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Abstract

pH-Sensitive poly(N,N-dimethylaminoethyl methacrylate (DMAEMA)/2-hydroxyethyl methacrylate (HEMA)) nanoparticles were prepared
for the triggered release of paclitaxel within a tumor microenvironment. Tumors exhibit a lower extracellular pH than normal tissues. We show
that paclitaxel release from DMAEMA/HEMA particles can be actively triggered by small, physiological changes in pH (within 0.2—0.6 pH
units). Monodispersed nanoparticles were synthesized by forming an O/W emulsion followed by photopolymerization. Particles were charac-
terized by transmission electron microscopy, dynamic light scattering, electrophoresis, and cytotoxicity. High release rates and swelling ratios
are achieved at low pH, low crosslinking density, and high content of DMAEMA. Paclitaxel release is limited to 9% of the payload at pH 7.4
after a 2-h incubation at 37 °C. After adjusting to pH 6.8, 25% of the payload is released within 2 h. Cell viability studies indicate that pH-
sensitive DMAEMA/HEMA nanoparticles are not cytotoxic and may be used as an efficient, feedback-regulated drug delivery carrier.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Stimuli-sensitive polymers that respond to temperature
[1-3], pH [4,5], light [6,7], ionic strength [8], and electric
[9] or magnetic fields [10] are attractive for use in drug de-
livery, diagnostics, and sensing. Much attention has been
paid to the use of pH-sensitive polymers for oral drug deliv-
ery [11—13], gene delivery [14], and insulin delivery [15],
where a physiological pH shift facilitates swelling. Because
conventional pH-sensitive functional groups provide limited
sensitivity within the blood pH range, their use in systemic
drug delivery systems has been severely limited.

Common pH-sensitive polymers like poly(acrylic acid) [16]
and poly(methacrylic acid) [17] incur swelling at high pH due
to ionizable functional groups on the polymer backbone or
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side chain. Synthesized polymeric delivery vehicles [18]
from these polymers exhibit similar swelling behavior, where
swelling occurs at high pH. This mechanism is not useful for
delivery to the acidic environments present in tumors. In this
research, the drug delivery vehicles have a reversed swelling
behavior from previously reported pH-sensitive nanoparticle
systems; they swell under acidic conditions. Particles that
have been reported to swell under acidic conditions [19] typ-
ically require a large pH change which limits their use.
DMAEMA has been used in the development of thera-
peutic drug delivery formulations [20]. Due to its pH-
responsive characteristic, polyf(DMAEMA) microgels have
been synthesized with other co-monomers (i.e. polystyrene
[21], acrylamide [22], and pyrrolidone [23]) for drug delivery
applications. Satish and Shivakumar [24] investigated a self-
regulating insulin delivery system based on poly(DMAEMA-
co-HEMA) hydrogels within in vivo conditions. Hydrogel
and micro-scaled formulations have size limitations and are
unable to be used systemically. Thus, we have investigated
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monodispersed and nano-sized DMAEMA/HEMA particles
for tumor-targeted delivery of paclitaxel, a chemotherapeutic
agent.

Tumors exhibit a lower extracellular pH than normal tissues
[25]. It is hypothesized that this results from a chaotic vascula-
ture and deregulation of glycolysis [26]. Drug delivery systems
have been designed to use pH as a mechanism to improve
delivery of chemotherapeutics [27]. Improved delivery mecha-
nisms may reduce side effects and increase the quality of life of
patients.

Paclitaxel is an effective chemotherapeutic agent against
carcinomas of the breast, ovary, and lung [28—31]. Due to
poor aqueous solubility, paclitaxel is dissolved in organic for-
mulations such as poly(lactic-co-glycolic acid) (PLGA) nano-
particles [32], dehydrated ethanol [33], and polyethoxylated
castor oil (Cremophor® EL) [34] for clinical use. Cremophor
EL has been reported to cause toxic effects which are known
to induce life-threatening anaphylaxis in up to 30% of treated
patients [35—37]. Although antihistamines and glucocorticoids
are administered to manage those toxic effects [38], these drugs
also have the possibility of additional pharmacokinetic and
pharmacodynamic interactions with paclitaxel. Controlled re-
lease of paclitaxel encapsulated within PLGA nanoparticles
has been investigated to reduce these side effects [32]. Novel
pH-sensitive delivery vehicles, that localize paclitaxel within
the target site while minimizing side effects, may prove useful
in the treatment of tumorigenic cancers.

In the present study, monodispersed pH-sensitive
DMAEMA/HEMA nanoparticles were prepared by O/W
emulsification followed by photopolymerization. These parti-
cles have been assessed by transmission electron microscopy
(TEM), dynamic light scattering, electrophoresis, and cytotox-
icity. We demonstrate pH-sensitive swelling for different ratios
of DMAEMA to HEMA and different concentrations of the
crosslinker tetraethylene glycol dimethacrylate (TEGDMA).
HEMA is a hydrophilic polymer currently used in contact lenses
[39] and drug delivery applications [40—42]. DMAEMA is
a pH-responsive material which has a tertiary amine functional
group with a pK, of 7.5 [43]. Our results show that DMAEMA/
HEMA nanoparticles (mean diameter 230 nm) swell below pH
7.4. We also demonstrate the ability of paclitaxel to be released
within the presence of low pH, similar to the vicinity of a tumor.
Our study is the first attempt to characterize nano-scaled
DMAEMA/HEMA particles and demonstrate their use as pH-
triggered drug delivery carriers.

2. Materials and methods
2.1. Materials

The monomer 2-(dimethylamino)ethyl methacrylate (DMAEMA) and co-
monomer 2-hydroxyethyl methacrylate (HEMA) were purchased from Acros
(Morris Plains, NJ, USA). TEGDMA for crosslinking was obtained from Fluka
(St. Louis, MO, USA) and 2,2-dimethoxy-2-phenylacetophenone (DMPAP)
for photoinitiation from Aldrich (St. Louis, MO, USA). Monobasic and dibasic
sodium phosphates used to prepare various pH phosphate buffers were pur-
chased from Sigma (St. Louis, MO, USA). Pluronic F68 was obtained from
BASF Corporation (Mount Olive, NJ, USA). For the controlled release ex-
periment, paclitaxel was used as a model drug and purchased from Sigma

(St. Louis, MO, USA). For the preparation of PLGA nanoparticles, poly
(pbL-lactide-co-glycolide) (PLGA, 50:50, M,, 17,000—22,000) and polyvinyl
alcohol (PVA, M,, ~25,000) were purchased from Polysciences, Inc. (War-
rington, PA, USA) and ethyl acetate was purchased from Aldrich. Other
reagents were commercially available and were used as received. All cell
culture media and reagents, unless otherwise mentioned, were purchased
from Invitrogen (Carlsbad, CA, USA). Deionized water (18.2 MQ) used in
all experiments was obtained from a Milli-Q purification system (Millipore
Corp., Billerica, MA, USA).

2.2. Preparation of DMAEMA/HEMA nanoparticles

Pluronic F68 (150 mg) was dissolved in 10 mL of distilled water for the
water phase. To form the O/W emulsion, 100 uL. of a DMAEMA and
HEMA solution (mixed at different molar ratios of 5/95 and 10/90, respec-
tively) was added to the water phase. Three different mol% TEGDMA and
1 mol% DMPAP were added simultaneously to the water phase. The solution
was sonicated (200 W, 20 kHz; Digital sonifier 250, Branson Ultrasonics
Corp., Danbury, CT, USA) in a laminar flow hood over an ice bath for
10 min. Then, the DMAEMA/HEMA emulsion was exposed to a 365-nm
UV energy source with 21,700 uW/cm? intensity (Model B-100 AP/R, UVP
Inc., Upland, CA, USA) for 90 s for photoinitiation. DMAEMA/HEMA nano-
particles were collected by high-speed centrifugation at 39,000 x g for 20 min
(Sorvall RC26 Plus, SA-600 rotor; Thermo Fisher Scientific Inc., Waltham,
MA, USA). The particles were washed twice with pH 7.4 phosphate buffer
to remove residual surfactant at the aforementioned operating conditions for
the centrifuge. For the preparation of paclitaxel-loaded nanoparticles,
paclitaxel was directly added to the DMAEMA/HEMA solution at 1 mm final
concentration. It was followed by sonication and centrifugation, as discussed
previously. Finally, nanoparticles were freeze-dried (FTS systems, Inc., Stone
Ridge, NY, USA) and stored at 4 °C for later use.

2.3. Characterization of DMAEMA/HEMA nanoparticles

The size and morphology of DMAEMA/HEMA nanoparticles were ana-
lyzed by dynamic light scattering (ZetaPALS; Brookhaven Instrument, Holts-
ville, NY, USA) and transmission electron microscopy (JEOL 2100; JEOL
Ltd., Tokyo, Japan). For TEM images, 0.05 wt% aqueous solution of
DMAEMA/HEMA nanoparticles was dropped onto a copper grid (300
mesh, TED PELLA Inc., Redding, CA, USA) supporting a thin film of amor-
phous carbon. The excess liquid was swept away with filter paper and the grid
was dried in the hood. To obtain the effective surface charge, 0.1 mg/mL of
DMAEMA/HEMA nanoparticles in an aqueous solution was measured by
electrophoresis (ZetaPALS; Brookhaven Instrument, Holtsville, NY, USA) at
different pHs in N-[tris(hydroxymethyl)methyl]-2-aminoethalnesulfonic acid
(TES) buffer (pH 6.8, 7.0, 7.2, and 7.4, respectively).

24. Swelling of DMAEMA/HEMA nanoparticles

Swelling studies of DMAEMA/HEMA nanoparticles were performed in
a buffered solution of known pH, composition, and temperature. The pHs of
the buffered solutions were 6.8, 7.0, 7.2, and 7.4, respectively. A predeter-
mined amount of freeze-dried DMAEMA/HEMA nanoparticles were put
into a scintillation vial containing 10 mL of buffered medium. Samples were
placed on a shaker (OS-500 orbital shaker, VWR, West Chester, PA, USA)
with a shaking rate of 100+ 1rpm in an incubator maintained at 37 °C.
The average nanoparticle diameter was measured by dynamic light scattering
at 0, 1, 2, 4, and 24 h.

2.5. Controlled release of paclitaxel

Controlled release of paclitaxel from DMAEMA/HEMA nanoparticles was
carried out in a buffered medium at either pH 6.8, 7.0, 7.2, or 7.4. A predeter-
mined amount of freeze-dried DMAEMA/HEMA nanoparticles was placed
into a 20-mL scintillation vial containing 10 mL of an aqueous release
medium. During release experiments, the vial was placed in a shaker in an in-
cubator with a shaking rate of 100 £ 1 rpm. Samples were collected from the
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tube once every hour until 6 h and then every 6 h until 24 h. The volume of
each collected sample was 350 pL. To maintain a uniform concentration of
paclitaxel in the media, fresh buffer was added after sampling during the re-
lease studies. To demonstrate the controlled release of paclitaxel followed by
a pH drop, an additional test was designed. Paclitaxel-loaded nanoparticles
were added to a pH 7.4 buffered medium. After 2 h, the pH of the buffered me-
dium was dropped to either pH 6.8, 7.0, or 7.2 by adding 1 N HCI. A 350-uL
sample was collected once every 30 min until 6 h. The concentration of re-
leased paclitaxel was directly determined by a UV/Visible spectrophotometer
(SpectraMax Plus384; Molecular Devices Corp., Sunnyvale, CA, USA) at the
absorption wavelength of 229 nm using a standard calibration curve.

2.6. Cell viability assay

To determine the toxicity profile of the newly investigated DMAEMA/
HEMA nanoparticles, a Live/Dead (viability/cytotoxicity) assay for mamma-
lian cells (Molecular Probes, Eugene, OR, USA) was used with HeLa cells
(CCL-2, ATCC, Rockville, MD, USA). HeLa cells (104 cells/well) were added
to a 96-well cell culture dish (Falcon) with 100 puL of Dulbecco’s Modified Ea-
gles Medium (DMEM) supplemented with 5% fetal bovine serum (FBS) and
1% penicillin—streptomycin. After seeding the cells for 24 h, DMAEMA/
HEMA nanoparticles were resuspended with growth medium and added into
the cell culture dish. After a 24-h incubation, HeLa cells were rinsed twice
with 100 pLL of Dulbecco’s phosphate-buffered saline (D-PBS). The Live/
Dead assay reagent, which contained 4 mm calcein AM and 2 mm Ethidium
homodimer-1, was added to the cell culture dish. After a 30-min incubation
at room temperature, cell viability/cytotoxicity was measured with a fluores-
cence microplate reader (SpectraMax Gemini XPS; Molecular Devices
Corp., Sunnyvale, CA, USA). For the comparison of cell viability of
DMAEMA/HEMA nanoparticles, PLGA nanoparticles which have been
used for drug carriers in the literature [32] were also prepared as a control.
In brief, 50 mg of PLGA was dissolved in 1 mL of ethyl acetate. The organic
phase was mixed with 3 mL of a 1% aqueous PVA solution and sonicated in
a laminar flow hood for 20 s at 200 W output. The formed emulsion was evap-
orated overnight under magnetic stirring to remove the organic solvent. The
sample was collected by high-speed centrifugation at 39,000 x g for 20 min.
The particles were washed with deionized water 3 times. The nanoparticles
were resuspended with 3 mL deionized water and freeze-dried overnight.
All cultures were performed at 37 °C, balanced with 5% CO; in air in a humid-
ified incubator.

2.7. Statistical analysis

All of the experimental data were obtained in triplicate unless otherwise
mentioned and are presented as mean = standard deviation. Statistical compar-
ison by analysis of variance was done at a significance level of p < 0.01 based
on Student’s -test.

3. Results and discussion
3.1. Size and morphology

Nanoparticles were prepared with different molar ratios of
DMAEMA to HEMA and increasing TEGDMA concentra-
tions. DMAEMA/HEMA nanoparticles were analyzed by
TEM and dynamic light scattering. Fig. 1 depicts the TEM
image of 10/90 DMAEMA/HEMA nanoparticles crosslinked
by 3 mol% TEGDMA. Photomicroscopic examination of the
nanoparticles reveals a uniform, smooth surface morphology.
The average diameter of DMAEMA/HEMA nanoparticles
was determined to be 230 £ 30 nm by evaluating nanoparticles
in at least 5 electron microscopic fields. The average diameter
of nanoparticles with different molar ratios (either 5/95 or
10/90) and different TEGDMA concentrations (either 3, 5, or

Fig. 1.
DMAEMA/HEMA nanoparticles crosslinked with 3 mol% TEGDMA. The
average particle size is 230 £ 30 nm in diameter. Scale bar = 500 nm.

Transmission electron microscopy image of 10/90 (mol/mol)

10 mol%) were not significantly different after synthesis or
when hydrated at pH 7.4. These results were confirmed by
dynamic light scattering.

3.2. Volume swelling ratio

Monodispersed DMAEMA/HEMA nanoparticles that ex-
hibit pH sensitivity were successfully prepared by O/W emulsi-
fication and subsequent photopolymerization. Swelling studies
of nanoparticles from different formulations were performed in
phosphate buffer adjusted to the appropriate pH. The data are
presented in the form of the volume swelling ratio, which
may be described as the ratio of the nanoparticle diameter at
a specific pH to the diameter at pH 7.4 (Q = dyu/dpy 7.4). The
volume swelling ratio was measured as a function of time to an-
alyze the effect of DMAEMA content, pH, and TEGDMA con-
centration on particle degradation, pH sensitivity, and matrix
elasticity.

The swelling behavior of DMAEMA/HEMA nanoparticles
varies by formulation and pH conditions. Fig. 2 shows the av-
erage particle diameters of DMAEMA/HEMA nanoparticles
with molar ratios of (a) 5/95 and (b) 10/90 DMAEMA/
HEMA after swelling as a function of pH and time. It was ob-
served that the swelling ratio of nanoparticles significantly in-
creased with decreasing pH values for both 5/95 and 10/90
DMAEMA/HEMA molar ratios. The diameter of the 10/90
DMAEMA/HEMA nanoparticles at pH 6.8 (394 nm) was
larger than at pH 7.4 (246 nm) after 4 h of swelling.

The nanoparticle with 5% DMAEMA (Fig. 2a) had lower
volumetric swelling relative to the 10% DMAEMA nanoparticles
(Fig. 2b). For example, 5/95 DMAEMA/HEMA nanoparticles
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Fig. 2. Volume swelling ratios of (a) 5/95 and (b) 10/90 (mol/mol) DMAEMA/
HEMA nanoparticles crosslinked with 3 mol% TEGDMA at pH 6.8 (black),
7.0 (white), 7.2 (diagonal), and 7.4 (cross-hatched). The error is the standard
deviation of the mean, where n = 3. *Statistical significance is calculated rel-
ative to pH 7.4 at a specific time point, p < 0.01.

(Fig. 2a) swelled 42.4 +6.4% after 4 h at pH 6.8 while the
10/90 DMAEMA/HEMA nanoparticles (Fig. 2b) swelled 68.7 &
9.0% under the same conditions. Due to the increased
concentration of protonated groups, the higher DMAEMA
content nanoparticle results in larger volumetric swelling.

The pH sensitivity of each formulation may be addressed
by looking at the swelling rate, or change in diameter as a func-
tion of time. The swelling rate after 4 h for 5/95 DMAEMA/
HEMA nanoparticles crosslinked with 3 mol% TEGDMA at
pH 6.8, 7.0, 7.2, and 7.4 was 25, 14, 13, and ~ 1 nm/h, respec-
tively. The swelling rate increases with DMAEMA content.
Thus, the swelling rate after 4h for 10/90 DMAEMA/
HEMA nanoparticles crosslinked with 3 mol% TEGDMA at
pH 6.8, 7.0, 7.2, and 7.4 was 40, 25, 10, and 4.3 nm/h, respec-
tively. Hence, even a small pH change of 0.2 units (pH 7.4 vs.
pH 7.2) results in an approximate 10-fold increase in swelling
for 5/95 DMAEMA/HEMA nanoparticles or a 2-fold increase
in swelling for 10/90 DMAEMA/HEMA nanoparticles.

Despite the differences in volumetric swelling, after 24 h
both 5/95 and 10/90 DMAEMA/HEMA nanoparticles de-
grade to approximately half their initial diameter. This is pri-
marily due to bulk erosion, where the rate of diffusion is less
than the rate of hydrolysis [44]. The erosion number is the
ratio of the time for water to diffuse into the gel to the
time required for hydrolysis. For polyesters, the erosion num-
ber is typically less than 1 (a hydrolysis dominated regime).
Therefore, changes in surface area do not significantly affect
degradation.

To determine the swelling ratio as a function of crosslinker
concentration, DMAEMA/HEMA nanoparticles (molar ratio
of 10/90) were prepared with 3, 5, and 10 mol% TEGDMA.
Swelling studies were performed in a pH 6.8 buffered solution
to obtain maximal swelling. As shown in Fig. 3, the volume
swelling ratio of 10/90 DMAEMA/HEMA nanoparticles de-
creases with increasing crosslinking density. After 4 h, the vol-
ume swelling ratio at pH 6.8 is 1.7, 1.2, and 1.0 for 3, 5, and
10 mol% TEGDMA. The swelling rate (and thus sensitivity to
pH) of 10/90 DMAEMA/HEMA nanoparticles decreases from
40 nm/h at 3mol% TEGDMA to 15nm/h for 5 mol%
TEGDMA. Particle degradation is also influenced by the
crosslinking density. The average diameter of 10/90
DMAEMA/HEMA nanoparticles remains unchanged after
24 h when crosslinked with 10 mol% TEGDMA. Here, the in-
crease in crosslinking density slows hydrolysis-mediated
degradation.

The equilibrium swelling volume is a balance between the
osmotic pressure of the protonated polymer network and the
elasticity of the network. Consequently, the amount of
DMAEMA incorporated affects the degree of pH sensitivity
due to the content of quaternizable tertiary amine groups. In-
creasing the crosslinking density reduces matrix elasticity
and particle degradation.
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Fig. 3. Volume swelling ratios of 10/90 (mol/mol) DMAEMA/HEMA nano-
particles crosslinked with 3 (black), 5 (white), or 10 (diagonal) mol%
TEGDMA at pH 6.8. The error is the standard deviation of the mean, where
n=3. *Statistical significance is calculated relative to 3 mol% at a specific
time point, p < 0.01.
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3.3. Zeta potential

To determine the effective surface charge of 10/90
DMAEMA/HEMA nanoparticles, the zeta potential was mea-
sured at 4 different pH values (pH 6.8, 7.0, 7.2, and 7.4) as
shown in Table 1. The zeta potential of the nanoparticles is
consistently negative between pH 6.8 and 7.4. The zeta poten-
tial was —12.4+£2.3 mV at pH 7.4 and approaches 0 at pH
6.8, —1.9 1.0 mV. The strong negative charge arises from
deprotonated hydroxyl groups of HEMA (—O7). As the pH
decreases, a proportion of the hydroxyl groups become pro-
tonated (—OH). In addition, DMAEMA becomes positively
charged as the pH decreases, reducing the strong effective
negative charge. Similarly, Hu et al. [19] reports of
poly(DMAEMA) microgels with an isoelectric point at pH
6. Below pH 6, the zeta potential of the microgels is positive.
Negative zeta potentials were obtained at pHs above pH 6.

A strong negative charge stabilizes the particles from
aggregation. As the particles approach pH 6.8, the particle
charge approaches 0. However, no aggregation was observed
at pH 6.8.

3.4. Controlled release

We investigated the controlled release of paclitaxel from
10/90 DMAEMA/HEMA nanoparticles crosslinked with
3 mol% TEGDMA. This formulation had the largest volume
swelling ratio (Fig. 2b) and swelling rate. Controlled release
of paclitaxel was monitored by incubating nanoparticles in
media with different pHs as illustrated in Fig. 4a. The encap-
sulation efficiency of the particles was 76 &= 3%, where drug
loss occurs during subsequent washing of the particles.

Paclitaxel release is described by different initial slopes,
reaching an asymptote after approximately 4 h. The volume
swelling ratio coincidently reaches a maximum after 4 h,
which demonstrates the relationship between swelling and re-
lease. Large swelling (Q =1.7 in 4 h, at pH 6.8) results in
a large release (54%, 4 h); whereas small swelling (Q = 1.1
in 4 h, at pH 7.2) results in slow release (13%, 4 h). Thus,
the design of particles with a large swelling ratio should coin-
cide with fast release.

Generally, the drug release rate is dependent on several
factors, including: the polymer structure, concentration of
polymer and crosslinker, the volume swelling ratio, and the
interaction between polymer and drug. Among these factors,
the volume swelling ratio most closely predicts the ability of

Table 1

Zeta potential analysis of 10/90 (mol/mol) DMAEMA/HEMA nanoparticles
crosslinked with 3 mol% TEGDMA in 10 mm TES buffer at pH 6.8, 7.0,
7.2, and 7.4

pH ¢ Potential® (mV)
6.8 -19+1.0
7.0 —42+13
7.2 —99+23
7.4 —1254+23

# Data were performed in triplicate.
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Fig. 4. Controlled release of paclitaxel from DMAEMA/HEMA nanoparticles.
Paclitaxel-loaded 10/90 (mol/mol) DMAEMA/HEMA nanoparticles cross-
linked with 3 mol% TEGDMA were monitored for paclitaxel release (a) in
media at pH 6.8 (@), 7.0 (W), 7.2 (¥ ), and 7.4 (A) or (b) at pH 6.8 but
crosslinked with 3 (@), 5 (), or 10 (@) mol% TEGDMA. The error is
the standard deviation of the mean, where n = 3.

paclitaxel to be released. The swelling of the nanoparticle
structure at a lower pH leads to an increase in the network
mesh size [45]. Changes in the network structure allows pac-
litaxel to diffuse out of the matrix within a short time com-
pared to the compact network structure at pH 7.4.

Fig. 4b shows that paclitaxel release is dependent on the
crosslinker concentration. At low crosslinking density
(3 mol% TEGDMA), paclitaxel is released quickly relative to
nanoparticles prepared with 5 and 10 mol% TEGDMA. In-
creasing the TEGDMA concentration results in a higher degree
of crosslinking and a reduction in mesh size. Paclitaxel release
is reduced by 67% by increasing the TEGDMA concentration
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from 3 to 5 mol%. Thus, paclitaxel release can be optimized by
varying the DMAEMA content, extent of crosslinking, and the
pH of the environment.

3.5. Triggered release

We investigated the ability of DMAEMA/HEMA nanopar-
ticles to show a triggered release profile. Here, 10/90
DMAEMA/HEMA nanoparticles prepared with 3 mol%
TEGDMA were allowed to release paclitaxel in pH 7.4 buft-
ered media. After 2 h, the pH was shifted downwards to either
pH 6.8, 7.0, or 7.2 relative to the control (pH 7.4). As shown in
Fig. 5, the release of paclitaxel from the nanoparticles is iden-
tical until the pH is changed. After the drop in pH, the release
varies with pH.

For delivery to tumors, we are interested in intravascular
administration of paclitaxel-loaded nanoparticles in a pH 7.4
environment. At pH 7.4, we desire minimal release of the
chemotherapeutic drug. In the vicinity of the tumor microen-
vironment, which has a lower pH, the DMAEMA/HEMA
nanoparticle would then release its payload. This would alter
the biodistribution of paclitaxel which may result in a decrease
in side effects. We expect that uptake of nanoparticles by
healthy cells will occur at equivalent rates to nonstimuli-
sensitive nanoparticles such as PLGA nanoparticles which
measure similar zeta potential (—13 mV) [46]. The DMAEMA/
HEMA particles would degrade quickly within the acidic envi-
ronment of the cell’s endosome.

After delivery of paclitaxel-loaded nanoparticles, approxi-
mately 10% of the paclitaxel is released within the first 2 h at
pH 7.4. As time progresses, the release is dependent on the
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Fig. 5. Triggered paclitaxel release was observed by incubating 10/90 (mol/
mol) DMAEMA/HEMA nanoparticles crosslinked with 3 mol% TEGDMA
for 2h at pH 7.4 ( A) followed by a reduction in pH to either 6.8 (@), 7.0
(W), or 7.2 (¢) for 4 h. The error is the standard deviation of the mean,
where n=3.

microenvironment of the particles. If the microenvironment re-
mains at pH 7.4, then 16% of the paclitaxel will be released over
the 6 h period. However, if the pH of the environment de-
creases, drops to 7.2 or 7.0, then release of paclitaxel over 6 h
increases to 22 and 30%, respectively. In the most dramatic
case, when the pH drops to 6.8, then 45% paclitaxel will be re-
leased after 6 h. Thus, DMAEMA/HEMA nanoparticles may
be used to control the rate of release and to trigger release
within a local environment.

Other pH-sensitive carriers exhibit shrinking or degradation
upon acidosis. Sulfonamides swell under basic conditions and
shrink under acidic conditions [47]. Polyketal-based nanopar-
ticles have been designed to undergo acid-catalyzed hydroly-
sis, which focuses on the degradation mechanism and not
swelling [48]. Our formulation has controlled swelling only
upon acidosis within a narrow range.

We have designed DMAEMA/HEMA nanoparticles to im-
mediately release their payload after contact with a local pH
stimulus. Fig. 6 demonstrates that these carriers are nontoxic
to cells and have similar cell viability to PLGA nanoparticles
[32]. We believe systemic administration is the best method to
induce the delivery response. DMAEMA/HEMA nanopar-
ticles may be used for tumorigenic cancer therapies but may
also be used as a nano-scaled pressure sensor as described
[49]. In addition, pH-sensitive nanoparticles may be useful
in the treatment of ischemia, diabetic ketoacidosis, and in mor-
phine overdoses.

Several hydrogel or microgel formulations incorporate
DMAEMA for insulin delivery [24,50]. The particles will re-
spond quickly if necessary, and in the absence of the stimulus
will degrade slowly.
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Fig. 6. Cell viability assay. 5/95 and 10/90 (mol/mol) DMAEMA/HEMA
nanoparticles crosslinked with 3 mol% TEGDMA were incubated with HeLa
cells for 24 h and compared to a control (without nanoparticles) for viable
cell number. PLGA nanoparticles (average diameter 169.4 & 11.8 nm) were
also tested for cell viability for comparison of DMAEMA/HEMA nanopar-
ticles. The error is the standard deviation from the mean, where n = 3.
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4. Conclusions

Monodispersed pH-sensitive DMAEMA/HEMA nanopar-
ticles were prepared for the pH-triggered delivery of paclitaxel.
From the swelling studies, the nanoparticles (average diameter
230 nm) showed a high volume swelling ratio at low pH, low
crosslinking density, and high content of DMAEMA. From
the controlled release of paclitaxel, it was found that the re-
lease rate directly depends on the pH of the buffered media
and crosslinker concentration. Paclitaxel was released quickly
at low pH and low crosslinker concentration due to nanopar-
ticle swelling and degradation. The nanoparticles were not cy-
totoxic as indicated by cell viability studies. As a pH-sensitive
carrier, DMAEMA/HEMA nanoparticles may be useful in
therapeutic treatment which involves a physiologically rele-
vant, but small pH change; i.e. cancer therapy, gene delivery,
ischemia, diabetic ketoacidosis, and morphine overdose.

Acknowledgements

This work was performed in part at the Center for Nano-
scale Systems (CNS), a member of the National Nanotechnol-
ogy Infrastructure Network (NNIN), which is supported by the
National Science Foundation under NSF award no. ECS-
0335765. CNS is part of the Faculty of Arts and Sciences at
Harvard University.

References

[1] Ramanan RMK, Chellamuthu P, Tang LP, Nguyen KT. Development of
a temperature-sensitive composite hydrogel for drug delivery applica-
tions. Biotechnol Prog 2006;22(1):118—25.

[2] Oh KS, Han SK, Choi YW, Lee JH, Lee JY, Yuk SH. Hydrogen-bonded
polymer gel and its application as a temperature-sensitive drug delivery
system. Biomaterials 2004;25(12):2393—8.

[3] Dromi S, Frenkel V, Luk A, Traughber B, Angstadt M, Bur M, et al.
Pulsed-high intensity focused ultrasound and low temperature sensitive
liposomes for enhanced targeted drug delivery and antitumor effect.
Clin Cancer Res 2007;13(9):2722—7.

[4] Li F, Liu WG, Yao KD. Preparation of oxidized glucose-crosslinked N-
alkylated chitosan membrane and in vitro studies of pH-sensitive drug
delivery behaviour. Biomaterials 2002;23(2):343—7.

[5] Kong SD, Luong A, Manorek G, Howell SB, Yang J. Acidic hydroly-
sis of N-ethoxybenzylimidazoles (NEBIs): potential applications as
pH-sensitive linkers for drug delivery. Bioconjug Chem 2007;
18(2):293—6.

[6] Gerasimov OV, Boomer JA, Qualls MM, Thompson DH. Cytosolic drug
delivery using pH- and light-sensitive liposomes. Adv Drug Deliv Rev
1999;38(3):317—38.

[7] Suzuki A, Tanaka T. Phase-transition in polymer gels induced by visible-
light. Nature 1990;346(6282):345—7.

[8] Demanuele A, Staniforth JN. An electrically modulated drug delivery de-
vice. 2. Effect of ionic-strength, drug concentration, and temperature.
Pharm Res 1992;9(2):215—9.

[9] Kwon IC, Bae YH, Kim SW. Electrically erodible polymer gel for con-
trolled release of drugs. Nature 1991;354(6351):291-3.

[10] Alexiou C, Arnold W, Klein RJ, Parak FG, Hulin P, Bergemann C, et al.
Locoregional cancer treatment with magnetic drug targeting. Cancer Res
2000;60(23):6641—8.

[11] Lowman AM, Morishita M, Kajita M, Nagai T, Peppas NA. Oral delivery
of insulin using pH-responsive complexation gels. J Pharm Sci
1999;88(9):933—17.

[12] Mahkam M. Using pH-sensitive hydrogels containing cubane as a cross-
linking agent for oral delivery of insulin. J Biomed Mater Res B
2005;75B(1):108—12.

[13] Dai JD, Nagai T, Wang XQ, Zhang T, Meng M, Zhang Q. pH-Sensitive
nanoparticles for improving the oral bioavailability of cyclosporine A. Int
J Pharm 2004;280(1—2):229—40.

[14] Lim DW, Yeom YI, Park TG. Poly(DMAEMA-NVP)-b-PEG-galactose
as gene delivery vector for hepatocytes. Bioconjug Chem 2000;11(5):
688—95.

[15] Napoli A, Boerakker MJ, Tirelli N, Nolte RIM, Sommerdijk NAJM,
Hubbell JA. Glucose-oxidase based self-destructing polymeric vesicles.
Langmuir 2004;20(9):3487—91.

[16] Jarvinen K, Akerman S, Svarfvar B, Tarvainen T, Viinikka P, Paronen P.
Drug release from pH and ionic strength responsive poly(acrylic acid)
grafted poly(vinylidenefluoride) membrane bags in vitro. Pharm Res
1998;15(5):802—5.

[17] Jones MC, Ranger M, Leroux JC. pH-Sensitive unimolecular polymeric
micelles: synthesis of a novel drug carrier. Bioconjug Chem 2003;14(4):
774—81.

[18] Mountrichas G, Pispas S. Synthesis and pH responsive self-assembly of
new double hydrophilic block copolymers. Macromolecules 2006;
39(14):4767—74.

[19] Hu L, Chu LY, Yang M, Wang HD, Niu CH. Preparation and charac-
terization of novel cationic pH-responsive poly(N,N'-dimethylamino
ethyl methacrylate) microgels. J Colloid Interface Sci 2007;311(1):
110-7.

[20] Brahim S, Narinesingh D, Guiseppi-Elie A. Release characteristics of
novel pH-sensitive p(HEMA—DMAEMA) hydrogels containing 3-
(trimethoxy-silyl) propyl methacrylate. Biomacromolecules 2003;4(5):
1224-31.

[21] Ma GH, Nagai M, Omi S. Study on preparation of monodispersed poly
(styrene-co-N-dimethylaminoethyl methacrylate) composite microspheres
by SPG (Shirasu porous glass) emulsification technique. J Appl Polym
Sci 2001;79(13):2408—24.

[22] Yildiz B, Isik B, Kis M, Birgul O. pH-Sensitive dimethylaminoethyl
methacrylate (DMAEMA )/acrylamide (AAm) hydrogels: synthesis and
adsorption from uranyl acetate solutions. J Appl Polym Sci 2003;88:
2028—31.

[23] Sen M, Sari M. Radiation synthesis and characterization of poly(N,N-
dimethylaminoethyl methaerylate-co-N-vinyl 2-pyrrolidone) hydrogels.
Eur Polym J 2005;41(6):1304—14.

[24] Satish CS, Shivakumar HG. Formulation and evaluation of self-regulated
insulin delivery system based on poly(HEMA-co-DMAEMA) hydrogels.
J Macromol Sci A 2007;44(4—6):379—87.

[25] Gerweck LE, Seetharaman K. Cellular pH gradient in tumor versus nor-
mal tissue: potential exploitation for the treatment of cancer. Cancer Res
1996;56:1194—8.

[26] Schornack PA, Gillies RJ. Contributions of cell metabolism and H+ dif-
fusion to the acidic pH of tumors. Neoplasia 2003;5(2):135—45.

[27] Reddy LH. Drug delivery to tumours: recent strategies. ] Pharm Pharma-
col 2005;57(10):1231—42.

[28] Panchagnula R. Pharmaceutical aspects of paclitaxel. Int J Pharm
1998;172(1—2):1—15.

[29] Baselga J, Norton L, Albanell J, Kim YM, Mendelsohn J. Recombinant
humanized anti-HER2 antibody (Herceptin (TM)) enhances the antitu-
mor activity of paclitaxel and doxorubicin against HER2/neu overex-
pressing human breast cancer xenografts. Cancer Res 1998;58(13):
2825-31.

[30] Kubota T, Matsuzaki SW, Hoshiya Y, Watanabe M, Kitajima M,
Asanuma F, et al. Antitumor activity of paclitaxel against human breast
carcinoma xenografts serially transplanted into nude mice. J Surg Oncol
1997;64(2):115—21.

[31] Adler LM, Herzog TJ, Williams S, Rader JS, Mutch DG. Analysis of ex-
posure times and dose-escalation of paclitaxel in ovarian-cancer-lines.
Cancer 1994;74(7):1891—8.

[32] Feng SS, Mu L, Win KY, Huang G. Nanoparticles for biodegradable
polymers for clinical administration of paclitaxel. Curr Med Chem
2004;11(4):413—24.



J.-0. You, D.T. Auguste | Biomaterials 29 (2008) 1950—1957 1957

[33] Gursoy N, Garrigue JS, Razafindratsita A, Lambert G, Benita S. Excip-
ient effects on in vitro cytotoxicity of a novel paclitaxel self-emulsifying
drug delivery system. J Pharm Sci 2003;92(12):2411—S8.

[34] Gelderbolm H, Verweij J, Nooter K, Sparreboom A, Cremophor EL. The
drawbacks and advantages of vehicle selection for drug formulation. Eur
J Cancer 2001;37(13):1590—8.

[35] Wang J, Mongayt D, Torchilin VP. Polymeric micelles for delivery of
poorly soluble drugs: preparation and anticancer activity in vitro of
paclitaxel incorporated into mixed micelles based on poly(ethylene
glycol)-lipid conjugate and positively charged lipids. J Drug Target
2005;13(1):73—80.

[36] Weiss RB, Donehower RC, Wiernik PH, Ohnuma T, Gralla RJ,
Trump DL, et al. Hypersensitivity reactions from taxol. J Clin Oncol
1990;8(7):1263—8.

[37] Szebeni J, Muggia FM, Alving CR. Complement activation by cremo-
phor EL as a possible contributor to hypersensitivity to paclitaxel: an
in vitro study. J Natl Cancer Inst 1998;90(4):300—6.

[38] Bookman MA, Kloth DD, Kover PE, Smolinski S, Ozols RF. Short-
course intravenous prophylaxis for paclitaxel-related hypersensitivity re-
actions. Ann Oncol 1997;8(6):611—4.

[39] Wilcox MDP, Harmis N, Cowell BA, Williams T, Holden BA. Bacterial
interactions with contact lenses; effects of lens material, lens wear and
microbial physiology. Biomaterials 2001;22(24):3235—47.

[40] Gulsen D, Chauhan A. Dispersion of microemulsion drops in HEMA hy-
drogel: a potential ophthalmic drug delivery vehicle. Int J Pharm
2005;292(1—2):95—117.

[41] Zecheru T, Zaharia C, Mabilleau G, Chappard D, Cincu C. New hema-
based polymeric microbeads for drug delivery systems. J Optoelectron
Adv Mater 2006;8(3):1312—6.

[42] Verestiuc L, Nastasescu O, Barbu E, Sarvaiya I, Green KL, Tsibouklis J.
Functionalized chitosan/NIPAM (HEMA) hybrid polymer networks as
inserts for ocular drug delivery: synthesis, in vitro assessment, and in
vivo evaluation. J Biomed Mater Res A 2006;77A(4):726—35.

[43] van de Wetering P, Moret EE, Schuurmans-Nieuwenbroek NME, van
Steenbergen MJ, Hennink WE. Structure-activity relationships of wa-
ter-soluble cationic methacrylate/methacrylamide polymers for nonviral
gene delivery. Bioconjug Chem 1999;10(4):589—97.

[44] von Burkersroda F, Schedl L, Gopferich A. Why degradable polymers
undergo surface erosion or bulk erosion. Biomaterials 2002;
23(21):4221-31.

[45] Bell CL, Peppas NA. Water, solute and protein diffusion in physiologi-
cally responsive hydrogels of poly(methacrylic acid-g-ethylene glycol).
Biomaterials 1996;17(12):1203—18.

[46] Zhang ZP, Feng SS. The drug encapsulation efficiency, in vitro drug re-
lease, cellular uptake and cytotoxicity of paclitaxel-loaded poly(lactide)-
tocopheryl polyethylene glycol succinate nanoparticles. Biomaterials
2006;27(21):4025—33.

[47] Park SY, Bae YH. Novel pH-sensitive polymers containing sulfonamide
groups. Macromol Rapid Commun 1999;20(5):269—73.

[48] Heffernan MJ, Murthy N. Polyketal nanoparticles: a new pH-sensitive bio-
degradable drug delivery vehicle. Bioconjug Chem 2005;16(6):1340—2.

[49] Herber S, Eijkel J, Olthuis W, Bergveld P, van den Berg A. Study of
chemically induced pressure generation of hydrogels under isochoric
conditions using a microfabricated device. J Chem Phys 2004;121(6):
2746—51.

[50] Traitel T, Cohen Y, Kost J. Characterization of glucose-sensitive insulin
release systems in stimulated in vivo conditions. Biomaterials 2000;
21(16):1679—87.



	Feedback-regulated paclitaxel delivery based on poly(N,N-dimethylaminoethyl methacrylate-co-2-hydroxyethyl methacrylate) nanoparticles
	Introduction
	Materials and methods
	Materials
	Preparation of DMAEMA/HEMA nanoparticles
	Characterization of DMAEMA/HEMA nanoparticles
	Swelling of DMAEMA/HEMA nanoparticles
	Controlled release of paclitaxel
	Cell viability assay
	Statistical analysis

	Results and discussion
	Size and morphology
	Volume swelling ratio
	Zeta potential
	Controlled release
	Triggered release

	Conclusions
	Acknowledgements
	References


