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ABSTRACT

Treatment of diseases on the molecular level by genetic material is limited by effective delivery mechanisms. We focused on the synthesis
of a pH-sensitive gene delivery vehicle based on dimethylaminoethyl methacrylate (OMAEMA) with tunable swelling, cross-linking density, and
DNA release kinetics within the endosomal pH range. Our strategy, which utilized a single step for DNA encapsulation, enhanced gene transfection
efficiency and reduced cytotoxicity relative to polyethyleneimine (PEI) and poly-L-lysine (PLL).

The acidic endosomal compartment (pH 5—6'? from
early to late endosome) has been exploited in several drug
and gene delivery applications.*”’” PLL, PEL, and DMAEMA
have been used extensively due to their high transfection
efficiencies, but cytotoxicity often limits their clinical
use.? pH-responsive liposomes incorporating dimethylam-
monium propane have been shown to be useful in delivery
of short interfering RNA (siRNA).!° The acidic endosome
has also been used to mediate liposomal membrane fusion
when palmitoylhomocysteine was incorporated.!! In
addition, core—shell nanoparticles incorporating pH-sensitive
diethylaminoethyl methacrylate have been used to study
cytosolic delivery for immunotherapy.'? All of these strate-
gies pay little attention to the rate and extent of changes in
the endosome and how this may affect delivery. As illustrated
in Figure 1, we optimized the vehicle design based on particle
swelling and uptake, DNA release, gene transfection, and
cytotoxicity.

DNA encoding for green fluorescent protein (GFP) was
encapsulated within a series of pH-sensitive nanoparticles
comprised of DMAEMA (a pH-sensitive monomer), 2-hy-
droxyethyl methacrylate (HEMA, a nonionic monomer), and
tetracthylene glycol dimethacrylate (TEGDMA, a cross-
linker). DMAEMA has a quaternizable tertiary amine that
increases the cationic character of the drug delivery vehicle
below its pK, of 7.5," resulting in electrostatic repulsion of
ions in solution and volumetric swelling. We varied the
DMAEMA/HEMA ratio (10/90, 20/80, or 30/70 mol/mol)
and concentration of TEGDMA cross-linker (3, 6, or 9 mol
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Figure 1. Schematic illustration of the synthesis and delivery of
quantum-dot-labeled, pH-sensitive DMAEMA/HEMA nanoparticles
encapsulating DNA.

%) to assess particles with a range of pH sensitivity and
cross-linking density, respectively.

DMAEMA/HEMA nanoparticles were synthesized by
aqueous dispersion polymerization. Similar preparation of
poly(HEMA) nanoparticles has been previously de-
scribed!*"'® based on the insolubility of poly(HEMA) chains
greater than 50 monomer units.!” Addition of the cross-linker
TEGDMA, initiators ammonium persulfate and sodium
metabisulfite, and surfactant Pluronic F68 to a solution of
DMAEMA and HEMA monomers resulted in the polymer-
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Table 1. Particle Size and Zeta Potential Analysis Of
10/90, 20/80, and 30/70 (mol/mol) DNA-Free DMAEMA/
HEMA Nanoparticles Cross-linked with 3, 6, or 9 mol %
TEGDMA and Naked DNA, PLL/DNA, and PEI/DNA
Complexes in 10 mM TES Buffer

diameter? (nm)

¢ potential? (mV)

naked DNA 57.6 £9.6 —-8.9+ 1.8
PLL/DNA 97.2+123 18.1+2.6
PEI/DNA 121.3 £10.1 24.8 +£5.2
10/90° 197.2 +£10.4 —18.6 £2.4
20/80¢ 201.8 +12.2 —-135+16
30/70¢ 203.4+11.4 —-10.3£0.8
10/90° 196.5 + 10.2 —16.6 £+ 1.4
20/80° 197.6 +11.4 —14.8 £ 2.1
30/70° 201.2 +£13.6 —104 £+ 2.6
10/90¢ 1954 +12.1 —14.6 £ 0.8
20/80¢ 196.8 £ 14.1 -11.2+16
30/70¢ 200.2 + 12.6 —-8.7+0.7

@ Cross-linked with 3 mol % TEGDMA. ’ Cross-linked with 6 mol %
TEGDMA. ¢ Cross-linked with 9 mol % TEGDMA. ¢ Data were performed
in triplicate.

ization of homogeneous nanoparticles. The average size
(Table 1) and morphology (Figure 2A) of nanoparticles were
similar across the different DMAEMA/HEMA molar ratios
and TEGDMA concentrations after synthesis. DMAEMA/
HEMA nanoparticles were spherical and had a smooth
surface morphology. Particles were, on average, 200 £ 21
nm in diameter and were not cytotoxic at a dose of 1.0 mg/
mL (Figure 2B), significantly higher than other polycationic
polymers used for gene transfection.!® This size range
accommodates systemic administration and passive delivery
to tumors and sites of inflammation by the enhanced
permeability and retention effect.!”

We assessed the zeta potential (Table 1) of nanoparticles
at pH 7.4 to describe the initial conditions under which
particle uptake would occur. All formulations were initially
negatively charged between —8.7 and —18.6 mV for 30/70
DMAEMA/HEMA cross-linked with 9 mol % TEGDMA
and 10/90 DMAEMA/HEMA cross-linked with 3 mol %
TEGDMA, respectively. DMAEMA partially hydrolyzes to
methacrylic acid, which explains the negative zeta potential
at the surface.?® Increasing the DMAEMA content or the mol
% of TEGDMA raised the zeta potential (all formulations
remained negative). Our previous work showed that decreas-
ing the pH, and thus protonating the DMAEMA group,
increased the cationic character of the nanoparticles.?!

The cationic DMAEMA was used to bind the GFP-
encoding plasmid DNA (pDNA). The structural integrity of
the pDNA encapsulated in DMAEMA/HEMA nanoparticles
was examined by agarose gel electrophoresis (Figure 2C).
The pDNA was extracted by incubating DMAEMA/HEMA
nanoparticles in pH 5.5 phosphate buffer. Comparison of the
naked pDNA (lane 2) with encapsulated pDNA (lane 6)
confirmed that the DNA remained intact. Lanes 3—5 showed
no presence of DNA in the supernatant after matrix polym-
erization. Judging from these results, we achieved almost
100% encapsulation of pPDNA within our polymer matrixes
and confirmed pDNA stability following DMAEMA/HEMA
encapsulation.

Swelling of pH-sensitive DMAEMA/HEMA nanoparticles
was observed at three monomer ratios (10/90, 20/80, and
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30/70, Figure 2D), three concentrations of cross-linker (3,
6, and 9 mol % TEGDMA, Figure 2E), and five pHs (pH
5.5, 6.0, 6.5, 7.0, and 7.4; Figure S1, Supporting Information)
as a function of time. The swelling ratio is defined as the
average diameter of the swollen nanoparticles divided by
the average diameter of the nanoparticle at pH 7.4. Higher
swelling ratios were obtained by increasing the content of
DMAEMA within the nanoparticle matrix. The 30/70
DMAEMA/HEMA nanoparticles had a significantly higher
swelling ratio (2.0 £ 0.1) relative to the 10/90 (1.6 £ 0.1)
and 20/80 (1.7 £ 0.1) formulations after 2 h at pH 5.5.
Increasing the TEGDMA concentration resulted in a decrease
in the swelling ratio. After 2 h of swelling, the swelling ratio
of 30/70 DMAEMA/HEMA nanoparticles at pH 5.5 was 2.1
+ 0.2, 1.5 &£ 0.2, and 1.2 £ 0.1 for 3, 6, and 9 mol %
TEGDMA, respectively. Thus, we have shown that we can
tune particle swelling by altering the DMAEMA content or
cross-linking density.

To observe the extent of swelling, 30/70 DMAEMA/
HEMA nanoparticles cross-linked with 3 mol % TEGDMA
were swollen in pH 5.5, 6.0, 6.5, 7.0, and 7.4 phosphate
buffers for 4 h. Particles at pH 7.4 exhibited a 20% increase
after 2 h, whereas particles at pH 5.5 increased by 110%.
At 2 h, the swelling ratios of DMAEMA/HEMA nanopar-
ticles at pH 5.5, 6.0, 6.5, 7.0, and 7.4 were 2.1 + 0.2, 1.8 £+
02,16 £0.1, 1.4 £ 0.2, and 1.2 £ 0.1, respectively.

Encapsulating DNA decreased swelling of DMAEMA/
HEMA nanoparticles by approximately 10%. DNA encap-
sulating 30/70 DMAEMA/HEMA nanoparticles cross-linked
with 3 mol % TEGDMA were swollen in pH 5.5, 6.5, and
7.4 phosphate buffers for 4 h (Figure 2F). At pH 5.5, particle
swelling after 2 h was 1.8 &+ 0.2 (Figure 2F) and 2.0 &£ 0.1
(Figure 2D) with and without DNA, respectively.

The swelling properties of HEMA have been extensively
studied for a variety of chemical modifications.?? Copo-
lymerization of HEMA with hydrophilic monomers in-
creases the swelling ratio, whereas polymerization of
HEMA with increasing cross-linker concentration reduces
its equilibrium swelling by reducing solvent diffusivity
and relaxation of the polymer chains.??> Equilibrium
swelling occurs after approximately 2.5 h. Swelling is a
function of water sorption and electrostatic interactions
as a result of the protonated DMAEMA groups and the
ions in solution. No swelling was measured above pH 8.0
(Figure S2, Supporting Information).

In addition to swelling, we observed that the cross-linking
density was also affected by the formulation (Figure 3A).
The Young’s modulus, which did not change significantly
with increasing DMAEMA content, more than doubled with
increasing TEGDMA content. DMAEMA/HEMA hydrogels
prepared with 3, 6, or 9 mol % TEGDMA had increasing
moduli of 1.1 + 0.1, 2.6 £ 0.3, and 6.3 £+ 0.3 MPa,
respectively. The DMAEMA/HEMA nanoparticles are elas-
tomeric, similar in magnitude to synthetic rubber.?*

Cross-linking density influenced particle uptake (Figure
3B). Particle uptake was quantified by the relative fluorescent
intensity of quantum-dot-labeled particles sequestered within
HeLa cells. Confocal microscopy sectioning revealed that
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Figure 2. Particle characterization. (A) Transmission electron microscopy image of 30/70 (mol/mol) DMAEMA/HEMA nanoparticles
cross-linked with 3 mol % TEGDMA. Scale bar = 500 nm. (B) Cell viability assay; 0.1, 0.5, and 1.0 mg of 30/70 (mol/mol) DMAEMA/
HEMA nanoparticles cross-linked with 3 mol % TEGDMA were incubated with HeLa cells for 24 h and compared to a control without
nanoparticles, naked DNA, PEI/DNA complexes (N/P = 6), and PLL/DNA complexes (N/P = 2). The error is the standard deviation from
the mean, where n = 3. (C) Agarose gel electrophoresis for the assessment of plasmid DNA integrity extracted from 30/70 (mol/mol)
DMAEMA/HEMA nanoparticles cross-linked with 3 mol % TEGDMA. Lane 1, EZ load 1 kb molecular ladder; lane 2, plasmid DNA; lane
3, supernatant after polymerization; lane 4, supernatant after first washing with pH 7.4 phosphate buffer; lane 5, supernatant after second
washing with pH 7.4 phosphate buffer; lane 6, plasmid DNA extracted from nanoparticles. Volume swelling ratios of (D) 10/90 (black),
20/80 (white), and 30/70 (diagonal) (mol/mol) DMAEMA/HEMA nanoparticles cross-linked with 3 mol % TEGDMA at pH 5.5. (E)
DMAEMA/HEMA (30/70, mol/mol) nanoparticles cross-linked with 3 (black), 6 (white), and 9 (diagonal) mol % TEGDMA at pH 5.5. (F)
DNA encapsulating DMAEMA/HEMA (30/70, mol/mol) nanoparticles cross-linked with 3 mol % TEGDMA at pH 5.5 (black), 6.5 (white),
and 7.4 (diagonal). The error is the standard deviation of the mean, where n = 3. *Statistical significance is calculated relative to pH 7.4
at a specific time point, p < 0.01.

the majority of nanoparticles were inside of cells not hour for 3 mol % TEGDMA but not until 3 h for 9 mol %
associating with the surface (Figure S3, Supporting Informa- TEGDMA. At low cross-linking, particles were distributed
tion). Particle uptake was not significantly affected by throughout the cells. This is in contrast to highly cross-linked
changes in the zeta potential based on increasing the nanoparticles that have particles localized in the perinuclear
DMAEMA content from 10 to 30 mol % (at 3 mol % region. Localization in the perinuclear region has been
TEGDMA, Figure S4, Supporting Information). Particle associated with sequestration within lysosomes? and with
uptake was substantially impaired by more than two-fold by smaller diameter particles (<25 nm).2
increasing the cross-linking density of the nanoparticles from A similar phenomenon of cross-linking density influencing
3 to 9 mol %. Over a period of 4 h, the uptake of quantum- particle uptake was observed using polyacrylamide beads.
dot-conjugated, 30/70 DMAEMA/HEMA nanoparticles cross- In contrast to our findings, Beningo et al.?’ found that
linked with 3 and 9 mol % TEGDMA was measured macrophages increased the uptake of more rigid particles.
fluorimetrically (Figure 3B) or observed qualitatively (Figure Although they report that the measured Young’s moduli were
3C—J). Particle uptake increased with decreasing cross- different by greater than three-fold, they did not report a
linking density. After 4 h, 30/70 DMAEMA/HEMA nano- magnitude for comparison to our results. In addition, the
particles had a fluorescence intensity of 153.1 £ 14.3 and particle size was in the micrometer range, which also affects
64.0 £ 6.7 for 3 and 9 mol % TEGDMA, respectively. particle uptake. Further investigation into the response of
Visual confirmation of uptake is observed in successive specific cell types to cross-linking density may reveal a new
confocal microscopy images, which show illumination of method for cell targeting.
quantum-dot-labeled nanoparticles cross-linked with 3 mol We have synthesized a series of pH-sensitive DMAEMA/
% to appear earlier and in greater abundance. The first visual HEMA nanoparticles with tunable swelling and cross-linking
appearance of particle uptake was observed within the first density (with similar size and zeta potential) to optimize gene
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Figure 3. Elasticity of hydrogels and particle uptake. (A) Elastic moduli of different DMAEMA/HEMA ratios; * = 6 mol % TEGDMA,
and x* = 9 mol % TEGDMA. (B) Quantum-dot-conjugated DMAEMA/HEMA (30/70, mol/mol) nanoparticles cross-linked with 3 and 9
mol % TEGDMA are endocytosed by HeLa cells as a function of time (1, 2, 3, and 4 h incubations, respectively). The fluorescence
intensity of uptaken particles cross-linked with 3 (black) and 9 mol % (white) TEGDMA was measured by a fluorescence microplate
reader, and successive images were taken by confocal microscopy of (C—F) 3 and (G—J) 9 mol % TEGDMA at 1, 2, 3, and 4 h of
transfection after addition of quantum-dot-conjugated particles. Both scale bars = 10 um.

transfection efficiency. Transfection of HeLa cells by DMAE-
MA/HEMA nanoparticles was assessed for (1) a quantitative
analysis of GFP expression as a function of time (Figure
4A and B) and (2) a qualitative assessment of GFP expression
as a function of time (Figure SSA—F, Supporting Informa-
tion). We quantified the extent of transfection by measuring
relative fluorescence units (RFUs) of GFP-expressing HeLLa
cells at 0, 4, 12, 24, and 48 h (Figure 4A). For comparison,
the transfection of HeLa cells was performed using naked
pDNA and PLL/pDNA?%% and PEI/pDNA*3%3! complexes,
which are known for their ability to enhance DNA trans-
fection. PLL/pDNA and PEI/pDNA complexes were both
positively charged, which contributes to their rapid associa-
tion with the cell surface and subsequent uptake (Table 1).

We did not observe differences in transfection between
pDNA complexes (PLL/pDNA and PEI/pDNA) and pDNA
encapsulated within DMAEMA/HEMA nanoparticles at early
times. However, at 24 and 48 h, the transfection of
DMAEMA/HEMA nanoparticles was twice that of PLL/
pDNA complexes and roughly 70% higher than PEI/pDNA
complexes in the absence of serum (Figure 4A). GFP
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transfection was measured at 24 h to yield 6.9 + 0.6, 7.4 £+
0.7, and 7.7 £ 0.6 RFUs for 10/90, 20/80, and 30/70
DMAEMA/HEMA nanoparticles, respectively. This was in
comparison to PLL/pDNA and PEI/pDNA complexes that
had measured transfection of 3.8 & 0.5 and 5.4 & 0.4 RFUs,
respectively. In the presence of 10% serum (Figure S6,
Supporting Information), gene transfection was enhanced by
more than two-fold at 24 and 48 h by pDNA encapsulating
DMAEMA/HEMA nanoparticles relative to polycation/
pDNA complexes and naked pDNA. In comparison to
nonresponsive HEMA particles (Figure S7, Supporting
Information), pH-sensitive DMAEMA/HEMA nanoparticles
enhanced gene transfection; this may be due to triggered
DNA release and increased particle uptake.

Notably, the relative N/P ratio for the DMAEMA/HEMA
nanoparticles (1.4 N/P for 10/90) was substantially lower
than that for the PLL/pDNA and PEI/pDNA complexes.
Reduction of the cationic character may reduce cytotoxicity.
The overall transfection efficiency is not dependent on the
monomer ratio of DMAEMA to HEMA; increasing DMAE-

Nano Lett,, Vol. 9, No. 12, 2009
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Figure 4. Gene transfection and controlled pDNA release. HeLa cells are treated separately with (A) 10/90 (), 20/80 (a), and 30/70 (®)
(mol/mol) DMAEMA/HEMA nanoparticles cross-linked with 3 mol % TEGDMA encapsulating pDNA. Transfection with naked DNA
(O), PLL/pDNA (A), and PEI/pDNA (O) complexes used as controls. (B) Transfection of HeLa cells treated separately with DMAEMA/
HEMA (30/70, mol/mol) nanoparticles cross-linked with 3 (@), 6 (a), and 9 (H) mol % TEGDMA encapsulating pDNA. The error is the
standard deviation of the mean, where n = 3. Controlled pDNA release from (C) 10/90 (M), 20/80 (), and 30/70 (@) (mol/mol) DMAEMA/
HEMA nanoparticles cross-linked with 3 mol % TEGDMA at pH 5.5. Also, pDNA release from 30/70 (mol/mol) DMAEMA/HEMA
nanoparticles cross-linked with 6 (O) and 9 (O) mol % was obtained. Controlled pDNA release from (D) DMAEMA/HEMA (30/70,
mol/mol) nanoparticles cross-linked with 3 mol % TEGDMA at pH 5.5 (@), 6.5 (A), and 7.4 (H). The percentage of cumulative pDNA

release was measured at 0, 1, 2, 3, 4, 6, 12, 24, and 48 h, respectively. The error is the standard deviation of the mean, n = 3.

MA above 10 mol % does not significantly increase gene
transfection.

The effectiveness of DNA delivery was assessed by visual
observation of GFP-expressing HeLa cells transfected with
30/70 DMAEMA/HEMA nanoparticles with 3 mol %
TEGDMA (Figure S5A—F, Supporting Information). The
images portray HelLa cells with a nuclei Hoescht stain
merged with GFP expression and quantum-dot-conjugated
nanoparticles. At 4 h, one-third of the cells are expressing
GFP, which increases to two-thirds at 24 h.

Particle uptake was uniform for PLL/pDNA, PEI/pDNA,
and DMAEMA/HEMA nanoparticles cross-linked with 3 mol
% TEGDMA. Anionic nanoparticles may show increased
uptake over cationic polymer/DNA complexes due to size
differences.* Zahr et al. reported similar uptake between
negatively and positively charged nanoparticles.*

Alternatively, we found that increasing the TEGDMA
concentration modulated DNA transfection (Figure 4B). We
assessed DNA transfection as a function of cross-linking
density for 30/70 DMAEMA/HEMA nanoparticles at 3, 6,
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and 9 mol % TEGDMA. DMAEMA/HEMA nanoparticles
showed significant DNA transfection, which was reduced
with increasing cross-linking density. At equivalent particle
uptake (comparison of 30/70 DMAEMA/HEMA nanopar-
ticles cross-linked with 3 and 9 mol % after 1 and 3 h
incubation), DNA transfection is still hindered by DNA
release (Figure 4B).

Controlled release of pDNA from the pH-sensitive nano-
particles showed a dependence on the DMAEMA content,
cross-linker concentration, and solvent pH (Figure 4C and
D). The percentage of pDNA released after 6 h at pH 5.5
was 67.8 £ 4.3, 80.9 £ 2.2, and 90.8 £ 4.1% for 10/90,
20/80, and 30/70 DMAEMA/HEMA nanoparticles cross-
linked with 3 mol % TEGDMA, respectively. When the
TEGDMA concentration was increased, pDNA release was
significantly decreased. The percentage of pDNA released
after 6 h from 30/70 DMAEMA/HEMA nanoparticles at pH
5.5 was 90.8 £ 4.1, 37.5 £ 3.6, and 11.0 & 2.0% for 3, 6,
and 9 mol % TEGDMA, respectively. pDNA release was
also observed as a function of pH. The percentage of pPDNA
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released after 6 h from 30/70 DMAEMA/HEMA nanopar-
ticles cross-linked with 3 mol % TEGDMA was 68.7 + 3.1,
61.2 &+ 2.7, and 44.3 £ 3.5% at pH 5.5, 6.5, and 7.4,
respectively. Nanoparticles with higher swelling (based on
DMAEMA content and cross-linking density) exhibited
greater transfection and faster DNA release.

pDNA release was not reduced at higher DMAEMA
content (Figure 4C). Faster pDNA release occurred with 30/
70 rather than 10/90 DMAEMA/HEMA nanoparticles cross-
linked with 3 mol % TEGDMA. This suggests that the
pDNA is not bound tightly with the cationic DMAEMA units
and that matrix swelling controls the release rate.

Clearly, there are molecular interactions that control the
release rate, which include hydrogen bonding, physical cross-
links, and hydrophobic and electrostatic interactions. Our
tentative picture is that the pDNA is entrained within a pH-
sensitive polymer network. pDNA release and swelling is a
function of the expansion of the pH-sensitive network, which
is regulated by the DMAEMA content, cross-linking density
(mol % TEGDMA), and solution pH.

Our results suggest that we have a semi-interpenetrating
network (SIPN) where negatively charged pDNA is inter-
laced within a DMAEMA-co-HEMA polymer network. We
observed degradation of these networks on the order of 1 to
3 days; this may result from physical precipitation of
polyHEMA units that form physical cross-links in the particle
structure. Stimuli-responsive SIPN networks prepared from
N-isopropylacrylamide and chitosan showed similar swelling
characteristics, where swelling decreases with increasing
cross-linking density and increasing chitosan content.**
Swelling plateaued after 4 h.

Molecule release is described as a function of time ¢ by a
power law model presented as M, = M..t", where M, and M..
are the respective masses of molecule release at time ¢ and
infinity and n is the diffusion exponent.*> Information about
the release mechanism can be gained by fitting the molecule
release data and comparing the value of n to the semiem-
pirical values reported by Peppas.®® The data from the release
curves in Figure 4C were fitted to the power law equation.
The fitted diffusion exponent n was found to be 0.34, 0.24,
and 0.19 for 10/90, 20/80, and 30/70 DMAEMA/HEMA
ratios cross-linked with 3 mol % TEGDMA, respectively.
This implies that Fickian diffusion plays an important role
in DNA release from DMAEMA/HEMA nanoparticles. At
higher cross-linking density, DNA release is governed by
anomalous (non-Fickian) diffusion. The fitted diffusion
exponent n was 0.40 and 0.65 for 30/70 DMAEMA/HEMA
nanoparticles cross-linked with 6 and 9 mol % TEGDMA,
respectively.

In summary, DMAEMA/HEMA nanoparticles are non-
toxic, encapsulate nearly 100% DNA, and are prepared in a
simple, inexpensive, one-step procedure. Enhanced trans-
fection is attributed to particle uptake, endosomal swelling
of DMAEMA/HEMA nanopatrticles, and subsequent delivery
of the DNA via diffusion through a swollen network. The
pH-sensitive DMAEMA/HEMA nanoparticles are efficient
gene carriers in comparison with traditional methods which
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rely on pDNA condensation with PLL or PEI without the
drawback of cytotoxicity.
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