox-sensitive polymer with QPA and mechanism under reduction.

which reduces and detoxifies quinones and their derivatives as a
part of an electrophilic and/or oxidative stress-induced cellular
defense mechanism. DT-diaphorase is overexpressed in many
cancerous tissues compared with surrounding normal tissues."*
In the case of nonsmall-cell-lung tumors, DT-diaphorase activ-
ity determined using 2,6-dichlorophenolindophenol was found
' mg™' compared with 6.4 nmol min "
mg~ ' in normal cells, a 20-fold increase. Since DT-diaphorase
was known to activate quinone-bearing anticancer drugs, vari-
ous quinone derivatives have been studied as a viable compo-
nent of bioreductive cancer chemotherapeutics.'”” In addition,
quinone-based bioreductive prodrugs, which release active cyto-
toxic drugs have been designed to selectively target cancer cells
by overexpressed DT-diaphorase. Interestingly, trimethyl-locked
quinone propionic acid (QPA) has been known to readily
undergo intramolecular cyclization by DT-diaphorase-mediated
two-electron reduction and release of a lactone. Because of this
unique property of the QPA group, it has been extensively
applied for cancer research as an efficient redox trigger.'®"”
Redox-triggered bioimaging probes consisting of QPA have been
synthesized to liberate fluorescent indicators after DT-
diaphorase-mediated activation.'®'® Furthermore, QPA has been
applied for the synthesis of bioreductive prodrugs based on ani-
line mustard® and oxindoles®' for selective tumor targeting.
QPA has also been coupled to dioleoyl phosphatidyl ethanola-
mine to prepare redox-responsive liposomes that can be trig-
gered by a redox agent to release incorporated chemicals.'®

to be 123 nmol min

In recent work, we have developed proof-of-concept redox-sen-
sitive polymer nanoparticles (NPs) based on QPA chemistry
and demonstrated redox-triggered drug release from the NPs.*?
Taking advantage of redox enzyme expression in tumor micro-
environment would be an interesting strategy to target tumors
because tumor tissues are hypoxic and usually show abnormal
redox potential compared to normal tissues.”” Here, we
intended to optimize the molecular parameters associated with
the QPA-based redox-sensitive NPs and evaluate their perform-
ance via both computational and experimental approaches.
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First, redox-responsive polyesters have been designed with a
QPA-based diol monomer and dicarboxylic acids selected by
theoretical calculations of polymer solubility represented with
logP via computational modeling. Moreover, molecular dynam-
ics (MD) of the redox-sensitive polymers and paclitaxel (PTX)
was simulated to predict NP characteristics. Later, selected
monomers were used for the synthesis of QPA-based redox-
responsive polymers. The polymers were used for the prepara-
tion of PTX-loaded NPs. The NPs were evaluated for redox-
triggered drug release under a simulated redox state. In vitro
cytotoxicity of NPs was determined in human breast tumor
T47D and MDA-MB-231 cells to determine cancer cell-
mediated drug release.

EXPERIMENTAL

Materials

Methanesulfonic acid, 2,3,5-trimethyl hydroquinone, methyl
p,p-dimethylacrylate, 2-amino-1,3-propanediol, adipoyl chlo-
ride, and glutaryl chloride were obtained from Alfa Aesar
(Ward Hill, MA). Adipoyl chloride and glutaryl chloride were
distilled under reduced pressure before the reaction. PTX was
purchased from LC Laboratories® (Woburn, MA). Polyvinyl
alcohol (PVA; M,, = 30,000 — 70,000) was obtained from Sigma-
Aldrich (St. Louis, MO). All other chemicals purchased from
Fisher Scientific (Pittsburg, PA) were used as received.

Computational Analysis

Polymer solubility was theoretically predicted by the calculation
of logP with a group of polymer structures constructed from
selected monomers. MD was simulated between a model drug,
PTX, and the constructed redox-sensitive polymers to predict
their interactions in NPs as well as NP stability for drug
incorporation.

Polymer Construction. QPA-based redox-sensitive polyester
structures were constructed by combinations between N-(1,3-
dihydroxypropan-2-yl) —3-methyl-3-(2,4,5-trimethyl-3,6-dioxo-
cyclohexa-1,4-dien-1-yl) (monomer 1 in Scheme 1, QPAMN)
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and two dicarboxylic acids, glutaric acid, and adipic acid.
According to the nature of the repeating units, the polymers
were constructed head-to-tail in 3D using the polymer builder
tool of molecular operating environment (MOE) software pack-
age (ver. 2011.10, Chemical Computing Group, Montreal, Can-
ada). We considered the three possible degrees of reduction—
nonreduced, partially reduced, and reduced—of QPA groups
because of their potential effects on polymer solubility and drug
release. Polymer chains of two molecular weights ~3000 and
~5000 Daltons were sketched.

Calculation of logP. The logP calculations used the weighted-
method of ChemAxon suite (MarvinSketch 5.6.0.1, 2011, www.
chemaxon.com), which is a combination of three algorithms,
VG method (logP calculation according to various atom
types),”* KLOP method (group contribution approach),”® and
PHYSPROP (based on a logP database).” The logP calculated
in this way is the arithmetic average of the three methods.

MD Simulation Between the Redox-Sensitive Polymers and
PTX. PTX was constructed and energy minimized using MOE.
We considered two polymer chains of five repeat units,
R=(CH,)4 or (CH,); for this study. The conformational space of
each polymer was searched using OMEGA version 2.4.6. We used
the 94s variant of the Merck molecular force field (MMFF94s)®
as the search force field. We considered an energy window of 10
keal/mol to generate conformers and an RMSD cutoff of 0.5 A to
remove redundant ones. The lowest energy conformer of the poly-
mer was used in the packing step. The Flory-Huggins interaction
parameters y were calculated using eq. (1).

V(6,-6,)°
X RT

where R is the universal gas constant, V; is the reference volume
(100 cm®/mol), T is the absolute temperature, and ¢; and J, are
the Hildebrand solubility parameters for the drug and the poly-
mer, respectively.”” The Hildebrand solubility parameter is the
square root of the cohesive energy density calculated by eq. (2).

Evac— Epy,
5= /CED= e Frut)

(1

2

where V is the molar volume, E,,. and E, are the potential
energies in the vacuum state and in the bulk state.”®** The
potential energy in vacuum state (E,,.) was obtained from
Canonical (NVT) MD simulations without boundary condi-
tions. A single chain of each polymer and a single drug mole-
cule were individually minimized and then simulated for 3 ns
at 310 K (Andersen thermostat) using a time step of 1 fs. The
bonding and nonbonding interactions were parameterized with
COMPASS force field.”® For calculation of energy in bulk state
(Epuik)> the polymers and the drug were simulated with the
same settings but with application of periodic boundary condi-
tions. The energy minimizations and MD simulations were car-
ried out using Discover molecular simulation program version
2005.2 (Accelyrs Materials Studio 4.0, http://accelrys.com).

For simulating the NP on a minimal scale in relation to the
actual size, the molecular packing program, packmol®" was used
to construct a sphere of 5 drug molecules with 10 A diameters,
after which 10 polymer chains were packed around the drug
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sphere. The diameter of the polymer-drug sphere was set to
25 A. Water and NaCl were then added to construct a droplet
of 50 A. For the blank sphere, we packed only the 10 polymer
chains with a diameter of 25 A. The 3D structures of the packed
spheres were minimized and parameterized using the all atom
MMFF94X force field with no constraints. Canonical ensemble
(NVT) MD simulations using NAMD?? were performed with
the following parameters: a checkpoint at 250 ps, sample time
of 0.5 ps, NPA (Nosé-Poincaré-Anderson) Hamiltonian equa-
tions of motion, and time step of 0.0005 ps. We set the equili-
bration phase to 2 ns and the production phase to 50 ns. We
simulated the spheres at 310 K. Solvent molecules were treated
as rigid. Input files were prepared using MOE.

Synthesis of Polymers

The polymers theoretically predicted by computational model-
ing were synthesized in a similar way to the previous report.*”
Redox-sensitive monomer 1, QPAMN, was synthesized with N-
hydroxysuccinimidyl QPA (NHS-QPA) and 2-amino-1,3-
proanediol. Next, fresh distilled glutaryl chloride (242.7 mg,
1.44 mmol) was diluted ten times with dry THF and slowly
added to the QPAMN solution (464.3 mg, 1.44 mmol) in pyri-
dine at room temperature (Scheme 1). The reaction was further
carried on at room temperature overnight. After being poured
into an excess amount of ethanol and mixed for 6 h, it was
extracted with deionized (DI) water and later with CH,Cl,. The
collected organic phase was concentrated by a rotary evaporator
and precipitated into cold diethyl ether to obtain the crude
product, (3a, 470.8 mg). The adipic acid based polymer (3b,
571.4 mg) was synthesized with the same procedure shown
above using 1.3 mL of pyridine monomer 1 (517.5 mg, 1.60
mmol) and dried adipoyl chloride (292.6 mg, 1.60 mmol). The
structures of the synthesized polymers, 3a and 3b, were eluci-
dated by 'H-NMR spectra using a Bruker Avance 400 MHz
spectrometer. The molecular weight and polydispersity index
(PDI) of the synthesized polymers were determined with a
Waters gel permeation chromatography (GPC) system (Waters,
Milford, MA). GPC instrument is equipped with a binary
pump (Waters 1525), a refractive index detector (Waters 2414),
and a Styragel HR4E column (300 X 7.8 mm ID, 5 um particle
size). The measurement of the molecular weight was performed
using HPLC grade THF as a mobile phase at a flow rate of 1.0
' at 25°C. The molecular weight of the synthesized
polymers was determined with the calibration curve obtained
using polystyrene standards (600-50,000 Da). Under these con-
ditions, retention times of 3a and 3b were 8.559 and 8.609 min,
respectively. The number-average molecular weights (M,,) of the
polymer 3a and 3b were found to be 6980 Da (PDI= 1.5) and
6477 Da (PDI = 1.7), respectively.

Polymer 3a: '"H-NMR (CDCls): 6 6.30 (1H, s), 4.37 (1H, s),
4.12 (2H, s), 4.06 (2H, s), 2.83 (2H, s), 2.36 (4H, t), 2.11 (3H,
s), 1.95 (8H, m), 1.39 (6H, s).

mL min~

Preparation of Blank and PTX-Loaded NPs

The blank and PTX-loaded NPs were prepared by an emulsion
method.”” NPs-3a from polymer 3a and NPs-3b from polymer
3b were obtained through the same procedure. For preparation
of PTX-loaded NPs, 40 mg of the synthesized redox-responsive
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polymer and 4 mg of PTX were dissolved in 2 mL of CH,Cl,.
This organic phase was slowly added to 18 mL of phosphate-
buffered saline (PBS, pH 7.4) containing 0.7% of PVA mixing
under magnetic stirring. The mixture was emulsified for 1 min
in an ice bath by a probe sonicator (Qsonica, LCC. XL-2000,
Newtown, CT). The emulsion was stirred overnight at room
temperature to evaporate CH,Cl,. Aggregated NPs were filtered
off with a 0.45 um filter. The NPs were collected from the fil-
tered solution by centrifugation (VWR™ Galaxy 14D, 6,000
rpm, 15 min). The NPs were washed twice with PBS, 20 mL
each time, and later with 20 mL of DI water to remove emulsi-
fier. The produced suspension was lyophilized with the addition
of 20 mg of mannitol to obtain fine powder of NPs. To prepare
blank NPs, the above-mentioned procedures were employed
except for leaving out PTX.

Characterization of Blank and PTX-Loaded NPs

The amount of PTX loaded in NPs was determined by dissolving
a known weight (1.05 mg) of freeze-dried drug loaded NPs into
1 mL of acetonitrile and was analyzed via HPLC. The HPLC sys-
tem is equipped with a Luna C18(2) chromatographic column
(Phenomenex, 150 X 4.6 mm, 5 um), a binary pump (Waters
1525), and an autosampler (Water 717). The mobile phase, a
mixture of acetonitrile and water at 55/45% v/v, was used at a
flow rate of 1 mL min~ "' after injecting a 20 uL sample.”* PTX
was detected at a retention time of 4.9 min using a UV detector
(Water 2487) at 227 nm. The concentration of released PTX was
calculated using the calibration curve obtained from different
concentrations of PTX standard solutions in 50% (v/v) aqueous
acetonitrile. The percentage of PTX incorporated into NPs was
calculated by dividing the amount of incorporated PTX with the
initial PTX amount and multiplied by 100.

The size distribution and Z-average diameter of the NPs were
determined by dynamic light scattering using a Zetasizer Nano
ZS (Malvern Instruments, Worcestershire, UK). NP suspensions
were diluted to a concentration of 1.25 mg NP in 1 mL of DI
water. NP sizes were measured before freeze-drying and after
reconstituting the NPs freeze-dried in the presence of mannitol
to test the protective effect of mannitol during drying NPs.

For scanning electron microscope (SEM) analysis, NPs were
reconstituted at a concentration of 1 mg mL ™" in DI water and
homogeneously suspended by a 5 min sonication. A 50 uL ali-
quot of the reconstituted sample was mounted on an aluminum
plate and dried. Then, the sample was sputter coated with gold
and palladium. Quanta FEG 650 (FEI) at an accelerating voltage
of 10 or 15 kv was used to image NPs.”

In Vitro Drug Release Studies

In vitro PTX release from the prepared NPs was conducted using
Na,S,0, as a reducing agent. An amount of PTX-loaded NPs-3b
containing 10 g of PTX was suspended in 3 mL of PBS buffer (pH
7.4) containing 0.8M of sodium salicylic acid. The drug release was
initiated by an addition of Na,S,0, to the NP suspension. A 200-
fold molar excess of the reducing agent to QPA groups in the poly-
mer was employed. Then, the mixture was incubated in a shaking
water bath (100 rpm) at 37°C for 24 h. At designated times, a 150 uL
aliquot of the NP sample was withdrawn from a vial after spinning
down the NPs and an equal volume of fresh reducing medium was
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added and stirred into the NP solution. Samples were diluted with
150 uL of acetonitrile and the supernatant samples obtained with
centrifugation (13,000 rpm, 3 min) were injected into the HPLC for
analysis. The amounts of released PTX in the collected samples were
determined by the same HPLC method as described in
“Characterization of Blank and PTX-Loaded NP” except for external
standard. The calibration curve was obtained from different concen-
trations of PTX standard solutions in 50% (v/v) aqueous acetoni-
trile. For the quantitative determination of lactone reduced from
QPA groups, synthesized lactone was applied as external standard
for HPLC analysis as previously reported.”> The retention times of
released lactone and PTX were 4.98 and 6.68 min, respectively, at
227 nm with an UV detector.

The drug release from NPs in cell media was also studied in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with/without 5% fetal bovine serum (FBS). PTX-loaded NPs-3b
(0.72 mg) were suspended into 1 mL of cell media incubating
at 37°C. At designated time point over 48 h, 150 uL NP solu-
tion was withdrawn from the system and centrifuged at 10,000
rpm for 5 min to spin down NPs. Aliquots of 110 uL. NP solu-
tion from supernatant media were mixed to the same amount
of acetonitrile (110 uL) to remove protein precipitate. The
remaining 40 pL solution including precipitated NPs was sus-
pended with the same volume of fresh media and the suspen-
sion was added to the system to keep constant volume. After
completing the collecting samples, the NP solution was mixed
with the same volume of acetonitrile (1 mL) to measure the
amount of PTX remaining in the NPs. To determine the
amount of PTX, all collected samples were centrifuged to
remove protein precipitate for the preparation of samples and
HPLC method was used in the same manner as for the mea-
surement in section “In Vitro Drug Release Studies.”

Cell Viability Assay

Human breast tumor T47D and MDA-MB-231 cells obtained
(ATCC, Manassas, VA) were grown in DMEM/F12 medium
containing 2.5 mM L-glutamine (Mediatech), supplemented
with FBS (10% v/v final concentration, Hyclone), penicillin G
(sodium salt, 50 units mL '), and streptomycin sulfate (50 ug
mL~ ") (BioWhittaker). Exponentially grown cells were plated at
the density of 30,000 cells per well into 96-well plates in a vol-
ume of 100 uL culture media and incubated at 37°C in a
humidified environment (95% air, 5% CO,), as previously
described.*® PTX was dissolved in DMSO to obtain a 20 uM
stock solution. PTX loaded NPs and blank NPs were prepared
fresh as 100 puM stock solutions in PBS (pH 7.4). After com-
pound treatment at the specified concentrations for 48 h, the
cells were further incubated and cell viability was determined by
the sulforhodamine B (SRB) method.”” Optical density (OD)
was measured at 490 nm with background absorption at 630
nm. Data were normalized to the untreated control and pre-
sented as “% of control,” using the formula (3).

Cell viability [% of Control] = (OD teated /OD control ) X100 (3)

Statistical Analysis

Experimental measurements were triplicated for each sample.
The results are presented as mean * standard deviation.
The statistical analysis of experimental data used the student’s t-
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Table I. Calculated logP Values of QPA-Based Redox-Responsive Polymers at Different Degrees of Reduction

MW = 5000 MW = 3000
Partially Fully Partially Fully
Nonreduced reduced reduced Nonreduced reduced reduced
Polymer 3a 27.81 10.30 —-6.29 18.87 7.21 -4.01
Polymer 3b 32.46 16.27 -0.55 19.72 10.53 -0.39

Two polymer molecular weights, 3000 and 5000 Da, were chosen for comparison.

test and statistical significance was considered for P-values
<0.05.

RESULTS AND DISCUSSION

Computational Analysis and Polymer Synthesis

MD and molecular docking have been widely used in the pro-
cess of drug development as means to predict and rationalize
the design of drug delivery systems.”® Theoretical calculation of
logP provides rapid evaluation of lipophilicity and cellular pen-
etration, which is widely used as a rational tool in the drug
design process. Two polymers were constructed by combinations
of previously synthesized QPAMN and dicarboxylic acids, gluta-
ric acid and adipic acid. The main reason to select the two di-
carboxylic acids was that NPs from the adipic acid-based redox-
sensitive polymer have demonstrated redox-triggered content
release by solubility reversal upon polymer reduction.”? Two
polymer molecular weights, 3000 and 5000 Daltons, were con-
sidered to test lipophilicities using ChemAxon. The logP calcu-
lated from the arithmetic average of the three ChemAxon logP
methods including VG, KLOP and PHYSPROP showed the
lower values in the reduced forms. As shown in Table I, fully
reduced polymer with molecular weight of <5000 Da showed
the decrease of logP values of 3a and 3b from 27.81 to —6.29
and from 32.46 to —0.39, respectively. The logP values of poly-
mer with MW <3000 Da were similar and were lowered from
18.87 and 19.72 to —4.01 and —0.39 with the increase in reduc-
tion of polymers 3a and 3b, respectively. Reduction-dependent
logP change in the polymers is probably due to the exposure of
hydrophilic amine group upon removal of QPA. Especially,
exposed primary amine groups would further lower polymer
logP by protonation.

The polymers 3a and 3b, designed for redox-triggered NPs were
synthesized as illustrated in Scheme 1.>* The molar ratio of
QPAMN to diacyl chlorides was 1.0 to achieve the highest pos-
sible polymer molecular weight which has reached 9000 Da pre-
viously. Polymer 3a synthesis yielded orange-yellow powders
with a number-average molecular weight (M,) of 6980 Da
(PDI = 1.5). Polymer 3b was also synthesized and resulted in a
M, of 6477 Da (PDI= 1.7). Throughout this study, polymer
synthesis has been reproducible to show a very narrow molecu-
lar weight variation with a standard deviation within 3% of
polymer molecular weight. The '"H-NMR spectra of the synthe-
sized polymers were consistent with the structures previously
reported. The chemical shift of -CH,—OH protons in QPAMN
appearing at 3.32 ppm moved downfield to 6 =4.12 and 4.06
ppm, indicating ester formation upon polymerization. Further-
more, characteristic methyl protons in QPAMN appearing at
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1.41, 2.13, and 2.33 ppm were also found in the polymer NMR
spectrum, which showed the incorporation of the intact QPA
pendant group in the polymer backbone. The integration ratios
of proton peaks on "H-NMR spectrum were consistent with the
theoretical ratios of proton numbers in the polymer.

In this study, computational modeling has also been exploited
to predict the formation of polymer NPs in water, preparing for
effective experimental trials with less error. These follow the
mechanism in scheme 1 for the delivery of encapsulated drug
under reduction. Redox-responsive physicochemical property
changes yielding polymers, which have higher lipophilicity in
the nonreduced form allowing the compound with a good per-
meability and also to have increased water solubility after
undergoing reduction. Based on the predicted changes in physi-
cochemical properties, adipic acid, and glutaric acid based poly-
mers would be ideal for the design of redox-sensitive NPs that
are able to release incorporated drugs in a redox-triggered man-
ner. NP assemblies were constructed (Figure 1) using MOE soft-
ware and used for MD simulation performed on the two
different polymer chains. We compared a packed NP with and
without PTX to simulate loaded and blank NPs (Figure 1). The
computed solubility parameters of PTX and both redox-
sensitive polymers were summarized in Table II and applied to
calculate the corresponding Flory-Huggins interaction parame-
ters (y). The y values for PTX/polymer 3a and PTX/polymer 3b
are 0.344 and 0.031, respectively. Both y values are lower than
the critical value of y, 0.5, which indicate that PTX should be
miscible with the selected polymers. The y value of PTX/poly-
mer 3b was lower than that for PTX/polymer 3a, which indi-
cates higher PTX solubility for polymer 3b. Based on the y
values calculated by using 6 parameters from the MD simula-
tions (Table II), it was possible to predict that PTX and the
selected redox sensitive polymers would be compatible.

Preparation of Redox-Responsive NPs

Redox-responsive NPs were prepared in the presence or absence
of PTX from the synthesized polymers. An emulsion method
using PVA was employed to obtain NPs with controlled particle
sizes. Although particles smaller than 500 nm can be passively
accumulated in tumor by the enhanced permeability and reten-
tion effect, NPs with particle sizes are <200 nm are generally
considered as ideal for targeted drug delivery.”® Emulsifying
hydrophobic polymers and subsequent solvent evaporation have
frequently yielded NPs suitable for tumor-targeted drug deliv-
ery.*” The mean size of NPs-3a was determined to be 246.0 nm
(PDI = 0.12) and 238.8 nm (PDI = 0.15), for the blank NPs and
PTX-loaded NPs, respectively, as summarized in Table III.
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Figure 1. Blank (left) and PTX-loaded (right) NPs (constructed using packmol) after MD simulations using MOE software package. Gray = redox-

sensitive polymer; yellow = PTX; red = water. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

It was found that the use of surfactants for the preparation of
redox-responsive NPs affected NP size. Tween 80 and Pluronic
F68 indeed resulted in particle sizes ranging from 400 to 830
nm (data not shown). The nonionic stabilizers might differently
affect the stability of the oil-in-water emulsions of the redox-
responsive polymers. Droplet sizes of the emulsions could be an
important factor for the size of final hardened polymer NPs.
The sizes of our redox-responsive NPs were comparable to the
particle sizes obtained with  poly(p,L-lactide-co-glycolid)
(PLGA).*' The size of PLGA (MW = 75,000-120.000) NPs pre-
pared with Pluronic F68 was 461 =10 nm, which was larger
than the 284 = 6 nm obtained with PVA.*' This result indicated
that PVA in CH,Cl, could decrease interfacial tension more
than Pluronic F68 did and, thus, lead to smaller particles size.
The increase in size of obtained NPs was observed due to the
aggregation of NPs when using Tween 80 and similar observa-
tions were also reported on the formation of poly(p,L-lactic
acid) NPs emulsified with Tween 80.*'

PTX loading into NPs-3a was determined to be 45% (w/w) as
summarized in Table IIl. However, NPs-3b resulted in an
enhanced drug loading of 77% (w/w). It looked as though an
additional carbon in the polymer repeating unit in polymer 3b
might be attributed to the difference in drug loading in two
kinds of NPs. As previously observed, drug loading into poly-
mer particles is closely related to drug solubility in the polymer.
It is speculated that polymer 3b may have greater miscibility
with PTX than polymer 3a because of greater hydrophobicity as
predicted by theoretical logP calculations (Table I). In addition,
Flory-Huggins’ integration parameters (Table II) calculated
from MD simulation are consistent with our observation of
PTX loading, in which the stronger interaction between drug
and polymer resulted in enhanced drug loading efficiency.

Aggregation of hydrophobic NPs during freeze drying has
commonly been observed.*” Carbohydrate stabilizers such as
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sucrose, lactose, glucose, sorbitol, and mannitol have been rou-
tinely employed to prevent the product from undergoing the
stress that could destabilize colloidal suspension, which is gener-
ated during the freeze drying process.*> For the freeze-drying of
redox-sensitive polymer NPs prepared from QPA-based poly-
mer, mannitol was added to minimize particle aggregation and
improve the handling properties of the dried NPs. It should be
noted that mannitol has been widely used as a cryoprotectant
in the formulations of biotechnology products which are cur-
rently in the market.** It has also been known that mannitol
tends to crystallize during freeze-drying process resulting in
powdery and dry products, which usually improves handling
property.*” The protective effect of mannitol during freeze dry-
ing was examined by particle size measurements before and
after NP drying. The size of redox-responsive NPs-3b before
drying was determined to be 220.60 *21.56 nm (PDI=
0.16 = 0.07). NP size slightly increased to 269.83 = 21.56 nm
(PDI = 0.24 = 0.05) after reconstitution of the dried NPs into
water (summarized in Table III). This slight particle size
increase may be due to hydration of NPs. The redox-responsive
polymer NPs seemed to be aggregated by interparticular hydro-
phobic interactions during freeze drying without mannitol.*®

Table II. Solubility Parameters of PTX, Polymer 3a and Polymer 3b, and
Flory-Huggins Interaction Parameters Computated using the Solubility

Parameters
Solubility Flory-Huggins interaction
parameters parameter (y) for PTX and
(6; Ulem3)t/2 redox-sensitive polymer pairs
PTX 21.83
Polymer 3a 18.91 0.344
Polymer 3b 20.95 0.0312
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Table III. Mean Sizes of Prepared Redox-Responsive Polymer NPs and Drug Loading Efficiency into the NPs

Size (nm) .
Drug loading
NPs Mannitol-free Drying with mannitol efficiency (w/w)
Blank NPs-3a 246.03+42.58 322.07 =28.59
PTX loded NPs-3a 238.8+20.49 257.67 =43.89 45%
Blank NPs-3b 220.60 =21.56 269.83 +=26.57
PTX loded NPs-3b 256.47 =9.55 293.17+1321 77%

Mannitol was used to stabilize the particles during freeze-drying. PTX was used as a model drug.

It appears that NP aggregation was prevented by the presence of
mannitol, which can hold water and fill spaces between NPs
during the drying process. Drug loading did not noticeably
diminish the protective role of mannitol to hinder particle
aggregation. In the case of PTX-loaded NPs-3b, particle size was
marginally increased from 256.47 =9.55 nm (PDI=0.08 =
0.03) to 293.17 = 13.21 (PDI=0.17 £ 0.06) for wet NPs before
drying and reconstituted particles after freeze-drying, respec-
tively, in the presence of mannitol (Table III). In addition,
lyophilized NPs have maintained their stability over an eight
week period (summarized in Figure 2). Reconstituted PTX-
loaded NPs-3b have shown a modest particle size increase from
293.2 to 346.4 nm over an eight week incubation at 37°C (Fig-
ure 2). Interestingly, a noticeable change in particle size modifi-
cation was observed with blank NPs, wherein the size of NPs
increased from 269.8 to 558.5 nm in 4 weeks. The particle size
further increased to 682.8 nm in another 4 weeks. The hydro-
phobic drug might have contributed to an improved stability of
PTX-loaded NPs.

Other NPs prepared from gelatin, poly(p,L lactide-glycolide) and
lipids have also demonstrated a similar mannitol-mediated pro-
tective effect with no significant particle size alteration after
freeze drying."’ In addition, as shown in Figure 3, mannitol was
well integrated with the redox-responsive NPs-3b. The morphol-
ogies of NPs with or without PTX loading after drying in the
presence of mannitol were different from that of freeze-dried
mannitol as confirmed by SEM images. SEM images of dried
mannitol revealed spherical particles with relatively uniformed
size as well as rounded morphology [Figure 3(C)]. However, the
microscopic images of dry NPs [Figure 3(A,B)] showed that
mannitol has been integrated well with polymer NPs by show-
ing chunks rather than segregated mannitol spheres. Mannitol
integrated with the NPs might be distributed between particles
as a space filler or as a coat on their surface, which prevents
interparticular hydrophobic interactions between NPs.

In Vitro PTX Release

PTX release from the redox-responsive NPs was studied under a
redox state simulated with a chemical reducing agent, sodium
dithionite. Sodium dithionite has been frequently adopted in
physiology experiments as a means to lower solutions’ redox
potential (E= —0.66 V at pH 7 at 0.35 nM"®) and to mimic a
reductive environment. Figure 4(A) shows that QPA-based
redox-responsive NPs were able to release incorporated drug
upon pendant QPA group reduction. Under a redox state simu-
lated with sodium dithionite, the amounts of released PTX were
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significantly greater than PTX release in PBS [P < 0.05 for NPs-
3a and NPs-3b at 15 min, P<0.01 at 3 h, in Figure 4(A)].
Cumulative percentage of PTX released from two different NPs
was more than 80% after a 24 h incubation under the redox
state. However, only 41.2 and 26.5% of incorporated PTX were
released from the NPs in the absence of the reducing agent.
PTX release in the absence of sodium dithionite followed the
release kinetics shown other references.*”” It was interesting to
note that the NP from adipic acid-based redox-responsive poly-
mer 3b showed PTX release comparable to that from NPs-3a,
which was similar to the result previously obtained.”* Lactone
released from reduced QPA was consistent with PTX release
indicating PTX release was mediated by lactone release. As pre-
viously discovered,” facilitated PTX release under the redox
state can be attributed to QPA reduction which deprotects
amine groups in the polymer backbone. Free amine groups
exposed upon intramolecular cyclization of QPA could increase
polymer solubility upon protonation at pH 7.4, which might
result in NP swelling.”” Theoretical calculations of hydrophobic-
ity reduction upon polymer reduction, from 27.81 to —6.29
and from 32.46 to —0.55 for polymers 3a and 3b, respectively
(Table I), also led to the prediction of polymer solubility
increasing upon polymer reduction. In addition, exposed amine
groups might contribute to the hydrolysis of the polyester back-
bone in a base-catalyzed manner.”" As expected, NPs in the con-
trol release medium containing no reducing agent did not
release quinone lactone at all [Figure 4(B)]. It is worthwhile to
mention that NPs-3b showed lower initial PTX release than
NPs-3a. The difference in burst PTX release from the NPs can
be attributed to the polymer solubility difference. As previous
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Figure 2. Size distribution of blank NPs-3b ([_]) and PTX-loaded NPs-3b
(M) suspended in DI water and incubated at 37°C over eight weeks. Data
shown as mean + SD (n = 3).

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40461

Applied Polymer L


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

WILEYONLINELIBRARY.COM/APP

Applied Polymer

CIENCE

Figure 3. Scanning electron microscopy images of freezing dried NPs prepared with mannitol (A) PTX-loaded NPs-3b, (B) Blank NPs-3b, and (C)

Freeze-dried mannitol (Scale bar =2 um).

theoretical calculations of polymer property predicted, polymer
3a is less hydrophobic than polymer 3b, which has one more
carbon in polymer repeating unit. Predicted logP values (Table
I) for nonreduced polymer 3a and 3b were 27.81 and 32.46,
respectively, at a molecular weight of 5000 Da. It seemed that
more hydrophobic polymer NPs-3b demonstrates the lower ini-
tial burst. Considering theoretical polymer property prediction
and experimental drug release under a simulated redox state,
NPs-3b would be more suitable for drug delivery applications,
with a low burst drug release but maximized content release
upon polymer reduction. However, drug release from the NPs
by cancer cell-overexpressing redox enzymes should be further
tested and confirmed before the implementation of the novel
redox-responsive polymer NPs for tumor-targeted drug delivery.

In Vitro Cytotoxicity

Concentration-dependent cell cytotoxicity studies were per-
formed to determine the effects of PTX-loaded redox-
responsive NPs on the proliferation/viability of human breast
tumor T47D and MDA-MB-231 cells. PTX-loaded and blank
NPs-3a were used as positive and negative controls for the
study, respectively. At the lower concentration range (0.01 puM
or less), almost no cytotoxicity for both cell lines could be
detected as shown in Figure 5. When the concentration was at 1
uM, the cell viability of T47D cell line with the incubation of
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PTX and PTX loaded NPs were 69 and 73%, respectively, while
the result of cytotoxicity with blank NPs showed its less toxicity
as 91% of cell viability in Figure 5(A). The cell experiment for
MDA-MB-231 cell line in Figure 5(B) also showed similar cell
viability, in which 48, 50, and 97% of cell viability were
observed for plain drug, PTX loaded NPs, and blank NPs,
respectively. PTX loaded NPs inhibited cell proliferation and
viability to the comparable extent as that observed in the pres-
ence of PTX. The particle itself did not affect cell proliferation/
viability at all concentrations tested indicating that all incorpo-
rated PTX has been released from NPs to limit cell growth.

Aside from in vitro cellular study, in vitro drug release from the
NPs was examined to confirm culture cancer cell-mediated drug
release from NPs using serum-free cell culture media and culture
media supplemented with 5% FBS presented in Figure 6. The
amounts of drug released from the NPs over 48 h ranged from
12.58 to 15.71% and from 10.89 to 14.66% in serum free
DMEM and in DMEM with 5% FBS, respectively. In addition,
the analysis of remaining NPs showed considerable amounts of
PTX left in the NPs, indicating that FBS might contribute to
drug release in part but not all. The amounts of drug found in
the NPs were 86.05 and 53.67% in serum free DMEM and
DMEM with 5% FBS, respectively. The reason for less drug
retention in the presence of FBS might be the enzymes in FBS. It
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Figure 4. (A) In vitro redox-responsive release of PTX and (B) release of lactone from reduced QPA when incubated in the reductive media including
Na,$,0, (+ and M) and at control media (O, [}, and x) at 37°C from NPs-3a (+ and O) and from NPs-3b (M and []). The results represent the

mean * SD (n=3).

Mnh\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
1

40461 (8 of 10)

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40461



http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE WILEYONLINELIBRARY.COM/APP
A v B
1004 &= 1004 &
s =
] &
=  80- = 80
(=] (=]
&) &)
S S
(=] (=]
2 601 i 601
OI—.—| N — . e — oT ST — r
0 10° 108 107 10-6 0 10 108 107 10-¢

Concentration (M)

Concentration (M)

Figure 5. Effects of PTX-loaded NPs on human breast tumor cell proliferation/viability determined by SRB method: (A) T47D cells. (B) MDA-MB-231
cells. Exponentially grown T47D and MDA-MB-231 cells were exposed to the different concentration of PTX-loaded NPs (+), blank NPs (O), and PTX

(X) for 48 h under normoxic condition (95% air :

5% CO,). The percentage of viable cells was normalized to values obtained from untreated control

under normoxia conditions, and presented as “% of Control.” Data shown are average = standard deviation (n = 3).

has been known that FBS contains a mixture of enzymes includ-
ing esterases and proteases, which are able to degrade polyester
backbone in the QPA-based redox-responsive polymer. Proteins
in FBS, 23 g L™ ! of albumin and 38 g L™ of total protein, may
also be able to affect polymer degradation, NP stability or PTX
protein binding.”* Indeed, PTX was reported to significantly bind
to protein in cell culture media, which was PTX concentration
dependent. PTX was known to result in 78.6 £2.7% protein
binding at a concentration of 0.5 ug mL™' in cell culture
medium with 9% FBS and PTX binding to proteins decreased to
20.2 = 1.4% as concentration of PTX increased to 15 ug mL™".
The PTX protein binding might overestimate PTX release in FBS
containing DMEM. However, taking cell cytotoxicity results and
in vitro drug release in culture media together, cultured cancer
cells could release PTX from the redox-responsive NPs.

CONCLUSIONS

Redox-responsive QPA-based polymers were analyzed with the
aid of computational calculations and were used for the prepa-
ration of NPs that could release incorporated PTX under a
redox state simulated with a redox agent. The NPs could be
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Figure 6. In vitro PTX release from NPs-3b in different cell culture media:
serum-free cell culture media (O) and the media supplemented with 5%
FBS (X). Data shown as mean * SD (n = 3).
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protected by mannitol during freeze drying process and NP sta-
bility has been maintained for a period of eight weeks. Prepared
redox-responsive NPs were able to release 80% of incorporated
PTX in a redox-triggered manner within 24 h. Cytotoxicity
assay using cultured human breast tumor cell lines demon-
strated that cancer cells could release incorporated drug from
the NPs. These redox-sensitive NPs may be useful as delivery
platforms for cytotoxic cancer drugs.
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