
 
 
General rights 
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

 Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 

 You may not further distribute the material or use it for any profit-making activity or commercial gain 

 You may freely distribute the URL identifying the publication in the public portal 
 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: May 23, 2023

Degradation of liposomal subcompartments in PEGylated capsosomes

Chandrawati, Rona; Chong, Siow-Feng; Zelikin, Alexander N.; Rigau, Leticia Hosta; Staedler, Brigitte;
Caruso, Frank

Published in:
Soft Matter

Link to article, DOI:
10.1039/c1sm05623a

Publication date:
2011

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Chandrawati, R., Chong, S-F., Zelikin, A. N., Rigau, L. H., Staedler, B., & Caruso, F. (2011). Degradation of
liposomal subcompartments in PEGylated capsosomes. Soft Matter, 7(20), 9638-9646.
https://doi.org/10.1039/c1sm05623a

https://doi.org/10.1039/c1sm05623a
https://orbit.dtu.dk/en/publications/9fc13268-9fec-42b9-bb32-ac83db369ae0
https://doi.org/10.1039/c1sm05623a


ISSN 1744-683X

www.rsc.org/softmatter Volume 7 | Number 20 | 21 October 2011 | Pages 9517–9768

1744-683X(2011)7:20;1-K

PAPER
Frank Caruso et al.
Degradation of liposomal 
subcompartments in PEGylated 
capsosomes 

V
o

lu
m

e
 7

 
| 

N
u

m
b

e
r 2

0
 

| 
2

0
1

1
 

S
o
ft M

atte
r 

T
h

e
m

e
d

 issu
e

: B
io

m
im

e
tic so

ft m
a

tte
r 

P
a

g
e

s 
9

5
1

7
–

9
7

6
8

RSC Advances is a new peer-reviewed journal covering all 

the chemical sciences, including interdisciplinary fields. 

Published articles report high quality, well-conducted 

research that adds to the development of the field.

  An expert editorial team led by Professor 

Mike Ward, University of Sheffield, UK

   Free access to all content throughout 2011 and 2012

  Free colour, no page charges

  Published online only

Sophisticated behind-the-scenes topic modelling classifies 

content into one or more of twelve subject categories 

in the chemical sciences: analytical; biological; catalysis; 

chemical biology and medicinal; energy; environmental; 

food; inorganic; materials; nanoscience; organic; and 

physical. 

RSC Advances

ISSN 2046-2069

www.rsc.org/advances Volume 1 | Number 1 | 2011 

RSC Advances
An international journal to further the chemical sciences

Read the latest issue

www.rsc.org/advances 
Registered Charity Number 207890

Themed issue: Biomimetic soft matter

D
ow

nl
oa

de
d 

by
 S

ta
ts

bi
bl

io
te

ke
t o

n 
17

 O
ct

ob
er

 2
01

1
Pu

bl
is

he
d 

on
 2

0 
Ju

ne
 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1S

M
05

62
3A

View Online

http://dx.doi.org/10.1039/c1sm05623a


Dynamic Article LinksC<Soft Matter

Cite this: Soft Matter, 2011, 7, 9638

www.rsc.org/softmatter PAPER

D
ow

nl
oa

de
d 

by
 S

ta
ts

bi
bl

io
te

ke
t o

n 
17

 O
ct

ob
er

 2
01

1
Pu

bl
is

he
d 

on
 2

0 
Ju

ne
 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1S

M
05

62
3A

View Online
Degradation of liposomal subcompartments in PEGylated capsosomes†

Rona Chandrawati, Siow-Feng Chong, Alexander N. Zelikin,‡ Leticia Hosta-Rigau, Brigitte St€adlerx
and Frank Caruso*

Received 8th April 2011, Accepted 16th May 2011

DOI: 10.1039/c1sm05623a
Capsosomes, polymer hydrogel capsules containing intact liposomal subcompartments, represent

a promising platform toward the assembly of cell-like systems. Compartmentalized assembly plays

a key role in the creation of therapeutic artificial cells, which focuses on enzymatic activities to degrade

waste products or to support the synthesis of biomolecules. A fundamental aspect that governs the

success of continuous enzymatic reactions in capsosomes is the long-term stability of the liposomal

subunits within the polymer hydrogel capsules at physiological conditions, as they are subject to

degradation in the presence of lipases. In this study, the outer membrane of the capsosomes was

PEGylated by immobilizing graft copolymers of poly(methacrylic acid) (PMA) and poly(ethylene

glycol) (PEG), and the fouling characteristics of this carrier system were investigated by incubation

with bovine serum albumin. The influence of PEGylation on the stability of the liposomal

subcompartments in the presence of phospholipases in different media was assessed. Diffusion of

lipases across the multilayered membrane of the carrier capsules was hindered when the capsules were

coated with PEG molecules. Furthermore, the rate of degradation of the liposomal subunits in

PEGylated capsosomes was found to be three times higher when the subcompartments were ‘‘free-

floating’’ (i.e., not membrane associated) in the capsules. The outlined surface modification of

capsosomes contributes to the development of these systems toward functional therapeutic artificial

cells.
Introduction

Engineering artificial cells is currently an emerging area of

research that involves constructing simplified synthetic cells.1–4

This has generated significant interest due to its expected impact

in biomedical research for potential therapeutic applications.

Recently, considerable progress has been achieved in designing

and developing functional bio-inspired systems, with the most

successful examples to date based on liposomes5–7 and poly-

mersomes.8,9 Both carrier systems are self-assembled vessels

made from amphiphilic lipid and diblock copolymers, respec-

tively. Rather than using a single component toward a synthetic
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cell-like system to perform a specific activity, a key feature in

creating artificial cells is the fabrication of a compartmentalized

system.1 This design allows for the controlled permeability of

(bio)molecules across the membrane of the carrier vehicle while

entrapping various subcompartments within its shell, hence

facilitating cell-like parallel and/or sequential enzymatic reac-

tions with the aim to mimic metabolic processes.

Polymer capsules,10–13 assembled via the sequential deposition

of interacting polymers on particle templates (layer-by-layer

assembly technology, LbL14–17) followed by core removal, have

been widely used to design carrier systems for biomedical

applications due to the facile control over size, shape, composi-

tion, and permeability of the capsule membrane. On the other

hand, liposomes are well suited to encapsulate active molecules in

their interior.18–20 We recently described the combination of these

two fundamentally different systems to prepare capsosomes,

intact liposomal subcompartments within polymer capsules.21

This design represents a promising platform for the assembly of

subcompartmentalized systems toward cell mimicry. Previously,

we reported a number of studies on the fabrication and func-

tionality of capsosomes, including: (i) a unique approach to

noncovalently anchor liposomes to polymer layers using

cholesterol-22 or oleic acid-modified polymers;23 (ii) deposition of

multilayers of liposomal subcompartments;23,24 (iii) incorpora-

tion of liposomes into nondegradable poly(allylamine
This journal is ª The Royal Society of Chemistry 2011
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hydrochloride) (PAH)/poly(styrene sulfonate) (PSS)25 or (bio)

degradable disulfide-stabilized poly(methacrylic acid)

(PMA)21–24,26,27 carrier capsules; (iv) control over positioning of the

liposomal subunits in the carrier capsules, which yields capsosomes

containingmembrane-associatedor ‘‘free-floating’’ subunits (filling

the cavity of the capsules);28 (v) encapsulation of hydrophilic22,24

and hydrophobic23,26 cargo within the liposomal subunits; (vi) size-

dependent retention of the cargo encapsulated within saturated or

unsaturated liposomes;24 (vii) delivery of antitumor drugs to cancer

cells;23,26 and (viii) trigger-induced enzymatic activity.21,24,28
Scheme 1 Schematic illustration of the assembly of PEGylated capsosomes w

particle is coated with a polymer precursor layer and liposomes (a, a0), followe
PMASH (b, b0). PEG surface functionalization (c, c0) is performed via adsorp

hydrogen bonding (i), followed by stabilization of the multilayered film and th

film by cross-linking of the thiols with DTDP (ii). Core dissolution (d, d0) resu
or ‘‘free-floating’’ (e0) in the assembly when dispersed at physiological condit

This journal is ª The Royal Society of Chemistry 2011
Optimized capsosome assembly facilitates the deposition of up

to 160 000 liposomal subunits within a 3 mm-diameter degrad-

able carrier capsule, which allows the encapsulation of a large

amount of bioactive molecules.24 In addition, utilizing the phase

transition temperature of the liposomal subcompartments to

induce an enzymatic reaction allows successive rounds of enzy-

matic catalysis, a key function of artificial cells that predomi-

nantly focuses on enzymatic activities to degrade waste products

or to support the synthesis of medically relevant biomolecules.24

Along with the negligible inherent cytotoxicity of pristine
ith membrane-associated (a–e) or ‘‘free-floating’’ (a0–e0) subunits. A silica

d by the deposition of a polymer capping layer and four bilayers of PVP/

tion where the PMASH–PEG copolymer interacts with the PVP layer via

e formation of covalent attachment of the PMA–PEG copolymers to the

lts in PEGylated capsosomes with the subunits either in the membrane (e)

ions.

Soft Matter, 2011, 7, 9638–9646 | 9639
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Scheme 2 Schematic illustration of the degradation of liposomal sub-

compartments in a capsosome by PLA2. The enzyme catalyzes the

hydrolysis of lipids from the second carbon group of glycerol and

subsequently releases fatty acids.

D
ow

nl
oa

de
d 

by
 S

ta
ts

bi
bl

io
te

ke
t o

n 
17

 O
ct

ob
er

 2
01

1
Pu

bl
is

he
d 

on
 2

0 
Ju

ne
 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1S

M
05

62
3A

View Online
capsosomes,26 the outlined features highlight the potential of

capsosomes as therapeutic cell mimics.

(Bio)degradable disulfide-stabilized PMA hydrogel

capsules,27,29–31 which are used to enclose the liposomal subunits,

are attractive microcarriers for biomedical applications. These

capsules have been used to encapsulate DNA,32–35 oligopep-

tides,36,37 intact proteins,30 and oil-solubilized lipophilic

drugs.38,39 In addition, the LBL fabrication technique allows

facile control over the wall thickness, permeability, stability, and

degradability of the capsules.40,41 However, to date, the surface

functionalization of these PMA hydrogel capsules with, for

example, poly(ethylene glycol) (PEG), has not yet been

demonstrated.

PEG is a biocompatible polymer that is widely used and

explored to endow surfaces with protein resistant properties in

biomedical applications. In drug delivery, the surface function-

alization of drug carriers such as liposomes and polymer capsules

with this low-fouling polymer has been shown to restrict protein

adsorption,20,42–44which is the first step toward enhancing specific

interactions with biomolecules or cells of interest for targeting. In

addition, extended circulation times of these carriers in the

bloodstream were demonstrated45 and reduced phagocytic

uptake was shown.46 PEG can be attached to surfaces via cova-

lent attachment or by the adsorption of PEG-grafted copoly-

mers, which have been reported to PEGylate multilayered

polymer capsules composed of PLL,42 PAH/PSS,46 or poly(dia-

llyldimethylammonium) (PDADMAC)/PSS.47 In this study, the

latter approach is singled out because the immobilization of the

PEG copolymers can be performed with a similar mechanism as

in assembly of the films, and the copolymer can be characterized

prior to adsorption, therefore enabling control and reproduc-

ibility over the interfacial PEG chain density.

For capsosomes, a crucial feature for the success of continuous

enzymatic reactions is governed by the stability and integrity of

the liposomal subcompartments within the carrier capsules. This

aspect, especially under biomedically relevant conditions, i.e., in

the presence of serum and degradative enzymes such as phos-

pholipase A2 (PLA2), is yet to be examined. To promote the

stability of the subunits under these conditions and therefore

prevent lysis of these structures and premature release of the

encapsulated cargo, selective permeability of these biomolecules

across the capsosome membrane is required. In general, the

permeability of capsules (including disulfide-stabilized PMA

hydrogel capsules40) can be controlled by the number of depos-

ited layers. Our recent studies showed that the permeability of

PMA capsules can also be tuned by varying the thiol content of

the thiol-modified PMA (PMASH) chains as well as the type

of cross-linkers used to stabilize the multilayered film.41 While

PEGylation of polymer capsules has been proven to restrict

surface adsorption of proteins and block phagocytosis, it has not,

to our knowledge, been considered to tune the permeability of

microcarriers.

In the current study, we (i) conjugate PEGmolecules to a thiol-

modified PMA chain via thiol–maleimide coupling chemistry to

obtain a PMA–PEG copolymer; (ii) evaluate the immobilization

efficiency of this copolymer on the outer surface of two different

types of capsosomes (capsosomes with membrane-associated or

‘‘free-floating’’ liposomal subunits (Scheme 1)); (iii) investigate

the adsorption of bovine serum albumin (BSA) onto these
9640 | Soft Matter, 2011, 7, 9638–9646
capsosomes; (iv) assess the effect of PEGylation on the perme-

ability of the polymer carrier capsules by performing time-course

experiments on the enzymatic degradation of the liposomal

subcompartments in capsosomes by PLA2 (Scheme 2) in phos-

phate buffered solution (PBS), in BSA-containing PBS, and in

a cell medium; and (v) compare the liposomal degradation

behavior of capsosomes with subcompartments in different

spatial positions (membrane-associated or ‘‘free-floating’’).
Experimental section

Materials

Poly(N-vinyl pyrrolidone) (PVP, Mw 10 kDa), poly(L-lysine)

(PLL, Mw 40–60 kDa), tris(2-carboxyethyl)phosphine (TCEP),

DL-dithiothreitol (DTT), 3-(N-morpholino)propanesulfonic

acid (MOPS), phospholipase A2 (PLA2) from bovine pancreas,

2,20-dithiodipyridine (DTDP), 4-(2-hydroxyethyl)piperazine-1-

ethane-sulfonic acid (HEPES), sodium chloride (NaCl), sodium

acetate (NaOAc), phosphate buffered saline (PBS), calcium

chloride (CaCl2), bovine serum albumin (BSA), penicillin, and

streptomycin were obtained from Sigma-Aldrich. Silica particles

(3.25 mm in diameter) were obtained fromMicroparticles GmbH

(Berlin, Germany). Poly(methacrylic acid) (PMA, Mw 15 kDa)

was purchased from Polysciences (Pennsylvania, USA). Mal-

eimide polyethylene glycol succinimidyl ester (MAL–PEG–

NHS, Mw 5 kDa) was purchased from Jenkem Technology Co.,

Ltd (Beijing, China). Zwitterionic lipids, 1,2-dimyristoyl-sn-

glycero-3-phosphocholine (DMPC) and 1,2-dipalmitoyl-sn-

glycero-3-phosphocholine (DPPC), and the fluorescent lipid

1-myristoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodeca-

noyl]-sn-glycero-3-phosphocholine (NBD-PC), were obtained from

Avanti Polar Lipids (Alabama, USA). Alexa Fluor 488 (AF488)

cadaverine, Alexa Fluor 633 (AF633) carboxylic acid succini-

midyl ester, and RPMI media 1640 with L-glutamine were

purchased from Invitrogen (California, USA). Fetal Bovine
This journal is ª The Royal Society of Chemistry 2011
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Serum (FBS) was obtained from JRH Biosciences (Kansas,

USA).

Cholesterol-modified PLL (PLLc, Mw 40–60 kDa),22 poly-

(methacrylic acid)-co-cholesteryl methacrylate (PMAc, Mw 11.6

kDa),22 poly(N-vinyl pyrrolidone)-block-(cholesteryl acrylate)

(PVPc, Mw 10.9 kDa),28 and thiol-modified PMA with 15 mol %

thiol groups (PMAPD(SH), Mw 15 kDa)30 were synthesized

according to previously published protocols.

Three types of buffer were mainly used throughout the

experiments: (i) HEPES buffer consisting of 10 mM HEPES and

150 mM NaCl (pH 7.4); (ii) NaOAc buffer consisting of 20 mM

NaOAc (pH 4.0); and (iii) PBS buffer consisting of 10 mM

phosphate buffer, 2.7 mM potassium chloride, 137 mM NaCl,

and 10 mMCaCl2 (pH 7.4). The buffer solutions were made with

ultrapure water (Milli-Q gradient A 10 system, resistivity z 18

MU cm, TOC < 4 ppb, by Millipore Corporation, Massachu-

setts, USA).

Liposome formation

Fluorescently labeled saturated zwitterionic liposomes (Ls,zw
NBD)

were prepared by evaporation of the chloroform of the lipid

solution (2 mg of DMPC, 0.5 mg of DPPC, and 0.04 mg of NBD-

PC) under nitrogen for 1 h, followed by hydration with 1 mL

HEPES buffer and extrusion through 50 nm filters (31 times).

Preparation of AF488-labeled MAL–PEG (MAL–PEG488, Mw

5 kDa)

A solution of 40 mg mL�1 MAL–PEG–NHS (typically 10 mg) in

carbonate buffer (100 mM, pH 8.0) was incubated with 80 mL of

AF488 cadaverine (1 mg mL�1 in water). The reaction was

allowed to proceed overnight, followed by purification via size

exclusion chromatography (SEC) (2�) and freeze-drying.

Preparation of AF488-labeled PMAPD(SH)–PEG copolymer

(PMAPD(SH)–PEG488, Mw 48.7 kDa)

A solution of 5.55 mg mL�1 PMAPD (typically 1 mg) in HEPES–

EDTA buffer (140 mM HEPES, 2 mM EDTA, pH 7.5) was

incubated with 0.5 mg of TCEP for 5 min, followed by the

addition of 4 mg of MAL–PEG488 (50 mg mL�1 in HEPES–

EDTA buffer). The reaction was allowed to proceed overnight,

followed by purification via SEC (2�) and freeze-drying to give

the PMAPD–PEG488. The concentration of PEG was derived by

correlation with a calibration curve of PEG488 (Fig. S1, ESI†)

and subsequently the PMA : PEG ratio was calculated. The

substitution degree of PEG per PMA chain was evaluated and

determined to be 6 mol %. The reduced form, PMASH–PEG488,

was prepared by incubating PMAPD–PEG488 (100 mg mL�1) in

0.5 M DTT in MOPS buffer (20 mM, pH 8.0) for at least 30 min

at 37 �C prior to dilution in NaOAc buffer (2 mg mL�1).

Capsosome assembly

Capsosomes with membrane-associated subunits. A suspension

of 3.25 mm-diameter SiO2 particles (5 wt%) in HEPES buffer was

incubated with PLLc (1 mg mL�1, 15 min), washed with three

centrifugation/redispersion cycles (1060 g, 30 s), and the coated

particles were allowed to interact with Ls,zw
NBD (1.25 mg mL�1,
This journal is ª The Royal Society of Chemistry 2011
40 min). PMAc (1 mg mL�1, 15 min) was adsorbed as a polymer

capping layer and the buffer was exchanged to NaOAc buffer. At

least four bilayers of alternating PVP (1 mg mL�1, 10 min) and

PMASH (1 mg mL�1, 10 min) were sequentially deposited.

Capsosomes with ‘‘free-floating’’ subunits. A suspension of 3.25

mm-diameter SiO2 particles (5 wt%) in HEPES buffer was incu-

bated with PVPc (1 mg mL�1, 15 min), washed with three centri-

fugation/redispersion cycles (1060 g, 30 s), followed by the

adsorption of Ls,zw
NBD (1.25 mg mL�1, 40 min). The coated parti-

cles were allowed to interact with the capping layer PVPc (1 mg

mL�1, 15min) and thebufferwas exchanged toNaOAcbuffer. The

assembly was continued by adding PMA (1 mg mL�1, 10 min),

followed by the sequential deposition of at least four bilayers of

PVP (1 mg mL�1, 10 min) and PMASH (1 mg mL�1, 10 min).

PEGylated capsosomes. A layer of PVP (1 mg mL�1, 10 min)

was adsorbed onto the coated particles, followed by: (a) the

adsorption/interaction of PMASH–PEG488 (1 mg mL�1, 15 min)

onto the PVP layer via hydrogen bonding or (b) reaction of

PMAPD–PEG488 (1 mg mL�1, 15 h) with the thiol groups on the

PMA chain via thiol–disulfide exchange. In all experiments, the

thiols within the polymer layers were cross-linked with DTDP

(0.5 mg mL�1, 15 h) in NaOAc buffer. Capsosomes were

obtained by dissolving the silica particles using a 2 M HF/8 M

NH4F solution for 2 min, followed by multiple centrifugation

(4500 g, 3 min)/NaOAc buffer washing cycles.

Quantification of PEG chain density per capsosome

The number of PEG moieties immobilized on the membrane of

the capsosomes was quantified by fluorescence measurements

using an excitation wavelength of 495 nm and an emission

wavelength of 519 nm. To allow quantification of PEG, the

system was assembled with non-fluorescently labeled Ls,zw and

fluorescently labeled PMA–PEG488. The experiments were

carried out using a Fluorolog-3 Model FL3-22 spectrofluorom-

eter (Jobin Yvon Inc., USA) equipped with a HgXe lamp. The

amount of PEG adsorbed was derived by correlation with

a calibration curve of PEG488 (Fig. S1, ESI†) and subsequently

this value was divided by the number of capsosomes counted via

flow cytometry to obtain the amount of PEG immobilized per

capsosome. The interfacial chain density of PEG was evaluated

by dividing the amount of PEG per capsosome by the surface

area of the particles.

BSA adsorption

Suspensions of 6 � 108 capsosomes per mL in PBS, terminated

with three different outer polymer layers (PLL, PMA, or PMA–

PEG), were incubated with AF633-labeled BSA (BSA633, 1 mg

mL�1) at room temperature for 2 h. These samples were then

washed with three centrifugation/redispersion cycles in PBS

(4500 g, 3 min) prior to measuring the fluorescence intensity of

the labeled capsosomes via flow cytometry.

Degradation of the liposomal subcompartments

Suspensions of 6 � 108 capsosomes per mL were incubated at

37 �C in: (a) PBS buffer containing 0.05 mg mL�1 PLA2, (b) PBS
Soft Matter, 2011, 7, 9638–9646 | 9641
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Fig. 1 CLSM images of capsosomes containing fluorescently labeled

liposomes (Ls,zw
NBD) with subcompartments in different spatial positions:

membrane-associated subunits (a) or ‘‘free-floating’’ subunits (b) in PBS

(pH 7.4). Scale bars are 5 mm.

Fig. 2 a) Interfacial PEG chain density on coated silica particles or

capsosomes, demonstrating the stability of the immobilized PMA–PEG

copolymers on the membrane of the carrier via the adsorption method.

(b) CLSM images of PEG488-capsosomes with membrane-associated Ls,zw

subunits (i) or ‘‘free-floating’’ Ls,zw subunits (ii) in PBS (pH 7.4). The

liposomes are not fluorescently labeled. Scale bars are 5 mm.
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buffer containing 0.05 mg mL�1 PLA2 and 0.5 mg mL�1 BSA, or

(c) in a cell medium (RPMI-1640 with L-glutamine, supple-

mented with 10% FBS, 500 U mL�1 penicillin, and 50 mg mL�1

streptomycin) containing 0.05 mg mL�1 PLA2. The fluorescence

intensity of capsosomes containing the labeled liposomes was

monitored over time via flow cytometry.

Characterization methods

Flow cytometry. A Cyflow Space (Partec GmbH, Germany)

flow cytometer using excitation wavelengths of 488, 488 and

633 nm was used to measure the intensity of Ls,zw
NBD-coated

particles, Ls,zw
NBD-coated capsosomes and capsosomes with

adsorbed BSA, respectively. At least 20 000 particles or capsules

were analyzed in each experiment.

Confocal laser scanning microscopy (CLSM). Fluorescently

labeled, PEGylated capsosomes were imaged with a Leica TCS

SP2 AOBS confocal microscope equipped with an argon laser

(l ¼ 488 nm) using a 63� oil immersion objective (Leica,

Germany).

Differential interference contrast (DIC) microscopy. DIC

images of capsosomes were taken with an Olympus IX71 digital

wide-field microscope equipped with a DIC slider (U-DICT,

Olympus), the corresponding filter sets, and a 60� oil immersion

objective.

Results and discussion

Capsosome PEGylation

First, the immobilization of PEGmoieties on themembrane of the

PMA carrier capsules was explored. Two different types of cap-

sosomes were studied: capsosomes containing either (i)

membrane-associated subunits (Scheme 1e and Fig. 1a) or (ii)

‘‘free-floating’’ subunits (Scheme 1e0 and Fig. 1b). PEGylation of

the PMA carrier using PMA–PEG copolymers was achieved via

passive adsorption of the reduced form of the copolymer,

PMASH–PEG, which interacts via hydrogen bonding with the

PVP layer on the particle surface (Scheme 1(i)). An alternative

approach, similar to our recently reported cross-linking concept,27

was also applied. This involves the use of PMAPD–PEG conju-

gates that can react via thiol–disulfide exchange with the thiol
9642 | Soft Matter, 2011, 7, 9638–9646
groups on the PMASH chains constituting the membrane of the

carrier capsule. However, this method was found to be less effi-

cient than the adsorption method (Fig. S2, ESI†).

Following PMA–PEG adsorption, the multilayered film was

stabilized and the PMA–PEG copolymers were linked to the film

through cross-linking of the thiols with DTDP. The particle

cores were then removed to yield PEGylated capsosomes (PEG-

capsosomes). The use of DTDP converts the PMASH thiol

groups into disulfides by thiol–disulfide exchange.41 This non-

oxidative cross-linking approach exploits a similar principle to

the polymeric cross-linker, PMAPD, previously used to cross-link

the membrane of capsosomes.27 However, the lower molecular

weight of DTDP enables the facile infiltration into and

throughout the preassembled polymer film, providing a higher

degree of cross-linking and better encapsulation efficiency of

small molecules. This approach yields PMA hydrogel capsules

with tunable permeability and will be further detailed in

a subsequent publication.

The PEG molecules were fluorescently labeled with AF488

prior to conjugation with PMA (PMA–PEG488), thereby
This journal is ª The Royal Society of Chemistry 2011
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allowing the fluorescence intensity of the coated particles or

capsosomes to be monitored via fluorescence spectrophotometry

and visualization of the presence of the PEG molecules on the

surface via confocal laser scanning microscopy. Fig. 2a summa-

rizes the interfacial PEG chain density of the coated particles

upon immobilization of the PMA–PEG copolymers. The

stability of the adsorbed copolymers during cross-linking and

core dissolution, and subsequent dispersion of the two types of

capsosomes with subcompartments in different spatial positions

(membrane-associated or ‘‘free-floating’’) at pH 7.4 (physiolog-

ical conditions) were assessed. After binding of PMASH–PEG

onto the carrier membrane, the PEG chain density of the coated

particles for the assembly of capsosomes with membrane-asso-

ciated subunits (black bars) was similar to those with the

assembly for ‘‘free-floating’’ subunits (red bars). Subsequently,

the adsorbed copolymers remained stable during the cross-link-

ing step, core removal, and washing into PBS buffer. This

demonstrated that the diffusion of the DTDP cross-linker

through the polymer layers and the subsequent formation of

disulfides by thiol–disulfide exchange, core dissolution, and the

change of environmental pH did not alter the stability of

the interaction between the adsorbed PMA–PEG copolymer and

the PVP layer on the surface. For both types of capsosomes, the

interfacial PEG chain density was determined to be �0.15 chains

per nm2. CLSM images of capsosomes confirmed the presence of

a PEG488 corona on capsosomes with membrane-associated

(Fig. 2b(i)) or ‘‘free-floating’’ Ls,zw subunits (Fig. 2b(ii)).
Fig. 4 a) Degradation of fluorescently labeled membrane-associated

liposomal subunits in capsosomes assembled with 5 PVP/PMASH bilayers

when exposed to 1 mg mL�1 or 0.05 mgmL�1 PLA2, as monitored by flow

cytometry. (b) Degradation of fluorescently labeled membrane-associ-

ated liposomal subunits in capsosomes by 0.05 mg mL�1 PLA2, as
BSA adsorption onto PEGylated capsosomes

To assess the fouling properties of the PEG-functionalized cap-

sosomes, we incubated these carriers with BSA633 and the

amount of adsorbed protein was determined and compared to

non-PEGylated capsosomes (PMA as the outermost layer) and

PLL-coated capsosomes. PLL-coated capsosomes are expected

to exhibit high protein binding42 and this fluorescence reading

was set to 100%. Fig. 3 summarizes the normalized fluorescence

intensity of these capsosomes upon incubation with BSA, as

monitored by flow cytometry. In contrast, non-PEGylated

PMA-terminated capsosomes showed 60% reduced adsorption
Fig. 3 Normalized fluorescence intensity of capsosomes with a final

layer of PLL (left), PMA (middle) and PMA–PEG (right), monitored by

flow cytometry after 2 h incubation with BSA633 in PBS (pH 7.4).

monitored by flow cytometry. The carrier capsules were assembled with 5

or 6 PVP/PMASH bilayers.

This journal is ª The Royal Society of Chemistry 2011
of BSA633, indicating that PMA itself is relatively low-fouling in

comparison to PLL.48 PEGylated capsosomes exhibited a �70%

reduction in BSA633 adsorption, showing that PEGylating the

carrier capsules further reduces.
Degradation of liposomal subcompartments by phospholipase

(PLA2)

PLA2 is an enzyme that catalyzes the hydrolysis of lipids from the

second carbon group of glycerol and subsequently releases fatty

acids. At physiological conditions, the presence of this enzyme

may be detrimental to liposomal subunits in capsosomes since its

enzymatic activity will result in destruction of the subunits and

subsequent release of the encapsulated cargo.

Herein, we performed a time-course degradation experiment

of fluorescently labeled liposomes entrapped in capsosomes by
Soft Matter, 2011, 7, 9638–9646 | 9643
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bovine pancreatic PLA2 (Mw 14 kDa, IEP 6.3). PLA2 activity in

serum was reported to be 10 units mL�1;49 therefore we used this

concentration to mimic in vivo conditions, which in this case

refers to 0.05 mg mL�1. We also used 1 mg mL-1 for comparison.

Fig. 4a shows a comparison between the degradation of the

liposomal subunits by 1 mg mL�1 and 0.05 mg mL�1 PLA2 in

PBS. While the higher concentration of PLA2 degraded the

liposomes within 1 h, the data suggested that 50% of the sub-

compartments were degraded within 6 h, with complete degra-

dation after 24 h for the biologically relevant PLA2

concentration. The stability of liposomes in capsosomes is

significantly improved when compared to these unilamellar

liposomes adsorbed to PLL-coated silica particles, without the

subsequent assembly of the PMA membrane. In the latter case,

0.05 mg mL�1 PLA2 completely degraded the liposomes in 5 min

(data not shown).

Due to the compartmentalized assembly, PLA2 has to diffuse

through the membrane of the carrier capsules to hydrolyze the
Fig. 5 Degradation of fluorescently labeled membrane-associated liposomal s

in PBS in the presence of 0.5 mg mL�1 BSA, and (c) in cell media, as monitore

and ii) or in cell media (iii and iv), before and after exposure to PLA2 for 48

9644 | Soft Matter, 2011, 7, 9638–9646
lipids. The diffusion of proteins through polymer capsules has

been previously described as a ‘‘relay-race’’ mechanism, which

involves protein adsorption onto the hydrogel.50 To examine the

permeability of PLA2 through the cross-linked PMA membrane,

we assembled capsosomes with a different numbers of bilayers

(i.e., 5 or 6 bilayers of PVP/PMASH). The PLA2 degradation

activity was investigated and is shown in Fig. 4b. An additional

polymer bilayer did not serve as a more effective barrier to the

diffusion of PLA2 across the membrane of the carrier capsule.

Although liposomes in capsosomes have prolonged stability in

comparison to naked liposomes, it would be beneficial for ther-

apeutic cell mimics to have further extended stability of their

active subunits.

To this end, we considered PEG-functionalized capsosomes

with the aim to understand if this additional layer alters the

permeability properties of the cross-linked PMA layers. We

investigated the diffusion of PLA2 and subsequent degradation

behavior of the liposomes in these capsosomes in different media;
ubunits in PEGylated capsosomes by 0.05 mg mL�1 PLA2: (a) in PBS, (b)

d by flow cytometry. (d) DIC images of PEGylated capsosomes in PBS (i

h at 37 �C, respectively. Scale bars are 5 mm.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 6 Degradation of fluorescently labeled membrane-associated

subunits (black) or ‘‘free-floating’’ subunits (red) in PEGylated cap-

sosomes by 0.05 mg mL�1 PLA2 in PBS, as monitored by flow cytometry.
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PBS, BSA-containing PBS, and cell media. Fig. 5a depicts the

degradation of the fluorescently labeled liposomal subcompart-

ments in PEGylated and non-PEGylated capsosomes by 0.05 mg

mL�1 PLA2 in PBS (pH 7.4). The subcompartments in PEGy-

lated capsosomes were stable for the first 4 h and began

degrading slowly after 5 h, with 60% of the liposomal subunits

left after incubation of the capsosomes with the lipases for 48 h.

Control samples in PBS showed only a small decrease in fluo-

rescence of 10–20% in the same time frame. On the other hand,

the liposomal subcompartments in non-PEGylated capsosomes

were fully degraded within 48 h.

Fig. 5b summarizes a similar degradation study in the presence

of BSA. BSA, apart from being the most abundant protein in

human blood, has been shown to exert positive modulation and

enhance the maximum activity of phospholipases, which in this

case refers to the performance of PLA2 in hydrolyzing the

lipids.51,52 In the presence of BSA, the time to reach 50% degra-

dation of the liposomes shifted from 6 h (Fig. 5a) to 4 h (Fig. 5b)

in non-PEGylated capsosomes. On the other hand, the degra-

dation trend using PEGylated capsosomes was observed to be

similar to that in the absence of BSA, with a slight variation in

the degree of degradation during the first hour, i.e., �20% of the

subunits were already degraded followed by a slow, gradual

decrease, with the same amount of subunits (60%) remaining

after 48 h.

In cell media, the presence of PLA2 did not affect the degra-

dation of liposomes (Fig. 5c); liposomes were degraded at

a similar rate irrespective of the presence of the lipases. This is

likely due to the presence of abundant proteins in serum, which

interact or insert into the lipids and destabilize the liposomes,53

hence concealing the effect of the PLA2. As observed, the

degradation rate of liposomes in non-PEGylated capsosomes in

cell media was faster in comparison to those incubated with PBS

in the presence of BSA; that is, degradation of 50% of the

subunits occurred within 2 h (compared with 4 h). When

employing PEGylated capsosomes, on the other hand, the

degradation behavior is similar in all three media and consider-

ably slowed down. DIC images of the PEGylated capsosomes

(Fig. 5d) in PBS (top) and in cell media (bottom), before (left)

and after (right) degradation of the liposomes by PLA2 for 48 h

at 37 �C, show that the structural integrity is preserved and not

affected by the degradation. Also, no capsosome aggregation

was observed in the presence of serum (Fig. S3, ESI†). Fluores-

cence microscopy images of these capsosomes were also obtained

(Fig. S4, ESI†).

We also compared the liposomal degradation kinetics in

PEGylated capsosomes with membrane-associated subunits to

capsosomes with ‘‘free-floating’’ subunits (Fig. 6). During the

first hour, 60% degradation of the ‘‘free-floating’’ sub-

compartments observed, followed by a plateau through to 8 h.

While the leveling off of the degradation kinetics was observed

in both cases, the initial degradation rate was three times higher

for ‘‘free-floating’’ subunits in comparison to the membrane-

associated liposomes. Since the interfacial PEG chain density

for both types of capsosomes is similar (Fig. 2a), this obser-

vation suggests that the permeability of the polymer membrane

of the capsosomes (e.g., cross-linking density and degree of

swelling) or the stability of the subunits themselves, or

a combination of these effects, is different depending on the
This journal is ª The Royal Society of Chemistry 2011
location of the liposomes in the assembly. In the former case,

the presence of the liposomes and cholesterol embedded in the

polymer shell might have altered the permeability, i.e.,

the higher density of the surface decreases the permeability of

the membrane to biomolecules. In the latter case, the close

proximity to the polymer layers might contribute to the

stability of the liposomes, hence more efficient hydrolysis of the

lipids is required. These results confirm the effect of PEG

moieties in enhancing the effectiveness of the polymer

membrane to act as a diffusion barrier with the aim to prevent

the uncontrolled access of proteins to the capsosome interior.

Conclusions

Surface functionalization of capsosomes with PMA–PEG

copolymers can be achieved via hydrogen bonding interaction

of PMASH–PEG with the PVP layer followed by subsequent

cross-linking with DTDP. This approach afforded an interfa-

cial PEG chain density of �0.15 chains per nm2. Slightly lower

amounts of BSA were adsorbed to PEGylated capsosomes than

non-PEGylated capsosomes. We demonstrated the effect of

PEG surface functionalization on the permeability of the

carrier capsules. We examined the degradation of the fluo-

rescently labeled liposomal subcompartments due to diffusion

of the degradative enzyme, PLA2, across the polymer layers.

Degradation of 50% of the subunits in the non-PEGylated

capsosomes occurred within 6, 4, and 2 h for capsosomes

incubated with PLA2 in PBS, in PBS with the presence of BSA,

and in cell media, respectively, and full degradation was

observed within 48 h. In contrast, PEGylated capsosomes

exhibited a similar trend of liposomal stability in all of the

three tested media, with 60% of the subunits remaining after

48 h. Furthermore, PEGylated capsosomes with ‘‘free-floating’’

subunits demonstrated a higher degree of permeability to PLA2

compared to those with membrane-associated subunits. Given

the facile and rapid surface functionalization method, and the

subsequent higher liposomal stability in the compartmentalized

assembly, these results further advance the development of

capsosomes as a promising platform toward therapeutic cell

mimicry.
Soft Matter, 2011, 7, 9638–9646 | 9645
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