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Background: Liposomes containing pH-sensitive polymers are promising candidates for the 

treatment of tumors and localized infection. This study aimed to identify parameters influencing 

the extent of contents release from poly(ethylacrylic acid) (PEAA) vesicles, focusing on the 

effects of polymer size, lipid composition, vesicle surface charge, and temperature.

Methods: Anchored lipid pH-sensitive PEAA was synthesized using PEAA with a molecular 

weight of 8.4 kDa. PEAA vesicles were prepared by insertion of the lipid-anchored PEAA into 

preformed large unilamellar vesicles. The preformed liposomes were manipulated by varying 

the phosphocholine and cholesterol content, and by adding negative or positive charges to the 

liposomes. A calcein release assay was used to evaluate the effects of polymer size, liposome 

composition, surface charge, and temperature on liposomal permeability.

Results: The release efficiency of the calcein-entrapped vesicles was found to be dependent 

on the PEAA polymer size. PEAA vesicles containing a phosphatidylcholine to cholesterol 

ratio of 60:40 (mol/mol) released more than 80% of their calcein content when the molecular 

weight of PEAA was larger than 8.4 kDa. Therefore, the same-sized polymer of 8.4 kDa was 

used for the rest of study. The calcein release potential was found to decrease as the percent-

age of cholesterol increased and with an increase in the phosphocholine acyl chain length 

(DMPC . DPPC . DSPC). Negatively charged and neutral vesicles released similar amounts 

of calcein, whereas positively charged liposomes released a significant amount of their contents. 

pH-sensitive release was dependent on temperature. Dramatic content release was observed at 

higher temperatures.

Conclusion: The observed synergistic effect of pH and temperature on release of the contents 

of PEAA vesicles suggests that this pH-sensitive liposome might be a good candidate for intra-

cellular drug delivery in the treatment of tumors or localized infection.

Keywords: liposomes, pH-sensitive, PEAA, liposomal permeability

Introduction
The design of nanoliposomal drug delivery systems able to undergo controlled 

fusion and release has been the subject of intense research.1–5 Considering that the 

primary route of liposome uptake in cells is through relatively low pH endosomes, 

pH-sensitive liposomes may be a favorable approach.6–8 It has been reported that 

pH-sensitive vesicles with polymers immobilized on their surfaces can effectively 

mediate this type of release and fusion.9 In previous studies, we constructed pH-

sensitive liposomes by either conjugating thiolated poly(ethylacrylic acid) (PEAA) to 
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vesicles containing maleimide10 or inserting lipid-anchored 

polymers into preformed liposomes.11 The resulting PEAA 

liposomes are stable under physiological conditions and can 

fuse with adjacent membranes and release their contents 

upon acidification. Importantly, it has been demonstrated 

that the association of lipid-anchored PEAA with vesicles 

promotes intracellular delivery of vesicular contents in vitro 

in a cultured cell line.12

This study attempted to identify parameters influenc-

ing the extent of release of contents from PEAA vesicles, 

focusing on the effects of polymer size, lipid composition, 

vesicle surface charge, and temperature. Such information 

is important for optimizing liposomal PEAA formulations 

as intracellular drug delivery carriers that are able to release 

their contents efficiently in a pH-dependent manner.

Materials and methods
Chemicals
All chemical reagents were commercially available products 

of high purity and were used without further purification. 

In order to quantify the polymer, PEAA was fluorescent-

labeled with small amounts of pyrene, and synthesized as 

described previously. Different phospholipids, including egg 

phosphatidylcholine, 1,2 dimyristoyl-sn-glycero-3-phospho-

choline (DMPC), 1,2 dipalmitoyl-sn-glycero-3-phosphocho-

line (DPPC), 1,2 distearoyl-sn-glycero-3-phosphocholine 

(DSPC), phosphatidylinositol (PI), dioleoyl-1,2-diacyl-3-

dimethylammonium-propane (DODAP), and 1,2- distearoyl-

sn-glycero-3-phosphoethanolamine (DSPE) were obtained 

from Northern Lipids (Vancouver, Canada). N,N-dioleyl-

N,N-dimethylammonium chloride (DODAC) was a gift 

from Helican Biotechnology Inc (Vancouver, Canada). 

[3H] cholesterylhexadecyl ether (3H-CHE) was obtained 

from Du Pont (NEN Research Products, Boston, MA). 

 Cholesterol and 1,3-dicyclohexylcarbodiimide were obtained 

from Aldrich Chemical Corporation (St Louis, MO). 

 T-octylphenoxypolyethoxyethanol (Triton X-100), calcein, 

and Sepharose CL-6B were acquired from Sigma Chemicals 

(St Louis, MO).

Synthesis of lipo-PEAA
Anchored PEAA (lipo-PEAA) was synthesized using 

8.4 kDa PEAA as described previously.13 Briefly, 100 mg 

(100 mmol unit, unit molecular weight 100) of PEAA and 

3 mmol of 1-decylamine were dissolved in water (pH 7.0). 

A 20 mg/mL 1,3-dicyclohexylcarbodiimide solution was 

then slowly added to the reaction mixture until the amine 

disappeared (monitored by thin layer  chromatography, 

CHCl
3
:MeOH:triethylamine, 8:2:0.2, visualized by 

 ninhydrin). The resulting derivate was precipitated by adjust-

ing the pH of the solution to pH 2–3. The supernatants were 

then removed and the pellets were redissolved in 2 M NaOH 

solution, stirred for 30 minutes, and readjusted to pH 2–3. 

The suspension was centrifuged and the resulting pellets 

were washed 3–5 times in water and lyophilized. A typical 

yield was 60%–70%. In our paper, PEAA-C
10

 (lipo-PEAA 

with a decyl chain introduced) was used for post-insertion 

processing and forming PEAA liposomes.

Preparation of PEAA liposomes
Large unilamellar vesicles (LUVs) were prepared by 

extrusion as described by Hope et al.14 Appropriate 

amounts of lipid mixtures with trace amounts of 3H-CHE 

(1.33 µCi/4 µmol) in chloroform were dried under a stream 

of nitrogen gas to form a homogeneous lipid film. Any trace 

solvent was then removed under vacuum overnight. The 

lipid film was hydrated in HEPES-calcein buffered saline 

(20 mM HEPES, 100 mM calcein, pH 7.5) by vortex mix-

ing. The resulting multilamellar vesicles were frozen/thawed 

(liquid nitrogen/55°C) five times and extruded 10 times at 

55°C through two stacked 100 nm polycarbonate filters 

(Nuclepore™, Whatman, Clifton, NJ) using an extrusion 

device (Vancouver, Canada). Untrapped free calcein was 

removed by chromatography using a 1.1 × 20 cm Sepharose 

CL-6B column (Sigma Chemical Corporation) equilibrated 

with HEPES-buffered saline (20 mM HEPES, 150 mM 

NaCl, pH 7.5).

PEAA-LUVs were then prepared by incubation of pre-

formed LUVs with lipo-PEAA solution (PEAA-C
10

, pH 7.4) 

in an appropriate ratio at room temperature overnight as pre-

viously described.13 The mixture was eluted on a Sepharose 

CL-6B column (1.5 × 20 cm) and the fractions were assessed 

for lipid and polymer content. Noninserted free polymer was 

separated from PEAA-LUVs on a Sepharose CL-6B column 

as described in our previous work.13

The percentage of polymer insertion varied according 

to the nature of the preformed vesicles, especially for the 

charged ones. Hydrophobic PEAA segments are unstable 

in an aqueous environment and are therefore expected to 

penetrate into the hydrophobic interior of a lipid bilayer 

through Van der Waals forces.15,16 A high PEAA concen-

tration would lead to solubilization of the lipid membrane, 

while a low PEAA concentration would probably cause 

defective lipid packing, resulting in release of the vesicle 

contents. Therefore, a 10 mol% PEAA composition is used 

in our research.17
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Determination of liposome size
Liposome size was determined by quasi-elastic light scat-

tering using a Nicomp 370 submicron particle sizer (Santa 

Barbara, CA).

Calcein release
A calcein release assay was used to evaluate liposomal 

 permeability.18 Calcein, a nonpermeable aqueous fluorescent 

dye, was used as a marker for determining the stability of 

the vesicles and the permeability of the different vesicles 

on acidification and changes in temperature. Calcein was 

trapped in the liposomes at a self-quenching concentration 

(100 mM). When released from the vesicles, it was diluted 

and the fluorescent intensity of the solution increased. Two 

release assays were used in this study. One assessed the 

potency of different sized, nonanchored polymers for trig-

gering calcein release. The other measured the calcein release 

from PEAA-LUVs.

First release assay
For quantification of the vesicle permeability induced 

by polymers of different size (without a lipid anchor), 

fluorescent aqueous calcein (100 mM) was encapsulated 

into LUV (egg phosphatidylcholine to cholesterol ratio 

60:40, mol/mol) and free calcein was removed using a gel 

column as already described for the preparation of PEAA 

liposomes. An assay solution of 1.0 mg/mL LUV contain-

ing calcein was prepared by diluting the stock formulation 

with HEPES-buffered saline (20 mM HEPES, 150 mM 

NaCl, pH 7.5). Next, 10 µL of polymer (1 mg/mL, pH 

7.5) was added to 1.0 mL of the diluted LUV containing 

calcein. A 100 µL aliquot of the test solution was diluted 

to 1.2 mL with HEPES-buffered saline (pH 7.5). The fluo-

rescence intensity of calcein (F
0
) as the initial background 

was determined using an Aminco Bowman luminescence 

spectrofluorometer (SLM-Aminco, Urbana, IL) at 520 nm 

(emission) and 495 nm (excitation). The test solution was 

then adjusted to pH 4.5 with 1% HCl and allowed to equili-

brate for 20 minutes at room temperature. A 100 µL aliquot 

was diluted to 1.2 mL with HEPES-buffered saline (pH 7.5) 

and the fluorescence intensity was measured (F
t
). Maximal 

fluorescence intensity (F
max

), representing complete release 

of encapsulated calcein, was measured after solubilization 

of the vesicles (a 100 µL aliquot diluted with 1.2 mL of 

HEPES-buffered saline) with 10 µL of 10% Triton X-100. 

The potency of polymer in inducing vesicle permeability 

was calculated as the percentage of calcein released as 

shown in equation 1.

 % %
max

release
F F

F F
t o

o

=
−
−

× 100  (1)

Second release assay
The permeability of the polymer-associated PEAA-LUV 

containing calcein liposomes and of the control samples 

were acidified to pH 4.5 with 1% HCl. After 20 minutes 

of equilibration, an 100 µL aliquot was withdrawn and 

diluted with 1.2 mL of HEPES-buffered saline and the 

fluorescence intensity of the diluted solution was measured 

using an Aminco Bowman Series 2 luminescence spectro-

fluorometer at 530 nm (slit width 4 nm) under steady-state 

excitation at 495 nm (slit width 4 nm). The initial and final 

fluorescence intensities were determined using the method 

described above and the percentage release was calculated 

as in equation 1.

To determine the kinetics of calcein release at different 

temperatures, the test sample was incubated in a temperature-

controlled water bath at a predetermined temperature. The 

initial pH of 7.5 was maintained for a period of 10 minutes 

before acidifying the solution to pH 4.5. At different time 

points, a 100 µL aliquot was withdrawn, diluted with 1.2 mL 

of HEPES-buffered saline, and the fluorescence intensity 

of the solution was measured (F
t
 is the fluorescence inten-

sity at time t). The maximum fluorescence intensity (F
max

), 

 representing complete release of the encapsulated calcein, 

was determined following solubilization of the vesicles with 

Triton X-100 (10% of lipid concentration). The percentage 

of calcein released was calculated using equation 1.

Results
Effect of polymer size on vesicle 
permeability
It was expected that the ability of PEAA to trigger release of 

vesicular contents would be dependent on polymer size, but the 

polymer size cutoff for inducing efficient release of commonly 

used liposomes was unknown. Therefore, using an in vitro 

calcein release assay, we quantitatively measured content 

release from vesicles composed of egg phosphatidylcholine 

and cholesterol (ratio 60:40) with different-sized PEAA. 

 Figure 1 shows that the tendency of calcein to be released under 

acidic conditions increased as the polymer size increased. The 

extent of calcein release reached a plateau when PEAA was 

larger than 8.4 kDa. In order to evaluate the effects of lipid 

composition, charge, and temperature on the permeability 

of pH-sensitive vesicles containing lipo-PEAA, we used the 

same-sized polymer of 8.4 kDa for the rest of study.
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Figure 1 Effect of polymer size on pH-sensitive calcein release from large unilamellar 
vesicles.
Notes: Calcein release was measured by a calcein release assay, with calcein 
entrapped in large unilamellar vesicles and free polymers as described in the text. 
Liposomes were composed of egg phosphatidylcholine and cholesterol in a ratio of 
60:40 (mol/mol) and calcein 100 mM. Free PEAA with a designed size was mixed 
with large unilamellar vesicles containing calcein at a polymer-to-lipid ratio of 
10 µg/mg. The fluorescence intensity of the vesicles was measured after 20 minutes 
of incubation after acidification to pH 4.5.
Abbreviation: PEAA, poly(ethylacrylic acid).
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Figure 2 Characteristics of pH-sensitive PEAA vesicles with differing lipid 
composition by the post-insertion method. LUVs with encapsulated calcein 100 mM 
were prepared using a hydration extrusion method. PEAA-LUVs were then 
prepared by incubating lipo-PEAA with preformed LUVs at a polymer-to-lipid ratio 
of 20 µg/mg. (A) Percentage polymer insertion when different phospholipids were 
used to prepare the PEAA-liposomes. The noninserted polymer was removed, the 
liposomes were determined by radioactivity, and the polymer was quantified by 
fluorescence intensity. (B) Particle size of PEAA-LUVs. (C) Calcein released from 
PEAA-LUVs overnight at room temperature with incubation at neutral conditions 
(pH 7.4). Calcein release was measured as described in the text.
Abbreviations: DODAP, dioleoyl-1,2-diacyl-3-dimethylammonium-propane; 
DODAC, N,N-dioleyl-N,N-dimethylammonium chloride; DPPC, 1,2 dipalmitoyl-sn-
glycero-3-phosphocholine; PI, phosphatidylinositol; DSPE, 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine; LUVs, large unilamellar vesicles; PEAA, poly(ethylacrylic acid).

Formulation and characterization of  
pH-sensitive vesicles containing lipo-PEAA
Because the pH-sensitive PEAA vesicles were intended for 

pharmaceutical use, it was important to identify parameters 

influencing formulation of characteristic PEAA vesicles. 

These parameters included the efficiency of polymer associa-

tion, formulation stability, size change during polymer inser-

tion, and efficient content release under acidic  conditions. 

Different vesicles with either a positive, neutral, or negative 

net surface charge were used for our post-insertion study. 

As indicated in Figure 2A, positively charged liposomes 

with either a permanent charge (DODAC) or protonable 

amine (DODAP) resulted in a much higher amount of asso-

ciated polymers, while neutrally (DPPC) and negatively 

(PI or DSPE) charged vesicles contained smaller amounts of 

inserted polymers. The different phosphocholine acyl chain 

lengths, eg, DPPC, PI, or DSPE, did not affect the efficiency 

of polymer insertion.

Upon mixing DODAC-containing liposomes and lipo-

PEAA, extensive aggregation took place (Figure 2B), antici-

pated because of the strong electron interaction between the 

multiple oppositely charged DODAC-containing liposomes 

and lipo-PEAA. Surprisingly, the size increase of DODAP-

containing liposomes after polymer insertion was much 

smaller than that for DODAC, although the value was still 

higher than that of both the neutrally and negatively charged 
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liposomes. Because the amine of DODAP is protonable and 

its charged form is environmentally dependent, it may exist 

in a partially charged form in the bilayer. A much lower pKa 

for a similar amino lipid, AL1, in the membrane bilayer has 

been reported by Bailey and Cullis.19 This may also be the 

case for DODAP. The net amount of charge would be lower 

for DODAP near the membrane surface and the interaction 

with the negatively charged PEAA would be subsequently 

reduced. Other factors, such as the different orientation of 

DODAC and DODAP in the lipid bilayer, could also con-

tribute to the different interactions between these two amino 

lipids and negatively charged PEAA but, at present, we do 

not have evidence to support or rule this out.

In all cases, except for the DODAC-containing vesicles, 

only small amounts of calcein leaked out after insertion of 

the polymer, indicating that polymer insertion did not affect 

the stability of most of the liposomes. As demonstrated 

in Figure 2C, the encapsulated calcein was completed 

released from DODAC vesicles upon incubation with lipo-

PEAA. The interaction between PEAA and DODAC was 

so strong that, even without a pH change, the lipid bilayer 

was already greatly disrupted, causing calcein release and 

vesicular  aggregation. Due to failure to prepare a satisfactory 

 formulation, we did not study DODAC-containing liposomes 

in a further experiment. The formulations used in the rest of 

the study were all purified using the gel filtration column 

to remove the noninserted polymers and trace amounts of 

released calcein. In summary, PEAA liposomes with  different 

lipid compositions were successfully prepared, with good 

polymer association, a narrow particle size distribution, and 

their contents encapsulated using a post-insertion method.

Effect of cholesterol content on vesicle 
permeability
It has previously been shown that cholesterol increases the 

stability of liposomes when added as a component.20,21 This 

prompted us to insert lipo-PEAA without concern about loss 

of vesicular content. An increase in cholesterol content may 

also reduce or prevent release of contents when PEAA-LUV 

is acidified, because the rigidity and fluidity of the liposomal 

membrane is changed. Mills et al found that cholesterol 

reduced the potency of PEAA with regard to pH-induced 

liposomal permeability in an experiment using free PEAA 

and liposomes with encapsulated fluorescent dye.22,23 The 

critical pH, ie, the point at which the polymer is hydropho-

bic enough upon partial acidification to interact with the 

liposomal bilayer and trigger release of the contents, was 

shifted from pH 6.7 for the pure SOPC formulation to pH 6.1 

for liposomes containing 60% cholesterol. Therefore, in the 

present study, the effect of cholesterol on the permeability of 

PEAA vesicles comprising DSPC and cholesterol, as shown 

in the release kinetics study in Figure 3, was examined using 

a calcein release assay. The higher the cholesterol content, 

the lower the permeability of the PEAA liposomes; 18%, 

38.5%, and 48% of calcein leaked out from DSPC vesicles 

containing 20, 40, and 45 mol%, respectively, of cholesterol 

15 minutes after acidification (pH 4.5). Vesicular stability 

resulting from addition of cholesterol was also observed 

for liposomes containing DMPC and DPPC. Formulations 

with cholesterol were stable at neutral conditions (pH 7.4), 

while the calcein was almost completely released upon 

 acidification. Although a very stable liposome (DSPC and 

cholesterol) was used in the experiment (Figure 3), a sig-

nificant amount of calcein was still released under acidic 

conditions, indicating that PEAA has a very efficient pH-

dependent membrane permeability potential.

Effect of different lipid chain lengths  
on vesicle permeability
pH-sensitive calcein release from PEAA-LUV was also 

dependent on the acyl chain length of phosphatidylcholine. 

Figure 4 shows that the amount of calcein released was pro-

portional to the chain length of phosphocholine, regardless 

of whether 40 mol% or 45 mol% cholesterol was included 

in the liposomes. It is known that membrane permeability is 
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Figure 3 Effect of cholesterol content on pH-induced calcein release of PEAA-LUVs.
Notes: Preformed LUVs with DSPC and differing amounts of cholesterol were 
prepared using an extrusion method with calcein 100 mM. PEAA-LUVs containing 
calcein were then obtained by post-insertion of PEAA-C10 at a final polymer 
concentration of 7 mol in PEAA-LUVs containing calcein at a polymer-to-lipid ratio 
of 20 µg/mg. Calcein released from PEAA-LUVs was measured at room temperature 
(25°C) as described in the text.
Abbreviations: Chol, cholesterol; DSPC, 1,2 distearoyl-sn-glycero-3-phosphocholine; 
LUVs, large unilamellar vesicles; PEAA, poly(ethylacrylic acid).
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higher in a liquid phase state (temperature higher than the gel-

solid transition temperature). The calcein release observed 

was induced by pH-sensitive PEAA, not by temperature-

controlled slow release. This was confirmed by a control 

experiment in which liposomal vesicles with no polymer 

content did not release significant amounts of calcein when 

the test solution was acidified to pH 4.5.

Effect of charge on vesicle permeability
pH-induced calcein release from PEAA-LUV was strongly 

influenced by a positive surface charge, but not a negative 

charge (Figure 5). The effect of charge on lipid behavior is 

governed by the overall surface charge density of the lipo-

some, the lipid head group,14 and the polymer-liposome 

interaction before and after acidification. We selected nega-

tively and positively charged lipids to compare the effect 

of different charges on PEAA vesicle formulation and their 

pH-induced permeability. It seemed that there were more 

problems with the positively charged preformed vesicles. 

As mentioned earlier, we were unable to prepare DODAC-

containing PEAA-LUV due to aggregation and content 

release, and vesicles containing DODAP released much 

lower amounts of calcein than either neutral or negatively 

charged vesicles. It was considered that negatively charged 

PEAA could form a stable structure by partial neutralization 

of the positive charge of DODAP, reducing its  sensitivity 

to protonation, and losing polymer fusion activity and 

permeability.

Effect of temperature on vesicle 
permeability
Given that release of vesicular contents from PEAA lipo-

somes has already been demonstrated in our previous work 

and the potency of release has also been shown to be regulated 

by polymer size, lipid composition, and the surface charge 

at room temperature, it would be interesting to assess the 

permeability of PEAA vesicles at body temperature and under 

hyperthermic conditions. Hayashi et al constructed a thermo-

sensitive liposome by using poly(N-isopropylacrylamide), 

a structurally related polymer.24 Temperature-sensitive lipo-

somes for use with mild hyperthermia have also been reported 

by fine-tone of lipid composition to obtain good permeability 

for marching desired temperature.25 It was anticipated that 

PEAA in its acid form would be more hydrophobic and could 

also be responsible for the effects of temperature change, such 

that the efficiency of release could be further enhanced.

In our study, three different temperatures, ie, 25°C, 

37°C, and 47°C, were used to test the effect of temperature 

on pH-induced calcein release from PEAA-LUVs. DSPC 

has the high transition temperature (55°C), so formulations 

containing DSPC were used to test the effect of tempera-

ture on vesicle permeability. As shown in Figure 6, calcein 
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Figure 4 Effect of lipid chain length on pH-induced calcein release from PEAA-LUVs.
Notes: Preformed LUVs with differing cholesterol content (45 mol%, 40 mol%) 
were prepared using an extrusion method with calcein 100 mM. PEAA-LUVs 
containing calcein were then obtained by post-insertion of PEAA-C10 at a final 
polymer concentration of 7 mol in PEAA-LUVs containing calcein at a polymer-to-
lipid ratio of 20 µg/mg. Liposomal vesicles without PEAA inserted served as controls. 
The amount of calcein released from PEAA-LUVs was measured after 20 minutes of 
incubation at room temperature (25°C) as described in the text.
Abbreviations: Chol, cholesterol; DMPC, 1,2 dimyristoyl-sn-glycero-3-
phosphocholine; DSPC, 1,2 distearoyl-sn-glycero-3-phosphocholine; DPPC, 1,2 
dipalmitoyl-sn-glycero-3-phosphocholine; LUVs, large unilamellar vesicles; PEAA, 
poly(ethylacrylic acid).
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Figure 5 Effect of charged lipids on pH-induced release of calcein from PEAA-LUVs.
Notes: Preformed neutral LUVs (40 mol% cholesterol) or charged LUVs (40 mol% 
cholesterol, and 10 mol% charged lipid introduced) were prepared using an extrusion 
method with calcein 100 mM. PEAA-LUVs containing calcein were then obtained by 
post-insertion of PEAA-C10 at a final polymer concentration of 7 mol in PEAA-LUVs 
containing calcein at a polymer-to-lipid ratio of 20 µg/mg. The calcein released from 
the PEAA-LUVs was measured after 20 minutes of incubation at room temperature 
(25°C) as described in the text.
Abbreviations: DODAP, dioleoyl-1,2-diacyl-3-dimethylammonium-propane; 
DPPC, 1,2 dipalmitoyl-sn-glycero-3-phosphocholine; PI, phosphatidylinositol; DSPE, 
1,2-distearoyl-sn-glycero-3-phosphoethanolamine; LUVs, large unilamellar vesicles; 
PEAA, poly(ethylacrylic acid).
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release increased as temperature increased. Enhancement of 

release by temperature was more efficient for DSPC formula-

tions containing a lower amount of cholesterol (Figure 6A, 

40 mol% cholesterol), with 50% more calcein being released 

at 37°C than at room temperature. When tested at 47°C, com-

plete release of contents was observed. For liposomes with 

saturated cholesterol concentrations (Figure 6B, 45 mol% 

cholesterol), enhanced permeability was also seen, although 

the amount was much less than that shown in Figure 6A.

Vesicles containing cholesterol 40 mol% (Figure 6A) 

showed more calcein release than those containing cholesterol 

45 mol% (Figure 6B) at the same temperature and with the 

same incubation time, indicating high vesicle  permeability 

with lower cholesterol content. Cholesterol acts as a fluid 

buffer in liposomes and reduces the freedom of motion of 

the liposome membrane. Cholesterol causes changes in the 

molecular order of the membrane and dynamics in the fluid 

and gel phases, as well as introducing a new thermodynamic 

phase when the cholesterol content is high.26 Thus, the higher 

transition temperature in Figure 6B with a high cholesterol 

content resulted in low vesicle permeability.

Figure 7 summarizes the effects of temperature on the 

permeability of PEAA liposomes comprised of different 

phosphocholines and 45 mol% cholesterol after 20 minutes 

of incubation in acid conditions (pH 4.5). Because DMPC 

has a lower transition temperature (23°C), calcein release was 

near maximal at room temperature, and the effect of increased 

temperature was not significant. Compared with calcein 

release at 25°C, there was a roughly 25% increase of calcein 

obtained at 37°C for DPPC with a transition temperature of 

41°C. Calcein release was 22%, 25%, and 63% for DSPC 

at temperatures of 25°C, 37°C, and 47°C, respectively. The 

limited calcein release from the DSPC vesicle might be due 

to its high transition temperature (55°C).

Discussion
The development of drug carrier systems with an ability to 

deliver and release their therapeutic contents intracellularly is 

an important strategy and an interesting research project.27,28 

As a continuation of our investigation of pH-sensitive lipo-

somes containing the PEAA polymer, in the present study 
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we have evaluated parameters influencing release of vesicu-

lar contents. We demonstrated that pH-sensitive vesicles 

comprised of different phosphatidylcholines, cholesterol, 

and negatively charged and protonable amino lipids can be 

constructed by insertion of lipid-anchored PEAA without 

loss of vesicular contents. The resulting formulations show 

a small and uniform particle size, a constant but control-

lable amount of membrane-inserted polymer, good stability 

under neutral conditions, and efficient content release in a 

pH-dependent manner. Considering that a more complicated 

lipid composition (such as phosphocholine) with a different 

phase transition temperature, cholesterol, and charged lipids 

may be required for actual drug entrapment and application, 

the information acquired here may have an impact on further 

development of pH-sensitive vesicles with surface-bound 

PEAA.

The pH-induced release of liposomal contents by PEAA 

is dependent on the molecular weight of the polymer. Under 

acidic conditions, the PEAA conformation collapsed from an 

expanded hydrophilic form to a globular hydrophobic coil as 

a result of protonization of the carboxylic groups of PEAA.29 

The hydrophobic portion of PEAA penetrates and disturbs 

the liposomal membrane bilayer, resulting in release of the 

liposomal contents. Previously, Chung et al found that the 

critical pH at which PEAA starts to induce release of lipo-

somal contents decreases with decreasing molecular weight 

of the polymer.30 In the present study, we also observed 

dependence of liposomal content release on the molecular 

weight of PEAA. As shown in Figure 1, the potency of PEAA 

required to trigger release of the contents of the liposome, ie, 

membrane permeability, increases as the molecular weight 

of the PEAA increases. At molecular weights exceeding 

8.4 kDa, the percentage release reaches a plateau. We 

selected a relative lower molecular weight of PEAA, which 

still induces efficient content release under acidic conditions. 

In practice, using reasonably sized polymers in a liposomal 

PEAA preparation reduces the risk of aggregation caused by 

larger molecular polymers and assures even distribution of 

the polymer on the surface of the liposome. A later experi-

ment confirmed that the 8.4 kDa molecular size of PEAA 

is well suited to producing a well characterized liposomal 

PEAA formulation resulting in efficient release of its contents 

in a pH-dependent manner.

Because bilayer fluidity and rigidity can be an impor-

tant determinant of the release of liposome-encapsulated 

compounds,31,32 the effects of fluidity (using phospho-

choline with different phase transition temperatures) and 

rigidity (varying cholesterol content) on the characteristics 

of pH-sensitive PEAA liposomes were also studied. In a 

previous study, we found that neither natural nor synthetic 

phosphocholine is an ideal choice for construction of pH-

sensitive liposomes with surface-bound PEAA because the 

PEAA polymers will still have some degree of interaction 

with the liposomal membrane, resulting in leakage of con-

tents, even in neutral solution.12,33 In contrast, the stability 

of liposomes incorporating cholesterol enabled us to prepare 

PEAA vesicles which maintain their integrity but can still 

release their contents under acidic conditions. As in other 

liposomal release studies, pH-induced membrane perme-

ability is also dependent on fluidity and rigidity. A trend of 

calcein release from PEAA vesicles under acidic conditions 

was observed in the order of DMPC . DPPC . DSPC, which 

reflects the fluidity of liposomes composed of DMPC, DPPC, 

and DSPC with a phase transition temperature of 23°C, 

41°C, and 55°C, respectively. A similar conclusion can be 

drawn with regard to rigidity, ie, a higher cholesterol content 

results in greater membrane rigidity and lower permeability. 

More importantly, it indicates that the permeability of PEAA 

liposomes can be controlled by modifying the cholesterol 

content using different types of phosphocholine according 

to their intended applications.

When investigating pH-induced release from PEAA 

liposomes with different lipid compositions, the bilayer sur-

face charge has also been found to be important for vesicle 

permeability.34,35 In general, it is not possible or at least very 

difficult to prepare PEAA vesicles with prominent positive 

charged preformed LUVs. Multiple positive-negative charge 

interactions cause premature release of liposomal contents 

and vesicle-vesicle fusion during the polymer insertion step. 

However, PEAA liposomes with preformed LUVs incorpo-

rating amine-containing lipids were successively prepared 

with desirable characteristics, ie, small size and retention 

of the encapsulated drug. Permeability of the liposomes 

caused by protonation of PEAA was similar for both neutral 

and negatively charged liposomes, but reduced for LUVs 

containing DODAP. Whether the reduction in permeability 

for liposomes containing DODAP was caused by partial ion-

pairing of the amines in DODAP with the carboxylic groups 

in PEAA is not clear. However, we still obtained adequate 

release of the liposomal contents from PEAA-LUVs contain-

ing DODAP under acidic conditions.

Furthermore, pH-sensitive vesicles with the out-leaflet 

incorporated PEAA also show temperature-dependent 

release.36 The use of thermal-sensitive liposomal  carriers for 

enhanced local release of drugs has been  studied by several 

groups.37–40 Enhancement of therapeutic  efficacy has been 
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reported for many antitumor drugs.41–43 Temperature-sensitive 

vesicles containing a synthetic polyacrylic polymer have 

also been developed.  Considering that there is a relatively 

higher temperature and lower local pH at most disease sites, 

the combination of pH and temperature sensitivity may be 

advantageous, and illustrates a new development in lipo-

some research. Although far from optimized, the liposomal 

carrier developed in the current study has demonstrated an 

ability to respond to both pH and temperature changes by 

releasing its vesicular contents, and there may be a ben-

efit to be derived from differences in pH and temperature 

between healthy tissues and sites of disease. In the future, 

more sensitive pH-responsive and temperature-responsive 

vesicles may be constructed by partially modifying the 

carboxylic groups of PEAA with diisopropylamine. It is 

well known that poly(diisopropylacrylamide) is a good 

thermal-sensitive polymer, and liposomes containing 

poly(diisopropylacrylamide) have shown temperature-

dependent release of contents.44 PEAA has a chemical 

structure similar to that of poly(acrylic acid), with extra ethyl 

groups at the 2-position. Therefore, by carefully controlling 

the amount of diisopropylamide in the modified PEAA, the 

new PEAA liposomes would still be pH-sensitive and also 

thermal-sensitive.

Conclusion and further perspectives
In summary, this study has demonstrated that polymer size, 

liposome composition, surface charge, and temperature 

all influence the permeability of pH-sensitive liposomes 

containing lipid-anchored PEAA. Because the polymer 

size was kept at 8.4 kDa, the permeability of the PEAA 

liposome was dependent on its fluidity and rigidity, which 

could be modified by the cholesterol content and surface 

charge on the vesicles, and was varied using different types 

of phosphocholine. The PEAA liposome was also shown to 

be temperature-sensitive by careful control of the amount of 

diisopropylamide introduced into the modified PEAA. These 

new PEAA liposomes are both pH-sensitive and thermal-

sensitive, suggesting possible applications in the treatment 

of tumor or localized infection. Moreover, the information 

obtained in this study should be useful for the design of lipo-

somes that are highly sensitive to both ambient temperature 

and an acidic environment. We plan to explore these issues 

in our future in vivo experiments.
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