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ABSTRACT: A series of nine poly(2-deoxy-2-methacrylami-
do glucopyranose)-b-poly(methacrylate amine) diblock copo-
lycations has been synthesized as new colloidally stable
polynucleotide vehicles. The cationic block was varied in
length and in the degree of methyl group substitution
(secondary, tertiary, quaternary) on the pendant amine in an
effort to optimize the structure and activity for plasmid DNA
(pDNA) delivery. Upon a thorough kinetic study of
polymerization for each polymer, the glycopolymers were
prepared with well-controlled Mn and Đ. The binding and
colloidal stability of the polymer−pDNA nanocomplexes at
different N/P ratios and in biological media have been
investigated using gel electrophoresis and light scattering
techniques. The toxicity and transfection efficiency of the polyplexes have been evaluated with Hep G2 (human liver
hepatocellular carcinoma) cells; several polymers displayed excellent delivery and toxicity profiles justifying their further
development for in vivo gene therapy.

Cationic polymers have been explored heavily in recent
years as a promising modality for gene delivery.1,2 Many

exciting advances have been made with polymeric delivery
vehicles; yet more work is needed to further advance these
systems toward the clinic.1,2 The anionic nature of polynucleo-
tides [i.e., pDNA, small interfering RNA (siRNA), microRNA,
and oligodeoxynucleotides] enables the electrostatic complex-
ation with cationic polymers, giving rise to nanoscale complexes
termed polyplexes.3

Ideally, polymeric vehicles would efficiently bind nucleic
acids to form colloidally stable polyplexes that have the ability
to circulate in the blood, facilitate endocytosis into the targeted
tissue, and ultimately release their cargo once inside the cell. In
addition, the polyplexes must exhibit low cellular and
immunotoxicity and avoid rapid clearance by the reticuloendo-
thelial system. Polyplexes are typically formulated to encompass
a slight net positive charge. This has been shown to increase
endocytosis compared to the uptake of naked nucleic acid
strands, which are often repelled by the negatively charged cell
membrane.1e,f The polymer vehicles also promote in situ
physical protection for the nucleic acid cargo against enzymatic
degradation.3 The inclusion of a biocompatible component,
most notably poly(ethylene glycol) (PEG), has been reported
to increase the stability of polyplexes in biological media.4 PEG
has also been reported to diminish the exposure of a cationic
shell, reducing aggregation with proteins in the blood.4

However, recent research revealed that this system contained
drawbacks, particularly that PEG may induce an immunological

response that results in accelerated clearance of the polyplexes
after multiple injections.1b,2b,5

Recently, our laboratories have reported the synthesis of a
new generation of block-copolycations, poly(2-deoxy-2-meth-
acrylamido glucopyranose), that was copolymerized with
poly(aminoethylmethacrylamide) P(MAG-b-AEMA) as the
cationic component and explored for its gene delivery
capabilities.2b,d When complexed with pDNA, this series of
polymer vehicles prevented colloidal aggregation in both salt-
and serum-containing cell culture media.2b,d Polyplexes formed
with those systems have been shown to exhibit low toxicity as
well as provide potential sites for functionalization along the
polymer backbone through the hydroxyl groups of the
sugars.2b,6 Glycopolymers are also advantageous in their ability
to promote specific biological interactions such as targeting to
specific tissues.2b,6 While excellent cellular uptake of these
polyplexes was reported, the efficiency of pDNA expression and
siRNA-mediated gene knockdown was highly dependent on the
length of the charge block. The shorter charge block length (21
repeat units) only yielded pDNA expression, and the longer
charge block length (48 repeat units) only displayed siRNA-
mediated gene knockdown. It was hypothesized that the short
block was needed to fully release pDNA for gene expression,
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and the longer charged block was needed to fully complex and
protect short strands of siRNA from degradation.
To further understand the role of charge type and block

length of polymer gene delivery vehicles, a family of copolymers
was generated comprising polyMAG and polymethacrylates of
various block lengths bearing secondary, tertiary, and
quaternary amine functionalities. To address the inability of
the acrylamide-containing polymer P(MAG-b-AEMA) to
release its genetic material, polymethacrylates were investigated.
In general, methacrylates are more susceptible to hydrolysis
than acrylamides, which may result in the destabilization of the
polyplexes and allow for the release of genetic material.7d

Polyplex cytotoxicity and transfection efficiency were then
measured to identify the optimal glycopolymer structure for
future in vivo gene delivery studies. The methacrylate
monomers investigated include aminoethylmethacrylate
(AEMT), N-methyl aminoethylmethacrylate (MAEMT), N,N-
dimethyl aminoethylmethacrylate (DMAEMT), and N,N,N-
trimethylammoniumethylmethacrylate (TMAEMT). It was
expected that differing the amine groups and block lengths
would create diverse delivery characteristics (including binding,
release, internalization, toxicity) due to the number and nature
of the cationic amino/ammonium groups presented at the
electrostatic binding site. Exploring the structural aspects of the
cationic block of the glycopolymers may identify a polymer that
balances high transfection efficiency with low toxicity. It should
be noted that polymers containing PDMAEMT charge groups
have been investigated in the past for nucleic acid delivery, and
some structural differences have been explored for PDMAEMT
and PTMAEMT.4a,7 To our knowledge, however, no full
systematic study has been explored for block-coglycopolymers
containing PMAEMT, PDMAEMT, and PTMAEMT. The
synthesis of this polymer series is presented in Scheme 1, and
characterization is presented in Table 1.
The monomers AEMT, MAEMT, DMAEMT, and

TMAEMT were either purchased from Polysciences (AEMT)
or Aldrich (DMAEMT) or synthesized as detailed in the
Supporting Information (SI). The PMAG macro chain transfer
agent (CTA) was prepared by polymerizing MAG in a mixed
solvent of acetate buffer (pH 5.2)/ethanol (4:1, v:v) in the
presence of 4-cyano-4-(propylsulfanylthiocarbonyl) sulfanyl-
pentanoic acid (CPP) and 4,4′-azobis(4-cyanopentanoic acid)
(V501) according to a previously published procedure.2b

Cationic block copolymers of P(MAG-b-methacrylate) were
prepared using reversible addition−fragmentation chain trans-
fer (RAFT) polymerization. The block lengths of each rendered

copolymer were achieved by conversion rate rather than by
simple monomer to CTA ratios to avoid an increase in the
dispersity index (Đ). The kinetic rates of the polymerizations
were determined with NMR spectrometry, using the
conversion rate of the methacrylate monomers to calculate
cationic polymer block lengths (SI, Figures S2−S5). The
resulting polymers were purified by dialysis against water and
then lyophilized yielding solids of the final structures. As
indicated by the GPC traces (SI, Figures S7 and S8), the Đ for
all of the obtained polymers were low, meaning the
polymerizations were well controlled. Detailed characterization
information for each polymer can be found in Table 1. As
shown, three classes of polymers were created that contained
PMAG blocks of similar length and charged polymethacrylate
blocks (containing secondary, tertiary, and quaternary amines)
of three different yet comparable lengths. This study allowed
for a systematic comparison of the effects of amine type and
block length on the pDNA delivery capabilities of these systems
in vitro.
All resulting P(MAG-b-MAEMT), P(MAG-b-DMAEMT),

and P(MAG-b-TMAEMT) polymers given in Table 1 exhibited
high water solubility. It should be noted that the P(MAG-b-
AEMT) polymers (the primary amine charge center) were
prepared with similar procedures but could only be dissolved in
acidic aqueous conditions. This decrease in water solubility
limited characterization of the molecular weight for these
polymers to GPC analysis in an acidic mobile phase.
Comparing the molecular weight of the crude products
obtained before dialysis to that obtained after dialysis revealed
a dramatic increase in Mn and Đ for the final products (SI,
Figure S7). Previous reports of polymers prepared using this
methacrylate monomer with a pendant primary amine revealed

Scheme 1. Preparation of the P(MAG-b-methacrylate) Nucleic Acid Delivery Vehicles via RAFT Polymerization That Contain
Blocks of a Methacrylate Monomer with Pendant Primary Amine (PAEMT), Secondary Amine (PMAEMT), Tertiary Amine
(PDMAEMT), and Quaternary Ammonium (PTMAEMT) Groupsa

aAt the pH of biological media (7.2−7.4), some of the amines along the backbone exhibit a positive charge, which facilitates binding and compaction
of polynucleotides.

Table 1. Molecular Weight Data for P(MAG-b-Methacrylate)
Containing the Indicated Charge Block

polymer Mn (kDa) Đ MAG DP methacrylate DP

PMAEMT-1 18 1.02 51 30
PMAEMT-2 20 1.02 51 42
PMAEMT-3 27 1.05 51 76
PDMAEMT-1 20 1.02 56 32
PDMAEMT-2 24 1.02 56 53
PDMAEMT-3 28 1.03 56 71
PTMAEMT-1 25 1.29 57 33
PTMAEMT-2 29 1.06 57 48
PTMAEMT-3 36 1.12 57 72
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that the ester bonds are susceptible to nucleophilic attack,8

suggesting that the observed increase in the Mn and Đ is due to
cross-linking among different macromolecules, likely as the
result of both intra- and intermolecular amidation from the
nucleophilic primary amines attacking the labile ester carbonyls.
Considering that the architectures of the P(MAG-b-AEMT)
have changed to significantly decrease the solubility in neutral
aqueous conditions, all PAEMT polymers were excluded from
in vitro investigations.
To investigate the association of the glycopolycations with

pDNA, polyplex formulations were run via gel electrophoresis
to determine the optimal N/P ratios [the number ratio of
pendant amines (N) on the diblock copolymer to the
phosphates (P) on the nucleic acid backbone] for binding
and complex formation (SI, Figure S9). As the supporting
material indicates, binding of pDNA with P(MAG-b-MAEMT)
and P(MAG-b-TMAEMT) is observed at N/P values of 2 or 3
and above, but P(MAG-b-DMAEMT) polymers do not bind
pDNA until reaching an N/P value of 5 (SI, Figure S9). To
explain the difference in binding capabilities among the three
different types of polymers, it is hypothesized that the lower
binding capabilities of the P(MAG-b-DMAEMT) structures
could be due to the difference in pKa of that charge center as
compared to the secondary amine derivatives. The quaternary
ammonium derivatives, P(MAG-b-TMAEMT)s, possess a
stronger ion strength, which could result in very stable polyplex
formation. In gel shift assays of polymer−pDNA binding with
these systems, tight binding at N/P ratios below 4 was observed
(in fact, ethidium bromide was not able to intercalate to stain
the pDNA in these polyplexes, indicating tight binding strength
with the tetraalkylammonium cationic units). Tight binding
could result in decreased pDNA release and gene expression.
Among the advantages for the cationic PolyMAG-based

glycopolymers is their biocompatibility and stability.1c,6

Colloidal stability of the polyplexes dispersed in Opti-MEM
were examined by monitoring the change their diameter using
dynamic light scattering (DLS) at time intervals of 0, 2, and 4 h
at N/P ratios of 5 and 15 (Figure 1 and SI, Figure S10). It was
observed that the sizes of the polyplexes stayed within a range
of 50−110 nm and were, in general, stable over a period of 4 h.

Polyplex sizes revealed by TEM (SI, Figure S12) are typically
smaller than those shown by light-scattering techniques (DLS
measures hydrodynamic radius). However, the TEM images
showed that the polyplexes were uniform in size. Measurement
of zeta potentials for the polyplexes was performed at N/P
ratios of 5 and 15 (SI, Figure S11); the obtained values were
between 15 and 25 mV for N/P 5 and within 25−40 mV for
N/P 15 (typically observed for this class of polyplexes).
The primary goal for this series of polymers is to screen the

in vitro delivery efficacy to select candidates for murine
screening in vivo for pDNA delivery applications. To this end,
the pDNA delivery capabilities of these polymers were
examined in cultured Hep G2 (human liver hepatocellular
carcinoma) cells in two media conditions, both serum-free
Opti-MEM and DMEM containing 10% serum. To probe the
effect of amine structure and block length on transfection
efficiency, pDNA encoding the luciferase reporter gene was
used (SI, Figure S13) for polymers containing blocks of
PMAEMT, PDMAEMT, and PTMAEMT at N/P ratios of 2, 5,
10, 15, 20, and 30. It was observed in both Opti-MEM and
DMEM that an increase in the N/P ratio for most polymers did
not show a significant increase in luciferase gene expression.
However, the luciferase expression results did show a general
trend when considering the amine type. According to this assay,
the transfection efficiency decreased slightly as the amount of
methyl groups on the amine increased (secondary > tertiary >
quaternary), suggesting that the PMAEMT containing
polymers should be further optimized and examined for nucleic
acid delivery. It was also of interest to further examine
transfection efficiency between the three different types of
amines at one amine block length, which is discussed below.
HepG2 cell viability was determined 48 h post transfection

with the glycopolymer/pDNA polyplexes via an MTT assay
(Figure 2) in both Opti-MEM and DMEM for the P(MAG-b-
methacrylate)s containing the charge block PMAEMT,
PDMAEMT, and PTMAEMT at N/P ratios of 2, 5, 10, 15,
20, and 30. In general, the cell viability decreased with an
increase in the N/P ratio in the presence of serum-free Opti-
MEM. Most of the polymers were not toxic to cells up to an N/
P ratio of about 10, though some polymers, most notably those
containing PMAEMT-2 and -3 and PDMAEMT-3, showed
higher levels of toxicity at and above an N/P of 15. This result
suggested that for the secondary and tertiary amine types the
increased amine length increases toxicity at higher N/P ratios.
In DMEM, all of the polymers showed low toxicity (∼90% cell
viability), even at higher N/P ratios.
These large experiments allowed for the selection of a smaller

group of polymers to further test for transfection efficiency and
cellular internalization via flow cytometry analysis. This smaller
group of polymers was selected to be an orthogonal study and
includes the three different amine types containing comparable
charge block lengths, PMAEMT-3, PDMAEMT-3, and
PTMAEMT-3. As the secondary amine derivatives yielded
the highest gene expression in the preliminary screen,
PMAEMT-1 and -2 were also included to further investigate
the effect of amine length on transfection efficiency. All
additional tests were performed by formulating the polyplexes
at an N/P ratio of 15. To further probe transfection efficiency
in a quantitative manner, Green Fluorescent Protein (eGFP)
was used as the reporter gene, and the number of cells positive
for GFP expression was analyzed using flow cytometry. It
should be noted that the difference in the data between the
luciferase and GFP assays is due to the nature of how gene

Figure 1. Hydrodynamic diameters for polyplexes made from pDNA
and the P(MAG-b-methacrylate) containing the charge block indicated
above at N/P ratio of 15 measured in Opti-MEM.
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expression is detected. The luciferase assays only detect the
bulk gene expression in the culture as relative light units
(RLUs). However, the eGFP expression assay is more
quantitative in that both the number of cells expressing the
transgene and the mean gene expression per cell are
determined. In both serum-free Opti-MEM and DMEM
containing 10% (by volume) fetal bovine serum, transfection
efficiency decreased as methyl substitution of the amine
increased (Figure 3, horizontal striped bars), which agreed
with the luciferase expression data. When examining the effect
of amine length (Figure 3, green bars), PMAEMT-1 and -2
showed similar transfection efficiency in both serum-free Opti-
MEM and DMEM containing 10% serum, while the polymer
containing the longest amine length, PMAEMT-3, exhibited
significantly lower GFP expression (p value < 0.05) in DMEM
containing 10% serum than in serum-free Opti-MEM. This
result indicates that a longer amine block could inhibit pDNA
release to promote gene expression.
To further understand the effect of amine type and length,

the cellular uptake profile was determined with Cy5-labeled
pDNA using flow cytometry by measuring the mean Cy5
fluorescence per cell (Figure 4). For PMAEMT-1, -2, and -3,
the Cy5 intensity is lower in DMEM than in Opti-MEM,
agreeing with the lower GFP expression in DMEM as
compared with Opti-MEM (green bars, Figures 3 and 4).
Though PDMAEMT-3 showed lower Cy5 intensity than the
polyplexes containing PMAEMT in Opti-MEM, this polymer
showed significant Cy5 intensity as compared to cells only and
pDNA. However, PDMAEMT-3 did not show significant GFP
expression above background levels (blue striped bars, Figures

3 and 4), indicating trouble in release for the polymer vehicles
containing the tertiary and quaternary ammonium charge
centers (meaning either polyplex release from lysosomes and/
or pDNA release from polyplexes). In Opti-MEM,

Figure 2. Cell viability as measured via MTT assay with HepG2 cells transfected with polyplexes formed at N/P ratios of 2, 5, 10, 15, 20, and 30 with
pDNA and all the P(MAG-b-methacrylate) containing the charge blocks of PMAEMT, PDMAEMT, and PTMAEMT polymers in (a) serum-free
Opti-MEM and (b) DMEM with 10% serum. Error bars are representative of the standard deviation of analyzed data from three replicates. All
measurements found to be statistically significant (p < 0.05) as compared to cells only are marked with an asterisk.

Figure 3. Total GFP expression (number of events measured
multiplied by the mean GFP measured) of Hep G2 cells transfected
with polyplexes formed at an N/P ratio of 15 with a GFP reporter
pDNA gene and the P(MAG-b-methacrylate) polymers containing the
charge blocks PMAEMT-1, -2, and -3, PDMAEMT-3, and
PTMAEMT-3 in (a) serum-free Opti-MEM and (b) DMEM
containing 10% serum. Error bars are representative of the standard
deviation of analyzed data from three replicates. All measurements
found to be statistically significant (p < 0.05) as compared to cells only
are marked with an asterisk.
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PTMAEMT-3 showed Cy5 intensity similar to PMAEMT-1,
but no significant GFP expression above background (red
striped bars, Figures 3 and 4). In DMEM, PTMAEMT-3
showed the least Cy5 intensity among the polymers but still
showed significantly higher Cy5 intensity than cells only. We
speculate that this disparate result could indicate that the “hard”
quaternary ammonium charge on the PTMAEMT polyplexes
could promote strong binding to the cell surface in the absence
of serum (Opti-MEM), which would trigger high cell
internalization. However, in the presence of serum in the
culture media (DMEM), the charged serum proteins could
adsorb onto the polyplexes in a strong manner, thus dampening
cell surface interaction and uptake. To this end, GFP expression
in DMEM of polyplexes with PTMAEMT-3 was not
significantly different from cells only.
These data combined with the GFP expression data suggest

that polyplexes from the polymers in this study are efficiently
internalized by the cell. However, the relatively low percentage
of cells expressing GFP for polyplexes formed with the
polymers containing the PDMAEMT and PTMAEMT blocks
(Figure 3) suggests that pDNA is not efficiently released. As
mentioned, this may be a result of a higher binding affinity at
N/P 15 for the polyplexes formulated with the PDMAEMT
and PTMAEMT polymers, thus not allowing pDNA release for
gene expression. Also, the low overall GFP expression and the
high percentage of cells containing Cy5 for PDMAEMT may be
attributed to the high stability of this polymethacrylate against
hydrolysis as suggested by van de Wetering et al.7d,e PMAEMT-
3 also exhibits a lower GFP expression compared to PMAEMT-
1 and -2 but shows roughly the same amount of Cy5 positive
cells, suggesting that the longer amine block may also hinder
the release of the pDNA from polyplexes in the cytoplasm of
the cell. Another possible explanation for high uptake and low
expression of polyplexes may be an inefficient endosomal/
lysosomal escape mechanism and trafficking to the nucleus.

Previous reports demonstrated that polymers containing
monomers with a pKa between 5.0 and 7.0 increase transfection
efficiency.9 Determination of the pKas of these polymers is of
high interest to explore the possibility of low endosomal escape.
The binding of polycations and polyanions (here pDNA) is

entropically driven due to counterion release, and in this study,
it is typically related to the structure of the cationic moieties in
polymers. These results demonstrate how varying the methyl
substitution on the cationic amine moieties in polymers with
comparable amine block lengths can significantly alter the
ability of the polymer to both transport pDNA into the cell and
subsequently release pDNA after internalization and delivery.
This ultimately results in a substantial change in transfection
efficiency. As the results indicate, the glycopolymers containing
the charge block PMAEMT (pendant secondary amines)
exhibit toxicities similar to or less than Jet PEI, superior cellular
internalization, and higher luciferase and eGFP expression
compared to the other polyamines studied.
In summary, a comparable series of glycopolymers exhibiting

well-defined molecular weights has been created through the
investigation and application of polymer kinetics. Different
bioassays were utilized to probe the gene delivery capabilities of
polyplexes made from pDNA and this glycopolymer series. In
general, the P(MAG-b-MAEMT) polymers exhibited increased
delivery efficiency as compared to polymers with more highly
substituted amines along with relatively low cytotoxicity
profiles. In vivo work is currently ongoing with this polymer
series to determine structure−activity relationships and will be
reported in due course.
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