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ABSTRACT: The intracellular delivery of active bioma-
cromolecules from endosomes into the cytoplasm gener-
ally requires a membrane-disrupting agent. Since
endosomes have a slightly acidic pH, anionic carboxylated
polymers could be potentially useful for this purpose
because they can destabilize membrane bilayers by pH-
triggered conformational change. In this study, different
pH-sensitive 2-ethylacrylic acid and alkyl methacrylate
[butyl methacrylate and hexyl methacrylate] copolymers
were synthesized by reversible addition-fragmentation
chain transfer polymerization with high yields. pH-de-

pendent membrane disruptive activity was investigated
with respect to their physicochemical and membrane lytic
properties as a function of pH, concentration, and molecu-
lar weight. Hemolysis assays demonstrated that the
presence of the hydrophobic monomer and sufficient pro-
tonation of the carboxylic acid groups were important pa-
rameters for efficient membrane destabilization. VVC 2009
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INTRODUCTION

Biological membranes, responsible for the compart-
mentalization of organs, cells, and cellular organ-
elles, are natural barriers for most molecules that are
not actively imported by living cells.1 Many new
therapeutic strategies, such as gene and interfering
RNA-based therapies, and vaccine development
require the delivery of polar macromolecules such
as DNA, RNA, and proteins to intracellular sites.2–4

These biological agents are typically taken up by
targeted cell via endocytosis and trafficked through
the endosomal-lysosomal pathway, which leads to
the degradation by lysosomal enzymes and loss of
therapeutic activity.5 Endosomal escape remains a

significant challenge to intracellular delivery of bio-
molecular therapeutics.
Synthetic polymers have significant potential for

the delivery of molecules to cells both in vitro and
in vivo. A variety of synthetic polymers and peptides
have been used to deliver biological agents to cells.6

Protonable amine-containing polycations including
poly(ethylene imine), poly(amidoamine), and poly-
histidine have proton-buffering capacities and
become protonated at endosomal pH. It is thought
that these polymers buffer the endosome against the
pH drop, leading to an increased flux of protons
and their counterious into the endosome.7–9 Another
approach of the use of carboxylic acid-containing
polyanions such as poly(2-alkylacrylic acid) and
methacrylic acid copolymers demonstrate pH-
induced coil-to-globule transitions.10,11 These poly-
mers contain a critical balance of acidic carboxyl
groups and hydrophobic alkyl or aromatic groups.
The carboxylate ion of these polymers become proto-
nated at endosomal pH values, and the polymer
undergo a change from a hydrophilic, biologically
inert state to a hydrophobic and endosomal mem-
brane-destabilizing one.12 The polymerization reac-
tivity of a-alkylacrylic acid monomers is relatively
low because of the steric hindrance of the growing
chain end for chain propagation. In addition, poly-
mers made from such monomers have low ceiling
temperatures, where the polymerization is reversed,
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i.e., from growing chain polymer back to monomer.
Homopolymerization of 2-ethylacrylic acid (EAA)
worked only under bulk polymerization conditions
with low polymer yields and uncontrolled molecular
weight.13 Because of the significant potential use of
these hydrophobic poly(carboxylic acid), copolymer-
izing a-alkylacrylic acid with other monomers may
offer a facile approach to copolymers with versatile
structures and applications.13–18 As these polymers
are beginning to be used in fine biological and me-
dicinal applications, it has been increasingly impor-
tant to have control over the lengths, weights, and
functionality of polymer chains. The most important
technique developed to obtain that control has been
the living radical polymerization (LRP). With LRP,
this control is achieved simply by controlling the
concentrations of the monomer and initiator of the
polymerization in the reaction mixture. In this work,
we prepare a series of EAA and hexyl/butyl meth-
acrylate copolymers with high yield and controlled
molecular weight by reversible addition-fragmenta-
tion chain transfer (RAFT) polymerization method.
The pH-dependent membrane disruptive activity
was investigated with respect to their physicochemi-
cal and membrane lytic properties as a function of
pH, concentration, and molecular weight.

EXPERIMENTAL

Materials

The trithiocarbonate RAFT chain transfer agent
(CTA), 2-dodecyl-sulfanylthiocarbonylsulfanyl-2-me-
thyl propionic acid (DMP), was prepared by the
reported method.15 Hexyl methyacrylate (HMA),
butyl methyacrylate (BMA), 2,20-azo-bis(isobutyroni-
trile) (AIBN), and all other solvents were purchased
from Sigma-Aldrich Chemical (St. Louis, MO). All
reagents were used as delivered without further
purification except AIBN, which was crystallized
from methanol before use.

Synthesis of 2-ethylacrylic acid monomer

EAA was prepared from diethyl ethylmalonate by a
procedure published earlier.14 The monomer was
vacuum distilled and placed in the ampules. 1H-
NMR (CDCl3, d, ppm): 1.10 (3H, ACH3), 2.30 (2H,
ACH2A), 5.65 and 6.28 (2H, ACH2¼¼C<), and 11.65
(1H, ACOOH).

Synthesis of poly(ethylacrylic acid-co-alkyl methyl
acrylate) copolymers

Poly(2-ethylacrylic acid-co-alkyl methacrylate)
copolymers were synthesized by RAFT polymeriza-
tion using 2,20-azobisisobutytonitrile as the initiator
and 2-dodecylsulfanylthiocarbonyl-sulfanyl-2-methyl

propionic acid (DMP) as RAFT chain transfer agent
(CTA).15 These reactions were performed in all glass
Schlenck flasks, using a series of three freeze-pump-
thaws to remove any oxygen present before heating
in an oil bath at 80�C. The resulting crude polymer
was dissolved in dimethyl formamide (DMF), pre-
cipitated in diethyl ether, and then dried under
vacuum. Poly(EAA-co-BMA): d (DMSO-d6, ppm)
0.5–1.2 (a þ f þ g, 9H, ACH3), 1.3 (e, 2H,
ACOOCH2CH2CH2CH3), 1.5–2.2 (b þ d þ h þ i, 8H,
in EAA: CH2AC(CH3)A and CH3ACH2, and
ACOOCH2ACH2A in BMA), 3.8 (c, 2H, ACOOCH2),
and 12.2 (j, 1H, ACOOH). Poly(EAA-co-HMA): d
(DMSO-d6, ppm) 0.5–1.2 (a þ f þ g, 9H, ACH3), 1.3
(e, 6H, ACOOCH2CH2CH2CH3), 1.5–2.2 (b þ d þ h þ
i, 8H, in EAA: CH2AC(CH3)A and CH3ACH2, and
ACOOCH2ACH2A in HMA), 3.8 (c, 2H, ACOOCH2),
and 12.2 (j, 1H, ACOOH).

Characterization

Purity and composition of all the synthesized poly-
mers were examined based on their 1H-NMR spectra
in CDCl3 or DMSO-d6. The weight-average molecular
weight and molecular weight distribution of each
polymer were examined following size exclusion
chromatography principles using Waters 1525 binary
HPLC pump connected to a Waters 717 plus auto
sampler, a Waters 2487 dual k absorbance detector, a
Waters 2414 refractive index detector, and a Waters
fraction collector III under the control of Breeze soft-
ware run by an external PC. We used Ultrahydrogel
500 columns (Waters Corporation, Milford, MA) to
determine the molecular weight of each polymer
against a series of poly(ethylene glycol) standards
(Polymer Laboratories, UK) using DMF as a mobile
phase at a flow rate of 0.5 mL/min.

Hemolysis assay

Membrane-destabilizing polymers cause hemolysis
of red blood cells at pH values similar to those
found in the endosome, and endosomal release has
been correlated to red blood cell (RBC) hemolysis.
The capacity of the copolymers and comb-like poly-
mers to induce pH-dependent membrane destabili-
zation was determined using an RBC hemolysis
assay described elsewhere.5 Briefly, whole human
blood was collected from volunteer donors using
protocols in accordance with Zhejiang Sci-Tech Uni-
versity guidelines. RBCs were isolated by blood
centrifugation and washed three times with 0.15M
saline solution. After the final wash, the RBCs were
diluted (1 : 10) in 0.1M phosphate buffer solution
(PBS) at the desired pH values (5.8, 6.6, or 7.4) to
yield a final RBC concentration of 108 RBCs per
200 lL. In eppendorf tubes, 800 lL of PBS at a par-
ticular pH value was mixed with 200 lL of RBC
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solution followed by the addition of polymer solu-
tion. The polymer and RBC mixtures were incubated
in 37�C water bath for 1 h. During this incubation
time, membrane-destabilizing polymers interact with
the RBC membranes, releasing the hemoglobin (Hb)
into solution. The tubes were centrifuged for 5 min
at 13,500 � g to separate intact RBCs and disrupted
membranes from the solution. The supernatant con-
taining the released Hb was collected and trans-
ferred to 96-well plates, and the absorbance was
measured on a Multiskan plate reader (Thermo-
Fisher, New York) at 541 nm, which is the character-
istic wavelength for Hb. The observed hemolysis of
RBCs in PBS solutions and in DI water was used as
negative and positive controls, respectively. The
observed hemolytic activity of a given polymer com-
position at a given concentration and pH value was
normalized to that of the positive control, DI water.
All hemolysis assays were done in triplicate, and the
data are reported as the average (the standard error
of the mean). Statistical analysis of the hemolytic
activity of different polymer compositions was done
using Student’s t-tests with a 95% confidence inter-
val as the threshold for significance.

RESULTS AND DISCUSSIONS

First, EAA was prepared from diethyl ethylmalonate
by a procedure published earlier.14 The monomer
was purified by vacuum distillation. The 1H-NMR

spectrum of EAA can be observed in Figure 1, which
indicates that the monomer has been successfully
synthesized. What makes the synthesis of hemopoly-
mer of a-alkylacrylic acid difficult is that attempting
to polymerize the monomer directly often results in
by-products and difficult purification and characteri-
zation procedures. The hemopolymer of 2-ethy-
acrylic acid that prepared by RAFT has broad
polydispersity (PDI ¼ 2.75) and low product yield
(14.5%) as shown in Table I. The polymerization
reactivity of EAA monomer is relatively low due to
the steric hindrance of the growing chain end for
chain propagation. In addition, PEAA have low
ceiling temperatures, where the polymerization is
reversed, i.e., from growing chain polymer back to
monomer.13

However, after adding other monomer, BMA or
HMA, the product yield increased greatly. A series
of EAA and alkyl methacrylate copolymers with
high yield and controlled molecular weight are pre-
pared by RAFT polymerization method (Scheme 1),
and the corresponding products were obtained and
the results are summarized in Table I. The ratios of
monomer reactivity were determined from the aver-
age composition of the copolymers listed in Table I
with the nonlinear least-squares analysis to be rEAA

¼ 0.23 and rBMA ¼ 0.46 and rEAA ¼ 0.30 and rHMA ¼
0.48, respectively. The possible reason for this is the
decreasing of the steric hindrance in the random
polymers after adding the BMA or HMA monomer.
Furthermore, the resultant copolymers have higher
ceiling temperatures which make the resultant
copolymers more stable than the hemopolymers.
The copolymers were investigated by 1H-NMR as
shown in Figures 2 and 3. A broad peak at around
12.0 ppm originating from the carboxyl groups of
EAA and a narrow peak around at 4.0 ppm are
assigned to the methylene protons linked to oxygen
of ester group in BMA or HMA. Because of the sig-
nal overlap of main-chain protons, we choose the
methylene protons linked to oxygen of ester groups
and protons from carboxyl groups of EAA to con-
firm the composition of copolymer. The comparison
of the integration values of peaks j and c, which

Figure 1 1H-NMR spectrum of 2-ethylacrylic acid mono-
mer. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

TABLE I
Chemical Compositions and Respective MWs of the Polymers Used in This Study

Polymer Mn
a PDI Ratio x : y Yield (%)

Poly(ethylacrylic acid) (PEAA) 40,000 2.64 100 : 0b 100 : 0c 14.50
Poly(EAAx-co-BMAy)-1 35,520 1.14 50 : 50 45.65 : 54.35 95.65
Poly(EAAx-co-BMAy)-2 39,720 1.19 65 : 35 53.27 : 46.73 92.40
Poly(EAAx-co-HMAy)-1 33,850 1.13 50 : 50 46.82 : 53.18 90.28
Poly(EAAx-co-HMAy)-2 38,540 1.16 65 : 35 55.34 : 44.66 93.70

EAA, 2-ethylacrylic acid; BMA, butyl methyacrylate; HMA, hexyl methyacrylate.
a Mn Evaluated in DMF.
b Feed ratio of two monomers.
c Composition evaluated from the 1H-NMR data.
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provide building units ratios of PEAA and BMA, or
PEAA and HMA, are listed in Table I.

Destabilization of membrane bilayers by the
copolymers was first studied at the desired pH val-
ues (5.8, 6.6, or 7.4), using RBC as the endosomal
membrane model. A useful endosomolytic agent
should have membrane destabilizing properties at
the mildly acidic pH (5.0–6.5) found in endosomes.17

Figure 4 shows the copolymers’ hemolytic activity
data at three different pH values (5.8, 6.6, or 7.4) and
three different concentrations (10, 20, 50 lg/mL). The
copolymer [poly(EAA-co-BMA)-1] is most hemolytic
at pH 5.8, whereas the copolymer presented limited
hemolytic activity at neutral pH and the lowest
hemolytic at pH 7.4 at all concentrations tested.

To determine the effect of hydrophobic monomer
on the hemolytic activity properties of the copoly-
mers, poly(EAA-co-BMA)-1 and poly(EAA-co-HMA)-
1 with similar molecular weight were chosen to eval-
uate at concentrations ranging from 5 to 200 lg/mL
at acidic pH (5.8). As shown in Figure 5, poly(EAA-
co-HMA)-1 was more hemolytic at the concentrations
from 10.0 to 100.0 lg/mL, where similar hemolytic
activities were obtained at the lowest (5.0 lg/mL)
and highest concentrations (200.0 lg/mL). Because
the two copolymers have the similar molecular
weight and composition, the higher hemolytic activ-
ity of poly(EAA-co-HMA)-1 should come from the
hydrophobic units in the polymer. HMA has six-car-
bon chain in ether group, which has greater hydro-
phobicity than the four-carbon chain one. As the
environmental pH is lowered to and below the pKa

of the carboxylic acid groups on the polymer back-
bone, poly(EAA-co-HMA)-1 become more proto-
nated, and the copolymer results in greater
hydrophobicity. In this hydrophobic state, poly-
(EAA-HMA/BMA)-1 are capable of interacting with
biological membranes such as the RBC membrane,
causing disruption.19 Why did the two copolymers
exhibit the similar hemolytic activity with the con-
centration at 5 and 200 lg/mL? The answer to this
question probably lies in the conformation adopted
by the copolymer in solution. When the copolymer
concentration is very low, the copolymer is probably
in a globule configuration and exhibits a relatively
hydrophobic surface owing to the low concentration
of EAA units. Such a conformation would make
copolymers more susceptible to phagocytosis by the
macrophages. Thus, the limited RBC hemolysis
observed may be explained by strong intramolecular
interactions and poor insertion into the phospholi-
pids membrane. The ability of such copolymer to
interact with the cell membrane at low concentra-
tions is limited. However, at the concentration of

Scheme 1 Chemical structure of the EAA copolymers
tested.

Figure 2 The chemical structure of poly(EAA-co-BMA)-1
copolymer was confirmed by 1H-NMR spectrum in
DMSO-d6. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Figure 3 The chemical structure of poly(EAA-co-HMA)-1
copolymer was confirmed by 1H-NMR spectrum in
DMSO-d6. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Figure 4 Hemolysis of red blood cells as a function of
poly(EAA-co-BMA)-1 with the concentration at 10, 20, and
50 lg/mL. Each data point represents the mean of three
determinations.
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200 lg/mL, the copolymer concentration is too high,
and the copolymers achieved complete RBC lysis.

The hemolysis assay was used to compare the
membrane disrupting activity of the different
copolymers with the hemopolymer, which were of
different composition. Figure 6(A) shows the mem-
brane disrupting activity of poly(EAA-co-BMA)-1
and poly(EAA-co-BMA)-2 when compared with the
hemopolymer at the desired pH values (5.8, 6.6, or
7.4) with the concentration at 10 lg/mL. At pH 6.6
and 5.8, which is representative of the lower pH val-
ues encountered in early and late endosomes,6 the
copolymers had the highest hemolytic activity of all
the polymers tested, whereas only low to negligible
levels of hemolysis were achieved at pH 7.4. As the
pH decreased, the hemolytic activity of PEAA
increased, reaching a peak at pH 5.8. PEAA showed
little hemolytic activity at pH 6.6 and 7.4, reaching a
maximum of about 10% at pH 6.6, whereas hemo-
lytic activity of the copolymers increased as the pH
decreased. The copolymers showed significant levels
of hemolysis at both pH 6.6 and 5.8. The membrane-
destabilizing activity of copolymers on both RBCs
could be explained by the presence of hydrophobic
BMA units in the backbone. It has been suggested
that alkyl chains facilitate interaction with hydro-
phobic components of the membrane. Interestingly,
the copolymer with higher hydrophobic units in the
polymer chain has higher level of hemolysis at all
pHs tested. The similar results can also be observed
in poly(EAA-co-HMA)-1 and poly(EAA-co-HMA)-2,
as shown in Figure 6(B). It further demonstrated
that membrane lytic activity could be enhanced by
increasing the composition of hydrophobic units in
the polymer chain.

CONCLUSIONS

In conclusion, different pH-sensitive EAA and alkyl
methacrylate (BMA and HMA) copolymers were syn-
thesized by RAFT polymerization with high yields
and narrow polydispersity. The pH-dependent mem-
brane disruptive activity was investigated with
respect to their physicochemical and membrane lytic
properties as a function of pH, concentration, and
molecular weight. This study revealed that multiple
parameters influence EAA copolymer–lipid interac-
tion at neutral and acidic pH. The presence of hydro-
phobic units in the polymer chain was found to
greatly increase their abilities to destabilize mem-
brane bilayers.
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