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Abstract

From adsorption kinetics and interfacial rheological studies performed by using a pendant-drop method, i.e. in conditions close to
those of the primary emulsion of the water-in-oil-in-water emulsion-encapsulation technique, it was shown that adsorption of the hen
egg-white lysozyme (HEWL) at the water/dichloromethane (DCM) interface can be efficiently slowed down by modulating some param-
eters. It was shown that a decrease of the ionic strength of the aqueous phase, and the optimization of the density of the poly(ethylene
glycol) (PEG) adsorbed film by increasing the PEG concentration or by modulating the polymer chain length, can significantly decrease
the rate of adsorption of HEWL at the water/DCM interface. Moreover, it was shown that the choice of the dissolution phase of PEG

(DCM or water) clearly influences the results.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Rapid growth in the field of biotechnology has led to the
development of numerous recombinant protein drugs such
as hormones and vaccines [1]. The use of protein delivery
systems is a promising way to prevent and cure diseases
[2]; in fact microspheres can provide various advantages
such as sustained drug delivery, localized release, enhanced
drug safety and efficacy, and improvement of patient com-
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pliance [3]. Extensive studies are ongoing using biodegrad-
able microspheres for sustained protein delivery [4].

The water-in-oil-in-water (w/o/w) emulsion technique,
followed by solvent extraction and freeze-drying steps, is
the method commonly used to load peptides or proteins
into microparticles based on biocompatible polymers such
as poly(p,L-lactide) (PLA) or poly(b.L-lactide-co-glycolide)
(PLAGA). With this technique, concentrated proteins can
be encapsulated in polymer matrices [5]. However, the first
step of the encapsulation process can be detrimental to the
integrity of proteins. The exposure of proteins to the water/
organic solvent (frequently dichloromethane (DCM)) inter-
face induces structural changes, modifications of protein
stability, and results in a loss of biological activity and an
increase of an unwanted immune response [6-8]. Moreover,
the anchoring of protein in the polymer matrix can result in
an incomplete release of the protein [9].

Reviews dealing with the different strategies commonly
used to prevent protein adsorption, report that tensioactive
compounds competing with proteins at interfaces can min-
imize protein adsorption [4,10]. Among these compounds,
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poly(ethylene glycol) (PEG) is an interesting polymer with
various potential applications in the formulation area [11].
PEG, being a flexible, hydrophilic, uncharged, and highly
hydrated polymer, presents all the basic requirements for
efficient protein rejection [12]. Studies report a potential
increase of protein stability in the presence of PEG in the
aqueous phase [9,13,14]. Nevertheless, PEG is a peculiar
polymer, soluble both in water and in DCM [11]. From
bulk FTIR spectroscopy measurements and enzymatic
activity assays to assess the structural changes of proteins
induced by its exposition to interfaces created during the
emulsification process, it was concluded that the addition
of PEG in the organic phase could optimize the reduction
of the amount of non-covalent protein aggregates and a
subsequent loss of activity [2,15]. In such studies, the pro-
tecting effect of PEG is not directly estimated at the inter-
face but in the bulk. However, the prevention of protein
adsorption at the water/DCM interface directly influences
the success of the formulation.

Even if PEG has already been the focus of many inter-
facial characterization studies, alone [16-19] or in combi-
nation with proteins [12,20], the influence of the
dissolution phase on the ability of PEG chains to prevent
protein adsorption has been poorly investigated.

The pendant-drop method is a technique which makes it
possible to experimentally model the conditions of the pri-
mary emulsion. Thus, in the present study, by using the
pendant-drop method, adsorption kinetics and interfacial
rheological properties of PEG films adsorbed from water
or from DCM, and of a model protein, the hen egg-white
lysozyme (HEWL), were characterized. Moreover, as some
parameters like PEG molecular weight and interfacial PEG
chain density may influence protein-rejecting properties of
PEG-containing coatings [12,21], the impact of PEG bulk
concentration and PEG molecular weight on the adsorp-
tion of the protein at the water/DCM interface was stud-
ied. Finally, we also checked the influence of the ionic
strength of the aqueous phase on the adsorption of HEWL
at the water/DCM interface.

2. Materials and methods
2.1. Materials

PEG 2000 was a a-methoxy, @-hydroxy-PEG 2000. The
number-average molecular weight (Mn) of the polymer
determined by nuclear magnetic resonance at 360 MHz
was 2200. PEG 2000 and o-methoxy, ®-hydroxy-PEG
5000, o-methoxy, ®-hydroxy-PEG 17500 HEWL (n°
L6876, dialyzed and lyophilized, containing the buffer salts
sodium acetate and sodium chloride, 3x crystallized pro-
tein at approx. 95%) were purchased from Sigma Chemical
Co. (L’Isle d’Abeau, France), and were used without fur-
ther purification. Dichloromethane (DCM) was purchased
from Prolabo (Paris, France). NaCl, for analysis, ACS, and
ISO was supplied from Merck (Nogent-sur-Marne,

France). Ultrapure water was obtained from a Millipore®
system (Milli-Q Plus 185, Molsheim, France).

2.2. Interfacial tension measurements

Adsorption kinetics of HEWL or/and PEG were
obtained at the water/DCM interface by means of a pen-
dant-drop method (TRACKER®, TECLIS, Longessaigne,
France) [22]. A DCM drop was formed with an Exmire
microsyringe (Prolabo, Paris, France) into an optical glass
bowl (Hellma, France) containing the aqueous phase
(eventually dissolving HEWL). PEG was dissolved in one
or the other phases depending upon the experiment. The
axial symmetric shape (Laplacian profile) of the drop was
analyzed by using a video camera connected to a micro-
computer. The computer calculated up to twenty times
per second the characteristic parameters of the drop (sur-
face area, volume, and surface tension) according to the
Laplacian equation applied to the profile of the drop.
Movements of the syringe piston were controlled by a step-
ping motor. It was thus possible to compress or expand the
surface of the drop within a few percent, and to maintain
the drop surface area constant during the experiments, so
that the surface tension variation was only related to the
adsorption of the molecules at the interface.

2.3. Rheological measurements

By using a theoretical approach based on two-dimen-
sional rheology, the dynamic response of interfacial films
to a controlled dilatational perturbation (drop compres-
sion) was investigated. Figs. 1A and B, corresponding,
respectively, to the relative surface area and surface pres-
sure variations against time, present theoretical results that
could be related to the compression of a surface film.

If a dilatational mechanical stress of the film is followed
by a relaxation of the surface pressure over time, the rheo-
logical behavior of the interfacial film is called viscoelastic.
In this case, the analysis of the dynamic response of the film
allows us to estimate, according to a modified Maxwell
model (Fig. 1C), the viscoelastic parameters of the interfa-
cial film: E,, the conservative part of the dilatational elas-
ticity, significant for the lateral interactions between
segments of macromolecules on the interface plane, and
relevant to the rigidity of the interfacial film; E,,, the dissi-
pative part of the dilatational elasticity, related to molecu-
lar reorganization like the expulsion of molecular chains
upon compression, and interactions of molecules with the
adjacent liquid phase molecules; and z, the characteristic
time of relaxation, i.e. the necessary time for the interface
to reach a new equilibrium energy state after the perturba-
tion. This rheological approach has been discussed in pre-
vious papers [23-26].

If a dilatational mechanical stress of the film is not fol-
lowed by any relaxation, the rheological behavior of the
interfacial film is called purely elastic. In that case,
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Fig. 1. (A) Schematic surface area variation during the compression
(0<t<t.) of a surface film. For 7> ., the surface area is maintained
constant. (B) Schematic related surface pressure change An during the
time of compression (0 < 7 < ¢.), followed by a relaxation ( ) or not
(= = = -). (C) Rheological model used to study the dilatational properties
of monolayers is based on a generalized Maxwell model. The viscoelastic
parameters of the interfacial film: E,, the conservative part of the
dilatational elasticity, E,., the dissipative part of the dilatational elasticity,
and 1, the characteristic time of relaxation.

E,.=0, and the elasticity of the film (E.) can be directly
deduced from Eq. (1)

dn

Ee:—Aa (1)

3. Results and discussion

Fig. 2 shows the adsorption kinetics of HEWL (0.05 mg/
mL) obtained at the water/DCM interface in the absence
or presence of PEG 2000 (0.1 mg/mL) in water or in DCM.

The adsorption kinetics of HEWL obtained in the
absence of PEG in any phase (Fig. 2a) can be divided into
three parts:

(1) A “lag time” also called “induction time” [27] corre-
sponding to the first 350 s during which the initial surface
tension remains close to that of the pure water/DCM inter-

face, i.e. 28 mN/m. During this period, protein segments
would be present at the interface but would not appreciably
reduce the interfacial tension [27,28].

(2) A rapid decrease of y in the interval comprised
between 350 s and 6000 s indicating an accelerated adsorp-
tion of HEWL. Adsorption can be related to the affinity of
HEWL for amphiphilic interfaces since HEWL is a globu-
lar protein exhibiting high effective surface hydrophobicity
[29]. Acceleration can be also due to attraction interactions
being established between adsorbed protein segments and
bulk molecules [28]. Indeed, adsorbed protein molecules
adopt a more energetically favorable conformation for
both hydrophobic and hydrophilic side-chains. Order/dis-
order transitions take place leading to a significant unfold-
ing of the protein and changes in its secondary structure,
i.e. turning o-helixes into B-sheets [28,30,31]. Such confor-
mational changes may provide attraction interactions
between adsorbed protein segments and bulk molecules
[28].

(3) A very slow decrease in y is observed after 6000 s.
After 7500 s, y variation remains lower than 0.1 mN/m,
indicating that adsorption equilibrium has been reached,
and the equilibrium surface tension value (yeq) is 7.9 mN/m.
This third regime would correspond to a slow unfolding
and molecular rearrangement, i.e. two-dimensional precipi-
tation, intermolecular association, or the aggregation of
the individual unfolded protein molecules, resulting in the
formation of additional layers [28-30,32]. Protein self-
aggregation upon adsorption would lead to the formation
of intermolecular antiparallel B-sheets [33]. It is reported
that such aggregation can be objectified in emulsions by
the apparition of a continuous membrane coating the oil-
water interface [33]. Interestingly, the formation of a quite
visible skin around the DCM drop can be directly observed
upon compression of the drop (Ay ~4 mN/m) (Fig. 3).
This skin is typical of concentrated protein systems but also
of surface aggregation [33,34].

To better understand and characterize the interfacial
molecular organization, the interactions within the interfa-
cial layer, and the interactions between the interfacial film
and adjacent phases, the dilatational, rheological proper-
ties of the HEWL interfacial film were studied after adsorp-
tion kinetics reached an equilibrium state, typically after
8000 s.

Compression (Ay < 1 mN/m) of the interfacial film was
followed by an immediate decrease of y; no relaxation of
v was observed, indicating purely elastic behavior. E. was
calculated from Eq. (1), and a value of 13 & 1 mN/m was
found. Such pure elastic rheological behavior indicates that
compression of the film induces only protein segment com-
pression in the plane of the interface, but no major reorga-
nization such as the expulsion of protein segments toward
adjacent phases [24,25]. This result corroborates the forma-
tion by protein segments of a coagulum at the interface at
equilibrium.

From Fig. 2, curves b and c, we can see that whether the
phase of dissolution of PEG 2000 (0.1 mg/mL) is water
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Fig. 2. Adsorption kinetics obtained at the water/DCM interface for, (a)
mL —QO
PEG 2000w (

).

Fig. 3. Presence of a skin upon compression (Ay ~ 4mN/m) of a DCM
drop immersed in an aqueous phase of HEWL (1 mg/mL).

(PEG 2000w) or DCM (PEG 2000 d), the initial surface
tension value (yo) is 19 mN/m. In both cases, a decrease
in y is observed, and adsorption equilibrium is reached
after about 300 s. From y., values, 17.5 mN/m for PEG
2000 d, and 16.6mN/m for PEG 2000w, PEG 2000 is more
surface-active at the water/DCM when it is dissolved in
water rather than in DCM. This is in accordance with
the higher affinity of PEG 2000 for DCM than for water,
and corroborates results previously obtained for PEG
2000 (0.001 mg/mL) [19].

The study of the rheological properties of the polymer
films shows for PEG 2000w purely elastic behavior, and
gives an E, value of 4.5 mN/m. For PEG 2000d, compres-
sion (Ay <1 mN/m) of the interfacial film is not followed
by any rheological response. As already suggested for other
polymer interfacial films, reorganization of the interfacial
films could take place upon compression, but too fast to
be quantified by our method which is sensitive to phenom-
ena having characteristic times typically greater than 1s
[19,35].

Adsorption kinetics obtained for the mixed protein/
polymer films (Fig. 2, curves ¢ and d) show that during
the initial 2500 s, the y values are identical to those mea-
sured for the corresponding pure PEG 2000 films. y then
decreases, and curves obtained for mixed films tend to

), () PEG 2000 from water (PEG 2000w, 0.1 mg/mL —=O—), (d) mixture of HEWL and PEG 2000d (

4000 5000 6000 7000 8000

Time [s]
HEWL (0.05 mg/mL «ssssseeese ), (b) PEG 2000 from DCM (PEG 2000d, 0.1 mg/

), (¢) mixture of HEWL and

become superimposed with those of HEWL. At equilib-
rium, yeq is 7.9 mN/m, i.e. the same 7.4 value obtained
for the pure HEWL film. Moreover, although the presence
of PEG 2000 in water or in DCM, compression of the
mixed interfacial film (Ay ~ 4 mN/m) shows the existence
of a skin coating the drop (results not shown). Dilatational,
rheological studies carried out at equilibrium (~after
8000 s) on mixed HEWL/PEG 2000 films show purely elas-
tic behavior of the films in both cases, and a value of
13 4+ 1mN/m is obtained for E..

These results indicate that whatever the dissolution
phase of PEG 2000, PEG 2000 segments first adsorb when
a fresh water/DCM interface is created. Nevertheless, pro-
tection promoted by PEG 2000 segments is only partial
since protein segments progressively adsorb and replace
PEG 2000 segments at the water/DCM interface. At equi-
librium, as attested by the y.q value, the rheological prop-
erties of the mixed interfacial films, and the presence of a
skin around the DCM drop, only HEWL segments are
present at the water/DCM interface in an unfolded and
aggregated state.

However, one can note with interest that the replace-
ment of the PEG segments by those of HEWL is slower
when PEG 2000 is initially dissolved in DCM rather than
in water. From this, it is reasonable to believe that the dis-
solution of PEG 2000 in DCM rather than in water should
be preferred in order to slow down the adsorption of
HEWL at the water/DCM interface.

Since in the emulsion formulation processes, physico-
chemical parameters such as ionic strength may alter the
stability of proteins and modify their conformation [36],
the ionic strength (I) of the aqueous phase was adjusted
to 0.1 M with NaCl, and the influence of PEG 2000 on
the adsorption kinetics of HEWL at the water/DCM inter-
face was determined. Fig. 4 shows the adsorption kinetics
obtained. In these conditions, for HEWL (Fig. 4a), the ini-
tial y value is 22.1 mN/m. No induction time is seen. A
drop of y is observed, and a y.q value of 7.9 mN/m, i.e.
identical to that obtained in pure water, is reached after
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Fig. 4. Adsorption kinetics obtained at the DCM/NaCl 0.1 M interface (and closer insight during the first 500 s) for (a) HEWL (0.05 mg/mL «-sesseee ), or

for the mixed films of HEWL (0.05 mg/mL) and PEG 2000w (0.1 mg/mL

about 4000 s. As for the DCM-pure water interface, com-
pression of the protein film at equilibrium shows purely
elastic behavior, and E. is 13 + 1 mN/m.

Thus, the HEWL molecules adsorption rate at the
water/DCM interface increases when ionic strength
increases. As previously shown, this accelerated adsorption
can be related to lower electrostatic interactions within
protein molecules when /= 0.1 M but also to the absence
of protein aggregates in the bulk — contrary to in pure
water — facilitating the diffusion and the adsorption of pro-
tein molecules toward the interface [37,38]. At equilibrium,
as indicated by identical E. values, the rigidity of the
HEWL films is not influenced by the ionic strength.

The addition of PEG 2000 (0.1 mg/mL) to the aqueous
or the organic phase does not induce any change in the
adsorption kinetics of HEWL (Fig. 4), or in the interfacial
rheological data. The increase of ionic strength of the aque-
ous phase leads to a salting-out effect and PEG chains
become less soluble [39]. This could thus lead to a decrease
in steric effects, explaining the facilitated adsorption of
HEWL. From these results, it appears that PEG 2000 seg-
ments slow down protein adsorption more efficiently when
the protein is dissolved in a bad solvent like pure water.
This result could be interesting for the formulation of pro-
tein microparticles by the emulsion technique since it was
previously determined that no irreversible conformational
change of HEWL occurred in pure water [38].

By taking these different results into consideration, var-
ious parameters likely to influence the efficiency of adsorp-
tion of HEWL at the DCM-NaCl 0.1 M interface were
studied, i.e. PEG bulk concentration and PEG molecular
weight.

When the dissolution phase of PEG (10 mg/mL) was
water, an unexpected event happened: immediately after
the formation of a new interface, tiny droplets spontane-
ously appeared at the surface of the DCM drop, then
detached, and moved into the aqueous phase (Fig. 5). Pro-

) or PEG 2000d (0.1 mg/mL ).

gressively, this emulsification
intensified.

The majority of transport phenomena in emulsions
described in the literature deal with the diffusion of water
through the oil phase [40,41]: they are correlated to the
presence of an osmotic pressure gradient explained by an
excess of hydrophobic emulsifiers in the organic phase. In
the present case, such an osmotic pressure gradient due
to an excess of emulsifiers, i.e. PEG and HEWL, can take
place, leading to a diffusion of DCM toward the aqueous
phase. Additional studies are required to precisely charac-
terize the appearance of this phenomenon, and its precise
explanation. This will be the object of further work. Never-
theless, it is reasonable to think that such a diffusion of
DCM in the aqueous phase probably also occurs during
the emulsion-encapsulation process. It may induce a desta-
bilizing effect because of the likelihood of rupture of the
inner and multiple droplets [42], but also influence the
organization and the porosity of the polymer matrix, and
in time, the protein-release kinetics profile.

When the dissolution phase of PEG (10 mg/mL) was
DCM, no spontaneous emulsion appeared. DCM could
be chosen as a PEG dissolution phase for this reason. In
this case, by increasing the PEG 2000 bulk concentration
(10 mg/mL instead of 0.1 mg/mL), y values obtained for
the mixed HEWL/polymer film remain identical to those
of PEG 2000 during the first 150 s (Fig. 6A), i.e. during a
time sufficiently long to permit the formation of the pri-
mary emulsion [9]. From that point, when the protein is
dissolved in a better solvent, protein adsorption can be
more efficiently prevented by increasing PEG 2000 bulk
concentration.

Protein-rejecting properties of PEG-containing interfa-
cial films are attributed to a steric repulsion effect between
tethered polymer layers and protein molecules, and the
simultaneous absence of strong attraction interactions
between proteins and PEG [20,43]. As theoretically pro-

spontaneous process
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Fig. 5. Processing of a spontaneous emulsion at the surface of a DCM drop immersed in an aqueous phase of HEWL (0.05 mg/mL) and PEG 2000
(10 mg/mL). As observed in the images taken at (a) ¢y, (b) fo + 30's, (c) 7o + 2 min, (c) 7, + 1 h, a spontaneous emulsification process occurs with the

formation of microdroplets leaving the interfacial regions.

posed [44,45], an increase in the PEG concentration
enables the formation of a denser and more rigid film.
For PEG moieties grafted at an interface, it is reported that
the PEG chain conformation is dependent on the available
interfacial surface area [16,46,47]. If the PEG surface con-
centration increases, the PEG surface layers pass from a
“mushroom” organization to a “brush” conformation,
allowing for more efficient protein steric rejection. Such
brush conformation designs systems where water-insoluble
moieties anchor at the interface while PEG blocks are
stretched and solubilized into the aqueous phase. Although
at liquid/liquid interfaces, polymer chains can penetrate
into both phases [27,48], and being organized in both sides
of the interface making such a PEG brush conformation
less conceivable, results of the present study show that
the steric contribution to the protein—surface interaction
becomes more repulsive with a higher PEG 2000 bulk
concentration.

Fig. 6B shows that when PEG 5000 (0.1 mg/mL) is used
instead of PEG 2000 (10 mg/mL), during the first 150,
PEG segments are present at the interface. At
Cppeg = 10 mg/mL in DCM, whatever the PEG chain
length, no obvious difference is observed regarding the

HEWL rejection time. Then, in all cases, after 150 s, as
indicated by the superimposition of curves, HEWL seg-
ments progressively adsorb and replace PEG moieties at
the interface. At equilibrium, the different mixed films exhi-
bit purely elastic behavior, and E, is 13 + 1 mN/m, i.e. a
value identical to that determined for the pure HEWL film.
Thus, at equilibrium, only HEWL segments are present in
the interfacial film and govern the properties of the interfa-
cial film.

From the Single Chain Mean-Field theory considering
the adsorption of HEWL molecules on surfaces on which
PEG moieties are grafted, above the PEG molecular
weight threshold of 1540 g/mol, adsorption isotherms of
HEWL become polymer chain-length independent, and
HEWL adsorption depends only on the polymer chain
density [43,49]. Our experimental results clearly corrobo-
rate this theory and show that even at a liquid/liquid
interface, and even with PEG moieties adsorbed instead
being grafted at the interface, when PEG bulk concentra-
tion is high enough, the prevention of HEWL molecule
adsorption becomes PEG molecular weight independent.
The critical parameter becomes only the PEG surface
density.
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From this, by modulating the PEG concentration in
DCM and/or the polymer chain length, a sufficient PEG
surface density could be obtained to allow efficient protein
rejection, avoid the exposure of proteins at the water/
organic phase interface during a time sufficiently long to
permit the formation of the primary emulsion, and posi-
tively influence the success of the formulation.

4. Conclusion

From results obtained in the present study by using the
pendant-drop method, a technique which makes it possible
to experimentally model the conditions of the primary
emulsion of the w/o/w emulsion-encapsulation technique,
different strategies to prevent rapid adsorption of a model
protein, the HEWL, at the water/DCM interface were
drawn up. Amongst possible methods, the use of an aque-
ous phase with a very low ionic strength would allow the
efficient decrease of the rate of HEWL adsorption at the
liquid/liquid interface, and that without inducing irrevers-
ible conformational changes of the protein.

Moreover, the use of PEG would prevent exposure of
the protein to the water/DCM interface during a suffi-

), (b) the mixed films with HEWL (0.05 mg/mL) and PEG 2000 d (10 mg/mL
), PEG 5000d (10 mg/mL = = =), or PEG 17500d (10 mg/mL --sssssseees ).

300 400 500
), (b) PEG 2000 (10 mg/mL oo ), or
; (d) 10 mg/mL ). (B) Adsorption kinetics obtained at the

), or

ciently long time to permit the formation of the primary
emulsion as soon as critical polymer chain surface density
is reached at the interface. This critical PEG chain density
adsorbed at the interface can be obtained by modulating
the PEG bulk concentration or the PEG molecular weight.

From the adsorption kinetics performed, it appears that
the adsorption of HEWL at the water/DCM interface is
longer prevented by dissolving PEG in DCM rather than
in water. Thus, by optimizing the choice of the PEG intro-
duction phase in the formulation process, exposure of
HEWL to interfaces could be further reduced, and thus,
protein stability could be improved. Moreover, it was
observed that the dissolution of PEG in water rather than
in DCM induces an unwanted spontaneous emulsion pro-
cess at the surface of the DCM drop. It is reasonable to
think that such a phenomenon also occurs during the emul-
sion-encapsulation process if PEG and HEWL are present
in water. To determine if this event negatively influences
the efficiency of the encapsulation of proteins in micropar-
ticles, characterization studies of this spontaneous emul-
sion process should be carried out, and translation to a
formulation work should be undertaken. This will be the
object of further work.
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