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The architecture of polycation gene carriers has been shown to affect both their transfection
efficiency and cytotoxicity. This work reports the synthesis of cyclic polycations and their
use for gene transfer to mammalian cells. Cyclic poly((2-dimethylamino) ethylmethacrylate)
(pDMAEMA) homopolymers of various molecular weights were synthesized by “intra-
chain”click cyclization of α-alkyne-ω-azide heterodifunctional linear precursors prepared by
atom transfer radical polymerization (ATRP). Polymers were characterized by size
exclusion chromatography and FTIR analyses to confirm efficient cyclization and products
with low polydispersity. Cellular uptake, membrane disruption, and nucleic acid delivery
efficiency was determined for all polymers. In general, cyclic polymers complexed and
delivered nucleic acids with similar efficiencies as their linear counterparts at charge ratios ≤
5. Notably, cyclic polymers were less cytotoxic than linear polymers due to reduced
membrane disruption and are therefore promising alternative structures for biological
applications.

Polycations are one of the main classes of materials investigated for nucleic acid delivery.1

When mixed with nucleic acids, polycations complex with their cargo via electrostatic
interactions and condense to form nanoparticles called “polyplexes”. The delivery efficiency
and biocompatibility of polyplexes are highly dependent on polymer properties such as
composition, molecular weight, and architecture.2–4

Perhaps one of the most studied materials for polymeric gene transfer is polyethylenimine
(PEI).5 Linear PEI has been reported to be significantly more effective at gene transfer
compared to branched PEI,6 possibly due to better nuclear access after cell internalization.7

In contrast, linear poly((2-dimethylamino) ethylmethacrylate) (pDMAEMA) is less effective
as a gene carrier compared to both hyperbranched and star pDMAEMA.8–10 A particularly
intriguing structure is the knotted polymer.11,12 Synthesized by deactivated atom transfer
radical polymerization (DE-ATRP), these polymers have extensive intramolecular
cyclization and have been shown to be effective gene transfer agents.

Cyclic polymers, which contain no chain ends, often possess quite different physical
properties compared to their linear counterparts.13 However, to date, there are no reported
use of cyclic polymers as gene transfer materials, likely in part due to synthetic challenges in
their preparation.14 Recently several efficient and scalable synthetic strategies for generating
cyclic polymers have been reported.13,14 Among these strategies, the “intra-chain”click
cyclization of α-alkyne-ω-azide heterodifunctional linear precursors, first reported by the
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Grayson group,15 has emerged as a popular approach because it allows for controllable ring
size and a rich variety of monomer species that can be applied using atom transfer radical
polymerization (ATRP). Inspired by this work, we report here the synthesis of a series of
cyclic polycations and further investigate their function asgene transfer agents in comparison
to linear analogues. pDMAEMA has been extensively studied as a gene transfer material
since its first reported use for this application by Hennink and coworkers.16 pDMAEMA can
be also synthesized with low polydispersity by ATRP, and was therefore selected as our
model material.17,18

Cyclic pDMAEMAs with degree of polymerizations (DPs) of 25, 50, and 100 were
synthesized by combined ATRP and “click” end-to-end coupling under highly dilute
conditions as shown in Scheme 1. Detailed synthesis procedures are available in
Supplementary Information. Polymers were characterized by GPC (gel permeation
chromatography) (Figure S1). Mn and polydispersity (Mw/Mn,, PDI) values were
summarized in Table 1. GPC analysis of cyclic p(DMAEMA)50 and p(DMAEMA)100
showed a discernible right-shift towards lower molecular weight due to decreased
hydrodynamic volume compared to their linear precursors, confirming efficient intra-
molecular cyclization and negligible intermolecularcoupling reaction as reported
previously.15,19 Cyclic p(DMAEMA)25 displayed an insignificant shift of GPC elution trace
and a slightly increased molecular weight compared to its linear precursor, possibly due to
its short chain length. The successful cyclization of all polymers was further confirmed by
FT-IR measurements; the characteristic band of azide group centered at ~2100 cm−1 in the
linear pDMAEMA-N3 polymers are absent for all the cyclic pDMAEMA polymers (Figure
S2). These results indicate that “click” cyclization of α-alkyne-ω-azide heterodifunctional
linear polycation is an efficient way to prepare cyclic pDMAEMA polycations.

The buffering capacity of pDMAEMA contributes to its effectiveness as a gene delivery
agent, likely by improving endosomal release efficiency through the proton sponge
effect.5,20 Therefore, we used acid-base titration to determine the buffering capacity (BC),
defined as the μmol H+/mg polymer required to decrease the pH value of a 0.2 mg/mL
polymer solution from 7.4 to 5.0, of linear vs cyclic pDMAEMA polymers (see Table 1 for
BC values and Figure S3 for titration curves). Cyclization did not significantly affect the
buffering capacity of the polymers.

The interaction of polymers with plasmid DNA was then assessed by two methods: gel
electrophoresis assay (Figure S4) and YOYO-1 condensation assay (Figure S5). All cyclic
and linear pDMAEMA polymers efficiently bind DNA by electrophoresis assay, with
complete plasmid retention occurring by N/P (DMAEMA monomer to phosphate ratio) of
1.5 for all polymers. The YOYO-1 condensation assay evaluates packaging of plasmid
DNA. Plasmid DNA is labeled with the intercalating YOYO-1 dye; DNA condensation
results in fluorescence quenching of YOYO-1 due to electronic interactions between nearby
dye molecules.21 Surprisingly, YOYO-1 condensation assay revealed that plasmid DNA is
not tightly condensed by pDMAEMA polymers added at N/P=5 (<25% quenching for all
materials, and almost no fluorescence quenching with linear polymers). However, cyclic
polymers do condense plasmid DNA more than their linear analogues.

The particle sizes and zeta potentials of the polyplexes (N/P=5) were then measured by
dynamic light scattering (DLS) (Figure 1). All polymers formed polyplexes with average
hydrodynamic diameter < 250 nm. In addition, the following two trends were observed: (i)
particle size decreased with polymer molecular weight and (ii) lower MW cyclic polymers
(DP 25 and DP 50) formed smaller polyplexes than their linear counterparts. Higher
polycation molecular weight has been correlated with smaller polyplexes for other
materials.22,23 The smaller polyplexes formed by cyclic polymers further confirms the
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YOYO-1 data, suggesting more condensed formation of particles compared to polyplexes
formed by linear polymers (Figure S5). Furthermore, zeta potential analysis shows that
polyplexes formed by cyclic polymers have lower zeta potential compared to polyplexes
formed by linear polymers (Figure 1) which also suggests more efficient plasmid packaging
and neutralization of charge by cyclic polymers.

The polyplexes were used to deliver the luciferase reporter gene to HeLa cells at various
charge ratios (N/P=2, 5, 8, and 10). In these preliminary studies, increased transfection
efficacy was observed with increasing charge ratio, although significant toxicity was
observed at N/P=8 and 10 for the higher MW polymers. Therefore, three separate
transfections with each polymer tested in triplicate were carried out at N/P=5. Results were
reproducible in all three experiments and results from a representative transfection are
shown in Figure 2. There is no significant difference in transfection efficiency between
linear and cyclic pDMAEMA with DP 25 and 100. However at DP 50, higher transfection
efficiency was consistently achieved by linear pDMAEMA compared to cyclic pDMAEMA.

To better understand possible mechanisms for the observed difference of DP 50 polymers,
we assessed efficiency of polyplex uptake and also the effect of free polymer on gene
transfer. Polyplex uptake was quantified by incubating fluorescently-labeled polyplexes with
HeLa cells for 30 min at 37 °C followed by analysis of cells by flow cytometry. No
significant difference was observed between polyplexes formed by cyclic vs. linear
polymers with DP 25 or 50 and slightly reduced uptake was observed with polyplexes
formed by cyclic compared to linear polymers with DP 100 (Figure S6). It should be noted
that fluorescence intensity of polyplexes in the OptiMEM media is similar between linear
and cyclic polymers (data not shown).

Previous studies have shown that polyplex solutions are comprised of polymer and DNA at
low N/P (typically < N/P = 3) and remaining polymer is free in solution.24–26 This excess
polymer is critical in facilitating gene transfection efficiency by reducing interaction with
cell surface proteins and enhancing endosomal escape; indeed, purified polyplexes
demonstrate very low transfection efficiency.24,27 We tested the effect of free cyclic vs. free
linear pDMAEMA by transfecting cells complexed with poly-L-lysine (PLL) at N/P=2 and
then adding in free cyclic or linear pDMAEMAto a total N/P=5 2hr post transfection.
Transfection efficiencies were higher than delivery achieved using PLL polyplexes only but
were similar regardless of the specific MW or structure of added polymer (Figure S7).

The mechanism of differential transfection efficiency of pDMAEMA DP 50 polymers
therefore remains unclear. One possibility is difference in polyplex stability. Extracellular
polyplex stability is needed to protect the nucleic acid from premature degradation while
intracellular polyplex unpackaging has been shown to be a limiting factor in gene
transfection for larger molecular polycations.28,29 We show in Figures 1 (DLS) and Figure
S5 (YOYO-1 condensation) that cyclic polymers package DNA into more condensed
particles. The difference in polyplex stability may be more significant between the two DP
50 polymers than the DP 25 or DP 100 polymers.

A second possibility is difference in endosomal release. Wagner and co-workers
hypothesized that effective endosomal release can be achieved by combining proton sponge
effects and direct membrane destabilization in a single material.32 Hong et al. previously
showed that cationic dendrimers interact with mammalian cell membranes resulting in
generation of “nanoscale holes”.31 We tested nanohole formation by incubating HeLa cells
with polymer in the presence of propidium iodide (PI), a membrane-impermeable dye;
nanohole generation results in PI+ cells by dye diffusion into cells. The results, shown in
Figure 3, confirm that linear pDMAEMA polymers (DP25 and DP50) interact more with
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cell membranes than their cyclic counterparts. At DP 100, no difference is observed,
possibly due to lower concentrations of endgroups. The increased membrane interaction by
linear pDMAEMA compared to cyclic pDMAEMA at DP 50 may therefore contribute to its
increased transfection efficiency.

Nanohole generation has also been correlated with increased cell toxicity. Therefore, the
cytotoxicity of the polymers was tested by determining the IC50 values (concentration for
50% growth inhibition) to HeLa cells by MTS tetrazolium assay (Table 1). The cyclic
polymers were significantly less cytotoxic to the cultured cells compared to their linear
analogues. The Maynard group investigated the effect of polymer end-group for polymers
synthesized by reversible addition-fragmentation chain transfer (RAFT) polymerization and
found that trithiocarbonate chain transfer agents (CTAs) produce polymers with lower
cytotoxicity compared to dithioester CTAs, possibly due to degradation or reaction of the
dithioester chain end with amines or thiols in proteins.30 The polymer end groups of ATRP-
synthesized polymers have not been extensively investigated, but these results suggest that
end groups in these polymers may contribute to their cytotoxicity.

In summary, this communication reports the synthesis of cyclic, cationic pDMAEMA
polymers and their use as gene transfer agents. While better tolerated than PEI, the toxicity
of pDMAEMA is still a drawback in its in vivo use.33,34 We demonstrate here that
cyclization of pDMAEMA-based polymers reduces cytotoxicity although reduced
transfection efficiency is observed at certain MWs. The Szoka and Frechet groups
previously reported that cyclic polymers have longer circulation half-lives compared to
linear polymers due to reduced renal clearance rates; the increased circulation time can
contribute toward better tumor accumulation by passive targeting.35,36 Cyclic polymers are
therefore promising materials in gene delivery applications. Future work will include
evaluation of cyclic polymers for in vivo gene transfer.
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Figure 1.
Hydrodynamic diameter and zeta potential of polyplexes at N/P=5 measured by dynamic
light scattering. (* p<0.05)
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Figure 2.
Transfection efficiency of pDMAEMApolyplexes (N/P=5) to HeLa cells. *p <0.05.
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Figure 3.
Membrane disruption of HeLa cells induced by pDMAEMA added at equivalent polymer
concentrations to N/P=5. Membrane disruption is assessed by cell fluorescence resulting
from propidium iodide diffusion through nanoscale holes in the cell membrane. (n=3,
*p<0.05, **p<0.001)
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Scheme 1.
Synthesis of cyclic p(DMAEMA) by integrated ATRP and “intra-chain” click coupling.

Wei et al. Page 9

ACS Macro Lett. Author manuscript; available in PMC 2014 December 17.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Wei et al. Page 10

Ta
bl

e 
1

Su
m

m
ar

y 
of

 p
ro

pe
rt

ie
s 

of
 c

yc
lic

 a
nd

 li
ne

ar
 p

ol
ym

er
s 

us
ed

 in
 th

is
 s

tu
dy

.

N
am

e
A

rc
hi

te
ct

ur
e

D
eg

re
e 

of
 P

ol
ym

er
iz

at
io

n 
(D

P
)

M
ol

ec
ul

ar
 W

ei
gh

t 
(M

n,
 k

D
a)

 b
y 

G
P

C
B

uf
fe

ri
ng

 C
ap

ac
it

y
IC

50
 (
μ

g/
m

L
) 

to
 H

eL
a 

ce
lls

L
25

L
in

ea
r

25
8.

5
3.

38
38

.1
 ±

 3
.1

C
25

C
yc

lic
25

10
.1

2.
65

24
4.

9 
±

 4
9.

5

L
50

L
in

ea
r

50
13

2.
27

14
.6

 ±
 0

.5

C
50

C
yc

lic
50

11
2.

24
26

.0
 ±

 2
.5

L
10

0
L

in
ea

r
10

0
25

.9
2.

07
15

.6
 ±

 0
.7

C
10

0
C

yc
lic

10
0

23
.1

2.
13

23
.6

 ±
 0

.6

ACS Macro Lett. Author manuscript; available in PMC 2014 December 17.


