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Liposomes coated with poly(hydroxyethyl L-glutamine) (PHEG) show prolonged circulation times and
biodistribution patterns comparable to PEG-coated liposomes. While PEG is a nondegradable polymer,
PHEG is expected to be hydrolyzed by proteases. In this study the enzymatic degradability of PHEG
both in its free form and grafted onto liposomes was investigated, using the proteases papain, pronase
E, and cathepsin B. Enzymatic action was monitored with a ninhydrin assay, which quantifies amine
groups formed due to hydrolysis of amide bonds, and the degradation products were characterized by
MALDI-ToF mass spectrometry. PHEG, both in its free form and when grafted onto liposomes, showed
degradation into low molecular weight peptides by the enzymes. Thus, we present a polymer-coated
long-circulating liposome with an enzymatically degradable coating polymer, avoiding the risk of
cellular accumulation.

INTRODUCTION

Liposomes are nanosized particles consisting of an
aqueous volume enclosed by one or more phospholipid
bilayers. Because of their biocompatibility and versatility
they have been extensively studied as systems for the
(targeted) delivery of small conventional drugs but also
of macromolecules such as antigens, proteins, and DNA.
Both lipophilic and hydrophilic compounds can be incor-
porated into liposomes, either in or absorbed to the lipid
bilayer or in the aqueous compartment(s) (1-4). Intra-
venously injected liposomes are generally rapidly re-
moved from the circulation, often hampering their ability
to reach the aimed target site. This rapid elimination is
due to recognition and capture by macrophages of the
mononuclear phagocyte system (MPS), particularly those
present in liver and spleen (2, 3). Surface modification
with the hydrophilic polymer poly(ethylene glycol) (PEG)
results in a decrease in uptake by the MPS and conse-
quently in a prolonged circulation time (2, 5). Due to this
MPS avoidance (‘stealth’) effect, PEG-liposomes are able
to extravasate at pathological sites with areas of leaky
endothelium, e.g. in tumors and inflamed tissues (so-
called EPR effect (6, 7)). Besides PEG, several other
polymers have been investigated for prolonging the
circulation times of liposomes. Torchilin et al. studied
vinyl-based liposome coatings (8), Woodle et al. studied
poly(oxazoline) conjugates (9), and Maruyama et al.
studied polyglycerol (10). Intravenously injected low
molecular weight PEG (MW < 20 kDa) is rapidly cleared
by the kidney (11, 12). However, its intracellular fate
after uptake of PEG-coated liposomes is not known. PEG
and the other polymers mentioned are not degradable
by mammalian enzymes and therefore there is a risk of

accumulation in cells in which the liposomes localize (e.g.
macrophages), which in turn can lead to cell function
impairment.

In a previous study we reported on two poly(R-amino
acid)-lipid conjugates, namely poly(hydroxyethyl L-glut-
amine)-N-succinyldioctadecylamine (PHEG-DODASuc)
and poly(hydroxyethyl L-asparagine)-DODASuc (PHEA-
DODASuc), as stealth coatings for liposomes (structures
shown in Figure 1). Indeed, liposomes coated with these
polymers showed circulation kinetics and biodistribution
patterns comparable to PEG-liposomes (13). The conju-
gates are based on modified L-R-amino acids and there-
fore have the potential to be degraded in vivo by
proteases and peptidases. Poly(hydroxyethyl L-glutamine)
(PHEG) has been investigated as biomaterial for different
applications, and its enzymatic degradability has already
been demonstrated (14-21). Relatively high molecular
weight PHEG (MW ) 25000-75000 Da) is cleaved into
low molecular weight peptides by several proteolytic
enzymes (e.g. papain, pepsin, pronase E, cathepsin B) of
which the cysteine protease papain showed the highest
activity (17, 19). Besides that enzymatic degradation
reduces the risk of polymer accumulation inside cells, an
enzymatically degradable coating polymer can also be
used to trigger cellular uptake of the liposomes and/or
release of the entrapped biologically active agent. To be
more precise, in the extracellular space of tumors and
inflamed tissues relatively high concentrations of pro-
teases are present (22, 23). As just pointed out, long-
circulating liposomes preferentially accumulate in such
pathological tissues and ‘stripping’ of the polymer coating
by enzymatic action can occur. As a result of the stripping
process, surface properties (e.g. charge) and surface-
associated targeting moieties that were initially shielded
by the polymer coating become exposed (sheddable
shielding) which may induce cellular binding and inter-
nalization.

In contrast to high molecular weight PHEG, the
enzymatic degradation of low molecular PHEG as well
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as liposome-grafted PHEG has not been studied so far.
The purpose of the present study was to investigate the
enzymatic degradability of PHEG-DODASuc used as a
coating for long-circulating liposomes and to identify the
degradation products. Model enzymes, papain and pro-
nase E, with specificities comparable to those of intra-
and extracellular proteases, and the lysosomal cysteine
protease cathepsin B, were used. All three enzymes are
known to be capable of cleaving high molecular weight
PHEG. Papain is a well-studied cysteine endopeptidase
from Carica papaya latex with a broad catalytic specific-
ity and is frequently used as a substitute for cathepsin
B in degradation studies (20, 21). Pronase E, isolated
from Streptomyces griseus, is composed of endo- and
exopeptidases and therefore represents a natural mixture
of proteases (24). Cathepsin B is a cysteine protease,
which is present, for example, in mammalian lysosomes
and is involved in protein turnover (25). It is also
extracellularly present in pathological tissues such as
tumors and sites of inflammation (22, 23).

The PHEG-conjugate was evaluated for enzymatic
degradability both in its free form and grafted onto the
surface of liposomes. Poly-L-glutamic acid was used as a
control. Degradation of the free and grafted conjugate
was assessed using a ninhydrin assay. Degradation
products were analyzed by matrix-assisted laser desorp-
tion/ionization mass spectrometry (MALDI-ToF MS).

MATERIALS AND METHODS

Materials. PHEG-DODASuc (average MW ) 3500
Da, determined by NMR and MALDI-ToF MS, corre-
sponding with an average degree of polymerization of 16)
was used in this study. Papain from papaya latex (33
units/mg in suspension, 28 mg protein/mL), cathepsin B
from bovine spleen (lyophilized powder, 5.6 units/mg
solid, 14 units/mg protein), Z-L-Lys-ONp hydrochloride,
poly-L-glutamic acid (sodium salt, MW 1500-3000),
ninhydrin, hydridantin, 2-methoxyethanol, R-cyano-hy-
droxycinnaminic acid, n-octylglucoside, and cholesterol
were all purchased from Sigma-Aldrich Chemie BV,
Zwijndrecht, The Netherlands. N-R-Benzoyl-D,L-arginine-
p-nitroanilide (D,L-BAPNA) was obtained from ICN Bio-
medicals BV, Zoetermeer, The Netherlands. Pronase E
(from Streptomyces griseus, 6-8 U/mg, lyophilized pow-
der) was a product of Serva Electrophoresis GmbH,
Heidelberg, Germany. Dipalmitoylphosphatidylcholine
(DPPC) and poly(ethylene glycol)-distearylphosphatidyl-
ethanolamine (PEG2000-DSPE) were purchased from
Lipoid GmbH, Ludwigshafen, Germany. All other re-
agents were of analytical grade.

Degradation with Papain. Thirty five microliters of
the papain suspension was added to 965 µL of buffer (50
mM KH2PO4, 2.5 mM EDTA, 15 mM dithiothreitol, pH
6.5) to give a clear solution (32 U papain/mL). The
solution was incubated for 1 h at 37 °C to activate the
enzyme (26). The enzyme concentration was determined
by UV spectroscopy at 278 nm (specific extinction coef-
ficient ε% ) 25.0) (27). To determine the activity of
papain, 50 µL of activated papain solution was added to
950 µL of 2 mM N-R-benzoyl-D,L-arginine-p-nitroanilide
(D,L-BAPNA) solution in phosphate buffer (50 mM KH2-
PO4, 2.5 mM EDTA, pH 6.5). The formation of the
product, 4-nitroaniline, was monitored spectroscopically
at 410 nm.

The stability of papain was assessed by incubating the
enzyme (400 µL of activated papain solution in 7.6 mL
of phosphate buffer) at 37 °C for 120 h. At different time
points the activity of papain was determined by mixing
500 µL of this solution with 500 µL of 2 mM D,L-BAPNA
followed by the spectrophotometric analysis as described
above. PHEG-DODASuc and poly-L-glutamic acid (pGlu)
were dissolved in phosphate buffer (50 mM KH2PO4, 2.5
mM EDTA, pH 6.5) to a final concentration of 1 mg/mL.
Activated papain (150 µL) was added to 2850 µL of the
polymer solution. The mixtures were incubated at 37 °C.
At different time points samples of 250 µL for ninhydrin
analysis and of about 50 µL for mass spectrometric
analysis were withdrawn. To inactivate the enzyme, the
tubes were closed, heated for 5 min at 100 °C, and stored
at -20 °C until analysis.

Degradation with Pronase E. Pronase E was dis-
solved to a concentration of 1 mg/mL in 10 mM HEPES
(N-(2-hydroxyethyl)piperazine-N′-2-ethanesulfonic acid),
5 mM CaCl2, pH 7.5. PHEG-DODASuc and pGlu were
dissolved in the same buffer to a final concentration of 1
mg/mL. The pronase E solution (150 µL) was added to
2850 µL of the polymer solutions, which were subse-
quently incubated at 37 °C for 216 h. At different time
points samples of 250 µL for the ninhydrin assay and
samples for mass spectrometric analysis were withdrawn
and heat inactivated as described for the papain samples.
The samples were stored at -20 °C until further analysis.

Degradation with Cathepsin B. To assess the
activity of cathepsin B, 1 mg of the enzyme was dissolved
in 300 µL buffer (20 mM sodium acetate, 1 mM EDTA, 5
mM cysteine, pH 5). The substrate Z-L-Lys-ONp hydro-
chloride was dissolved in DMSO to a concentration of 2.3
mg/mL. Substrate solution (50 µL) and enzyme solution
(10 µL) were added to 3 mL of acetate buffer. The
generation of 4-nitrophenol was monitored spectroscopi-
cally over 5 min at 326 nm.

For studying the degradation of PHEG-DODASuc,
cathepsin B was dissolved to a concentration of 16.5 mg/
mL in buffer (50 mM sodium acetate, 1 mM EDTA, 10
mM dithiothreitol, pH 5.5). PHEG-DODASuc was dis-
solved in the same buffer without dithiothreitol to a final
concentration of 1 mg/mL. Cathepsin B (150 µL) was
added to 2850 µL of the polymer solution. The mixture
was incubated at 37 °C for 144 h. Samples for ninhydrin
and mass spectrometric analysis were withdrawn at
different time points, and the enzyme was inactivated
as described above. Samples were stored at -20 °C before
analysis.

The activity of cathepsin B was also followed in time.
Cathepsin B was incubated at 37 °C in buffer (50 mM
sodium acetate, 1 mM EDTA, 10 mM dithiothreitol, pH
5.5) at a concentration of 0.825 mg/mL for 144 h. Samples
of 10 µL were withdrawn at different time points and
added to a mixture of 50 µL of the substrate solution and

Figure 1. Structures of PHEG-DODASuc and PHEA-
DODASuc.
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3 mL of buffer (50 mM sodium acetate, 1 mM EDTA, pH
5.5). Formation of 4-nitrophenol was monitored spectro-
scopically at 326 nm.

Liposome Preparation. PHEG-DODASuc- and
PEG-DSPE-liposomes were prepared by a film-extrusion
method (28). In a typical experiment, a lipid mixture
composed of DPPC/cholesterol/coating polymer (1,85:1:
0.15 molar ratio; total lipid ≈100 mg) was dissolved in
about 2 mL of a mixture of chloroform/methanol (1:1 v/v)
in a 50 mL round-bottom flask. A lipid film was obtained
by evaporation of the solvent under reduced pressure at
50 °C. After being flushed with nitrogen, the lipid film
was hydrated in 4 mL of phosphate buffer (50 mM KH2-
PO4, 2.5 mM EDTA, pH 6.5), yielding a phospholipid
concentration of 18.5 µmol/mL for the PHEG-liposomes
and 20 µmol/mL for the PEG-liposomes. Liposomes were
sized by sequential extrusion through two stacked poly-
carbonate filters (Poretics, 400, 200, 100, and 50 nm) with
a high-pressure extrusion device. The liposomes were
subjected to ultracentrifugation at 200000g (2 × 30 min,
4 °C) using a Beckman LE-80K Ultracentrifuge and
redispersed in 4 mL of buffer (50 mM KH2PO4, 2.5 mM
EDTA, pH 6.5).

Liposome Characterization. The mean particle size
and polydispersity index of the liposome dispersions (10
times diluted with phosphate buffer) were determined
by dynamic light scattering using a Malvern 4700
spectrometer. The zeta potential of the liposomes (diluted
1:100 in 5 mM HEPES buffer, pH 7.0) was determined
using a Malvern Zetasizer 2000. Phospholipids were
quantified spectrophotometrically according to Rouser et
al. (29) after extraction of the lipids from the phosphate
buffer with chloroform (30).

Degradation of Liposome-Grafted Poly(amino
acid)-Lipid Conjugates with Papain. Activated pa-
pain in phosphate buffer (450 µL, 32 U/mL) was added
to 8.55 mL of the dispersions of PEG-DSPE- and
PHEG-DODASuc-liposomes. The dispersions were in-
cubated at 37 °C and samples (250 µL) were taken
periodically. The size and zeta potential of the liposomes
were measured as described above. To separate the
liposomes from the soluble degradation products, they
were spun down by ultracentrifugation. In detail, 5 mL
of phosphate buffer was added to the samples. Ultracen-
trifugation was done for 30 min at 200,000 g at 4 °C. The
supernatant was collected, freeze-dried, stored at -20 °C
and subsequently analyzed for degradation products by
the ninhydrin assay. After 48 h of incubation, n-octyl-
glucoside (150 mg) was added to 3 mL of the PHEG-
liposome dispersion. Next, fresh papain (150 µL to 2850
µL of solution) was added. Samples of 250 µL were
withdrawn at different time points, heat inactivated,
stored at -20 °C and subsequently analyzed by the
ninhydrin assay.

Quantitative 1H NMR analysis of Papain-Treated
PHEG-liposomes. PHEG-liposomes were incubated with
papain as described above. After 48 h the papain-treated
liposomes were separated from the soluble degradation
products by ultracentrifugation (1 mL of liposome disper-
sion diluted with 5 mL of 5 mM NaCl, 200000g, 30 min,
4 °C). Next, the liposome pellet was dispersed in 1 mL of
5 mM NaCl and freeze-dried. The cake was dissolved in
a mixture of CDCl3/d6-DMSO (2:1) and subsequently
analyzed by 1H nuclear magnetic resonance spectroscopy
(NMR). Spectra were recorded with a Varian G-300
spectrometer (Varian, Palo Alto, CA) at 300 MHz. The
number of accumulated transients was 32; the relaxation
delay D1 was 10 s. The signals of the liposome mixture
were assigned on the basis of chemical shift and intensity

data and confirmed by homonuclear double resonance
experiments. The relative amount of PHEG-DODASuc
was quantified by comparing the integral values of proton
signals of cholesterol and PHEG-DODASuc. The cho-
lesterol signal chosen for calculation was at δ 5.2 (posi-
tion: C6 at the double bond, corresponding to one proton)
and the PHEG-DODASuc signal was at δ 3.45 (posi-
tion: side chain-CH2 next to OH, corresponding to 16 ×
2 protons for n ) 16). As a control formulation a sample
of PHEG-liposomes that were not incubated with papain
was prepared and analyzed as described above. A detailed
description of this analytical method and its validation
will be published elsewhere.

Ninhydrin Assay. When peptide bonds in peptides
are cleaved due to action of the enzymes, primary amines
are formed. The concentration of amines in the different
samples was determined spectrophotometrically by the
use of ninhydrin (31). The samples were thawed, and 1
M sodium acetate buffer (pH 5.5) was added to give a
final volume of 1 mL. Next, 1 mL of freshly prepared
ninhydrin solution (2.0 g ninhydrin and 0.3 g hydridantin
dissolved in 75 mL of 2-methoxyethanol and 25 mL of 4
M sodium acetate buffer, pH 5.5) was added. The
mixtures were vortexed and incubated for 15 min at 100
°C. After being cooled to room temperature, the samples
were diluted with 5 mL of 50% ethanol in water, and the
absorbance was read at 570 nm with a Perkin-Elmer
Lambda 2 UV/vis spectrophotometer. Glycine (in 1 M
acetate buffer) was used for calibration. The calibration
curve was linear up to 0.5 µmol glycine/mL. Suitable
controls containing only substrate or papain were run
in parallel, and their readings were subtracted for
plotting the degradation of the polymer-conjugates and
controls.

MALDI-ToF Mass Spectrometry. R-Cyano-4-hy-
droxycinnaminic acid was used as a matrix and dissolved
to a concentration of 10 mg/mL in 50% acetonitrile in
water containing 0.1% trifluoroacetic acid. The samples
were mixed with the matrix solution in a volume ratio
of 1:3. Three times 1 µL of this mixture was put on a
single position of the sample deposition plate and left at
room temperature to allow solvent evaporation. Spectra
of samples incubated with papain, pronase E, and cathe-
psin B were acquired with a Voyager-DE STR MALDI-
ToF mass spectrometer (Applied Biosystems, Foster City,
CA) operated in positive ion mode. Ionization was initi-
ated with a nitrogen laser operating at 337 nm with a
repetition rate of 7.6 Hz. Delayed extraction linear mode
with an accelerating voltage of 20 kV was used and the
acquisition mass range was 700-7000 Da. Calibration
was done with a peptide mixture (900-3700 Da). MALDI-
ToF spectra were analyzed with the Applied Biosystems
Data Explorer Software.

RESULTS AND DISCUSSION

Enzymatic Degradation of PHEG-DODASuc Fol-
lowed by the Ninhydrin Assay. Papain Incubation.
The stability of papain was established using N-R-
benzoyl-D,L-arginine-p-nitroanilide as substrate. It was
shown that papain retained 50% of its activity after 72
h of incubation at pH 6.5 and 37 °C. The decrease in
activity is likely caused by self-destruction, a phenom-
enon frequently observed for proteolytic enzymes with a
broad specificity (17). The degradation PHEG-DODASuc
and the control pGlu by papain was monitored by
determination of the formed primary amine groups using
the ninhydrin assay. The results are presented in Figure
2. During the first 10 h of incubation a strong increase
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in free amine concentration was observed for PHEG-
DODASuc and pGlu, demonstrating that both relatively
low molecular weight polymers are degraded by papain,
as previously reported for their high molecular weight
counterparts (14-21, 32). Figure 2 also shows that a
plateau value in amine concentration was obtained after
48-72 h. As mentioned, papain was still active after 72
h indicating that the degradation process did not stop
due to inactivity of the enzyme. However, the activity of
the enzyme might be inhibited by the formed degradation
products. To investigate this, fresh papain was added
after 48 h of incubation. No further increase in amine
concentration was found, which shows that the obtained
fragments cannot be further cleaved by the enzyme. The
concentration of the formed amine groups in the PHEG-
DODASuc sample after 72 h incubation (1.1 µmol amine/
mL) corresponds with about four hydrolysis sites per
molecule, yielding fragments with 3-4 amino acids.
Fragments of 8-9 amino acids were formed after 72 h
incubation of pGlu with papain. The modification of the
glutamic acid side chain in PHEG with hydroxyalkyl-
amine can be responsible for its higher enzymatic sus-
ceptibility (16).

Pronase E Incubation. Figure 3 shows the degradation
profiles obtained when PHEG-DODASuc and pGlu were
incubated with pronase E. This figure demonstrates that,
in agreement with the findings of Pytela et al. for
relatively high molecular weight PHEG (19, 20), the
PHEG-conjugate as well as poly-L-glutamic acid are
cleaved by this enzyme. On the basis of the plateau
values of the amine concentrations, it is calculated that
PHEG and pGlu are finally degraded into fragments of
1-2 and 2-3 amino acids, respectively. The higher
susceptibility of PHEG for pronase E (final degradation
fragments of 1-2 amino acids) as compared to papain

(3-4 amino acids) is likely due to the fact that pronase
E contains a cocktail of both endo- and exopeptidases.

Cathepsin B Incubation. Figure 4 demonstrates the
degradability of PHEG-DODASuc by cathepsin B. The
number of amine groups increases upon incubation,
reaching its maximum value after 144 h. Unfortunately,
the final fragment size could not be calculated since the
concentration of primary amine groups in a control
solution of cathepsin B only increased in time. Likely due
to autodigestion, some of the peptide bonds in the enzyme
are hydrolyzed, and the formed amine groups give a
signal in the ninhydrin assay. In line herewith, an
activity assay with a low molecular weight substrate
showed that under the selected conditions the activity
half-life of cathepsin B was about 30 h. Nevertheless, the
concentration of amines in the samples with PHEG-
DODASuc was always greater than in the control solu-
tion, demonstrating that this conjugate is a substrate for
this enzyme. To get insight into the extent of PHEG-
DODASuc degradation by cathepsin B, mass spectromet-
ric analysis was done.

Mass Spectrometric Analysis of Enzymatically
Degraded PHEG-DODASuc. Figure 5, 6, and 7 show
representative mass spectra of papain-, pronase E-, and
cathepsin B-degraded PHEG-DODASuc; Table 1 gives
the peak assignments. In the spectrum of the nonde-
graded PHEG-DODASuc (Figure 5a), the peak distribu-
tions of the K+- and the Na+-adducts are present. The
K+-adduct is abundant since KH2PO4 was used in the
degradation buffer. In the spectra of PHEG-DODASuc
incubated with papain (Figure 5b and 5c), the high mass
peaks originating from the nondegraded conjugate disap-
peared in time, and new peaks were observed. These new
peaks have relatively lower masses and increase in their
relative abundance in time (most pronounced at t ) 72
h). A lactam group forms the terminus of the peptide
chain in the native conjugate (Figure 1). The observed
peaks in the degraded samples can be assigned to
degradation fragments of the PHEG-conjugate without
this lactam end group and a lower degree of polymeri-
zation. For example in the spectrum of the sample
incubated for 8 h with papain (Figure 5b), masses of these
fragments were between 1400 and 3000 Da, correspond-
ing to fragment size of 4-13 amino acid residues. The
observation that the resulting conjugates do not carry a
lactam group indeed demonstrates that the peptide chain
was hydrolytically cleaved, yielding PHEG-DODASuc
(with an NH2 terminus) and PHEG with COOH and
lactam termini as degradation products. The latter
products were not detected due to their low molecular
weight. In the spectrum of the papain-degraded conjugate
after 72 h incubation (Figure 5c) the peak population
shifted to low masses of 1000-2300 Da, corresponding

Figure 2. Time course of the concentration of primary amines
in papain-incubated samples of PHEG-DODASuc (9) and poly-
L-glutamic acid (0) as determined by the ninhydrin assay
(average ( SD of three experiments). PHEG-DODASuc incu-
bated in buffer without papain shows a constant concentration
of amines in time.

Figure 3. Time course of the concentration of primary amines
in pronase E-incubated samples of PHEG-DODASuc (9) and
poly-L-glutamic acid (0) as determined by the ninhydrin assay
(average ( SD of three experiments).

Figure 4. Time course of the concentration of primary amines
in cathepsin B-incubated samples of PHEG-DODASuc as
determined by the ninhydrin assay (average ( SD of three
experiments).
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with fragments of 2-9 amino acids. Figure 6 shows the
mass spectrum of PHEG-DODASuc incubated with
pronase E. The peak population of the original conjugate
disappeared, and peaks of Na+-adducts of conjugate
molecules without the lactam end group appear. Here the
Na+-adducts are the most abundant due to the choice of
the buffer. The highest peak represents a fragment size
of the DODASuc-anchor with 4 amino acids. Mass
spectrometric analysis suggests a lower extent of degra-
dation than the ninhydrin analysis (pronase E-catalyzed
degradation of PHEG-DODASuc: compare fragments of

1-2 amino acids based on ninhydrin assay with those
found with mass spectrometry analysis (2-5 amino
acids)). It should be noted, however, that with the
ninhydrin assay both fragments with and without the
DODASuc-anchor are detected, whereas in the mass
spectrum only the fragments with the anchor were
observed. Obviously, the DODASuc-anchor prevents bind-
ing of the conjugate to the enzyme when a certain
fragment size is achieved. Figure 7 shows the mass
spectrum of PHEG-DODASuc degraded by cathepsin B
after 144 h of incubation. The highest population of peaks

Figure 5. Mass spectra of PHEG-DODASuc (a) and after incubation with papain for 8 h (b) and 72 h (c).

Figure 6. Mass spectrum of PHEG-DODASuc after incubation with pronase E for 216 h.
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can be assigned to Na+-adducts of degradation fragments
without lactam endgroup. The peak population of the
Na+-adduct of the nondegraded conjugate is also present;
however, their peak intensities are much lower than
those of the degraded conjugate. Masses of the degraded
fragments are between 1500 and 5000 Da, corresponding
with conjugates of DODASuc with 5 to 25 hydroxylethyl
L-glutamine residues. These results demonstrate that
under the selected conditions PHEG-DODASuc is de-
graded by cathepsin B, however, not as considerable as
observed with papain or pronase E. Because cathepsin
B is rather unstable under the experimental condtions
(t1/2 ) approximately 30 h), maximal fragmentation of
PHEG-DODASuc is not achieved. It is therefore ex-
pected that under physiological conditions where the
enzyme concentration is substantially higher (10-40 mg/
mL in lysosomes (25), as compared to 0.8 mg/mL in this
study) and its turnover is high, PHEG-DODASuc can
be degraded further.

Degradation of PHEG Conjugate Grafted onto a
Liposome Surface. Polymer-coated (PHEG/PEG) lipo-
somes were prepared by the film-extrusion method. The
loss of phospholipids during liposome preparation was
approximately 30%; Table 2 shows the physical charac-
teristics (size and charge) of the different liposome

preparations. The PHEG-coated liposomes were slightly
bigger than the PEG-liposomes. This is probably due to
aggregate formation during the ultracentrifugation step
(UC induced size increase of ≈30 nm, increase in poly-
dispersity of ≈0.2). The negative values of the zeta
potential of the different liposomes are probably due to
the low ionic strength (5 mM HEPES, pH 7.0) at which
the measurements were done (33).

Figure 8 shows that the concentration of amines
increased in time when liposomes grafted with PHEG-
DODASuc were incubated with papain. This means that
PHEG-DODASuc grafted onto a liposomal surface is still
susceptible for degradation by papain and probably by
other proteolytic enzymes. In agreement with expecta-
tions, PEG-DSPE coated on the liposomes was not
degraded by this enzyme. For PHEG-DODASuc, a
plateau in amine concentration was reached after ap-
proximately 24-40 h of incubation. In Figure 9 the size
and zeta potential of the liposomes as a function of
incubation time with papain are shown. For the PEG-
DSPE coated liposomes, no significant changes in size
and zeta potential upon incubation were observed. How-
ever, the PHEG-DODASuc-coated liposomes decreased
around 20 nm in size during the first 5-10 h of degrada-
tion. The degradation of the conjugate on the liposome
surface results in a smaller hydrodynamic diameter and
is therefore a possible explanation, but this alone cannot
be the reason for the observed drop in size. The end-to-
end distance of the peptide part of the conjugate is
approximately 6.5 nm; thus, a complete shedding of the
peptide would result in a maximum size decrease of ≈13

Figure 7. Mass spectrum of PHEG-DODASuc after incubation with cathepsin B for 144 h.

Table 1. Peak Assignment in Mass Spectra of
PHEG-DODASuc Incubated with Papain, Pronase E,
and Cathepsin B, as Shown in Figures 5, 6, and 7,
Respectively

incubation m/z assignment

papain (t ) 0 h) 1186.7 [DODASuc-(PHEG)2-lactam+K]+

1875.0 [DODASuc-(PHEG)6-lactam+K]+

2548.3 [DODASuc-(PHEG)10-lactam+Na]+

3252.8 [DODASuc-(PHEG)14-lactam+K]+

4632.3 [DODASuc-(PHEG)22-lactam+K]+

5282.2 [DODASuc-(PHEG)26-lactam+Na]+

papain (t ) 8 h) 4588.9 [DODASuc-(PHEG)22-lactam+H]+

1075.3 [DODASuc-(PHEG)2+K]+

1574.9 [DODASuc-(PHEG)5+Na]+

2107.9 [DODASuc-(PHEG)8+K]+

2263.9 [DODASuc-(PHEG)9+Na]+

2796.3 [DODASuc-(PHEG)12+K]+

2952.6 [DODASuc-(PHEG)13+Na]+

papain (t ) 72 h) 1059.6 [DODASuc-(PHEG)2+Na]+

1591.3 [DODASuc-(PHEG)5+K]+

1747.8 [DODASuc-(PHEG)6+Na]+

1936.1 [DODASuc-(PHEG)7+K]+

2264.7 [DODASuc-(PHEG)9+Na]+

pronase E (t ) 216 h) 1036.1 [DODASuc-(PHEG)2+H]+

1058.8 [DODASuc-(PHEG)2+Na]+

1380.0 [DODASuc-(PHEG)4+H]+

1552.9 [DODASuc-(PHEG)5+H]+

1575.5 [DODASuc-(PHEG)5+Na]+

cathepsin B (t ) 144 h) 2546.7 [DODASuc-(PHEG)10-lactam+Na]+

3235.2 [DODASuc-(PHEG)14-lactam+Na]+

4782.9 [DODASuc-(PHEG)23-lactam+Na]+

2264.0 [DODASuc-(PHEG)9+Na]+

3296.5 [DODASuc-(PHEG)15+Na]+

4843.9 [DODASuc-(PHEG)24+Na]+

Figure 8. Time course of the concentration of amines in the
papain-incubated samples of PHEG-DODASuc-coated lipo-
somes as determined by the ninhydrin assay (average ( SD of
three experiments). The arrow indicates the time point when
liposomes were solubilized with n-octylglucoside and fresh
papain was added.

Table 2. Liposome Characteristics

liposome type
mean diameter

[nm]
polydispersity

index
zeta potential

[mV]

PHEG-DODASuc 158 ( 1 0.31 ( 0.03 -29 ( 1
PEG-DSPE 127 ( 1 0.07 ( 0.02 -35 ( 5
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nm. As the polydispersity index of the PHEG-coated
liposomes decreased from 0.3 to around 0.2 upon incuba-
tion with the enzyme, a dissociation of the aggregates,
which were formed during ultracentrifugation, is likely
to occur as well. The zeta potential of the PHEG-
liposomes goes from -20 mV to about -10 mV. Mass
spectrometry (Figure 5b/5c) demonstrates that after
enzymatic digestion the formed DODASuc-peptide frag-
ment has a terminal amine group (instead of the neutral
lactam group of the nondegraded conjugate). This amine
group is protonated at pH of 7.0 and likely responsible
for the less negative zeta-potential. The progression of
changes in size and zeta potential in time are in very
good agreement with the progression of the amine
content of the samples as seen in the ninhydrin degrada-
tion assay (compare Figures 8 and 9). The preparation
method applied will result in the formation of unilamellar
liposomes (34), with polypeptide conjugate present at
both the inner and outer layer. It is likely that only the
polypeptide present at the outside of the liposomal bilayer
is accessible for enzymatic attack. When the liposomes
were destabilized by n-octylglucoside after 48 h incuba-
tion with papain, formation of amines continued (Figure
8). This indicates that indeed only the polypeptide
present at the outside of intact liposomes is degraded by
papain.

According to the phosphate determination 70% of the
initial phospholipid amount is recovered in the final
dispersion. Assuming that therefore around 70% of the
initial PHEG-conjugate amount is remaining in the
liposome dispersions after preparation, the extent of
degradation of surface grafted PHEG is the same as that
of the conjugate in solution (final degradation products
contain 3-4 amino acids). 1H NMR-analysis of the
liposome dispersion incubated with papain for 48 h
showed that 63 ( 10% of the PHEG was still associated
with the liposomal bilayer. As concluded from the data
presented in Figure 8, PHEG present at the inside the
liposome (≈50% of the totally present polymer) is not
accessible for enzymatic attack. From the 1H NMR

analysis it can be derived that the PHEG fragment
present at the outer layer of the liposomal membrane
after enzymatic degradation contains 4-5 amino acid
residues. This is in excellent agreement with the data of
the enzymatic degradation of the PHEG-conjugate after
mass spectrometric analysis.

In conclusion, this paper demonstrates that PHEG-
DODASuc is enzymatically degradable even when it is
attached to a liposomal surface, avoiding the risk of
intracellular accumulation and making liposomes with
a sheddable coating feasible.
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