Biocompatibility and surface structure of chemically
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Abstract: Grafting of encapsulated living cells has the po-
tential to cure a wide variety of diseases. Large-scale appli-
cation of the technique, however, is hampered by insuffi-
cient biocompatibility of the capsules. A major factor in the
biocompatibility of capsules is inadequate covering of the
inflammatory poly-L-lysine (PLL) on the capsules’ surface.
In the present study, we investigate whether tissue re-
sponses against alginate-PLL capsules can be reduced by
crosslinking the surface of the capsules with heparin or
polyacrylic acid. Our transplant study in rats shows a tissue
response composed of fibroblasts and macrophages on alg-
inate-PLL-alginate and alginate-PLL-heparin capsules that
was completely absent on alginate-PLL-polyacrylic acid

capsules. Atomic force microscopy analyses of the capsules
demonstrates that the improved biocompatibility of alg-
inate-PLL-capsules by polyacrylic acid coating should not
only be explained by a more adequate binding of PLL but
also by the induction of a smoother surface. This study
shows for the first time that biologic responses against cap-
sules can be successfully deleted by chemically crosslinking
biocompatible molecules on the surface of alginate-PLL cap-
sules. © 2003 Wiley Periodicals, Inc. ] Biomed Mater Res
67A: 1219-1227, 2003

Key words: alginate microcapsules; crosslinking; polyacrylic
acid; atomic force microscopy; biocompatibility

INTRODUCTION

Transplantation of cells for treatment of human dis-
orders such as hormone deficiencies is only applied on
limited scale as a consequence of the necessity to use
lifelong immunosuppression for preventing rejection
of the graft. To overcome the obstacle of application of
immunosuppression, many investigators have fo-
cused on the design of techniques to encapsulate hor-
mone-secreting cells in semipermeable membranes to
protect donor cells against antibodies and cytotoxic
cells of the host immune system. This immunoprotec-
tion by encapsulation not only allows successful trans-
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plantation of cells in the absence of immunosuppres-
sion'? but also allows transplantation of cells from
nonhuman origin, that is, xenografts, which over-
comes the obstacle of insufficient availability of donor
organs.

A commonly used procedure for immunoprotection
is microencapsulation of tissues in alginate-poly-L-
lysine (PLL)-based capsules as originally described by
Lim and Sun.” During recent years, important ad-
vances have been made with this technology. The first
allotransplantations in humans with encapsulated
parathyroid cells® and islets* have been successfully
performed.* Although this illustrated the principle ap-
plicability of the alginate—encapsulation technique, a
fundamental barrier has to be overcome because graft
survival varies considerably from several days to
months.”*°

The variation in success rate is usually attributed to
differences in the chemical composition'*™** and, con-
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sequently, differences in biocompatibility of the ap-
plied capsules. A major factor causing bioincompat-
ibility is insufficient covering of positively charged
PLL at the capsules surface®'*'* which has been
shown to induce foreign body reactions by attracting
macrophages and fibroblasts.'>'*

In the present study we compared the biocompat-
ibility of alginate-PLL capsules prepared with differ-
ent crosslinking agents on their surface to cover pos-
itively charged PLL. We tested crosslinking of
alginate-PLL with heparin and polyacrylic acid be-
cause these procedures have been reported to have
beneficial, reducing effects on tissue reactions in other
biomaterial applications.'>*® Because it has been re-
ported that modification of the surface of the capsules
are not only associated with covering of positive
charges but also with changes of the structure of the
surface,®'”'® we applied transmission electron micros-
copy (TEM) and atomic force microscopy on the cap-
sules. This approach allows us to correlate the tissue
reactions against the different capsules with the struc-
ture of the capsule’s surface, which, reportedly,”*°
is also an important factor for attraction of cells in-
volved in foreign body reactions.

MATERIALS AND METHODS

Study design

Alginate-PLL-alginate (i.e., conventional capsules), alg-
inate-PLL-heparin (i.e., capsules with modified surface),
and alginate-PLL—polyacrylic acid (i.e., capsules with mod-
ified surface) microcapsules were implanted in the perito-
neal cavity, which is the usual transplantation site for an
encapsulated islet graft, of Wistar rats. The capsules were
inspected before and after implantation to confirm that the
majority of the capsules was intact. The capsules were re-
trieved at 4 weeks after implantation to study the degree of
overgrowth, that is, a measure for the capsules’ biocompat-
ibility.

In vitro, the smoothness of the surface of capsules with or
without modifications was analyzed with TEM and atomic
force microscopy.

Graft recipients and surgical procedures

Male Wistar/R rats served as recipients of microcapsules
and were obtained from the Central Animal Laboratory of
Rostock, Germany. Their body weights ranged from 300-
350 g.

Capsules were injected into the peritoneal cavity with a
16-G cannula via a small incision (3 mm) in the linea alba.
The abdomen was closed with a two-layer suture. The im-
planted volume was always 0.5 mL as assessed in a syringe
with appropriate measure.
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The microcapsules were retrieved 4 weeks after implan-
tation by peritoneal lavage. Peritoneal lavage was per-
formed by infusing 20 mL Krebs-Ringer-Hepes (KRH)
through a 3-cm midline incision into the peritoneal cavity
and subsequent flushing of the abdomen above a 50-mL
centrifuge tube. The abdominal organs were flushed two to
three times with KRH.

Microcapsules were either freely floating and nonadher-
ent or adherent to the surface of abdominal organs. First,
nonadherent microcapsules were retrieved by peritoneal la-
vage. Subsequently, the microcapsules adherent to the sur-
face of abdominal organs were excised and processed for
histology.

National Institutes for Health guidelines for the care and
use of laboratory animals have been observed. All surgical
procedures were performed under halothane anesthesia.

Purification of alginate

Only highly purified alginates were applied to exclude
that contaminating components were the cause of an inflam-
matory response. Alginate (low-G alginate) was obtained
from ISP Alginates (Tadworth, Surrey, UK). Crude sodium
alginate was dissolved at 4°C in a 1-mM sodium EGTA
solution to a 1% solution under constant stirring. Subse-
quently the solution was filtered over successively 5.0-, 1.2-,
0.8-, and 0.45-pum filters (Schleicher & Schiill, Germany).
During this filtration step, all visible aggregates were re-
moved.

Next, the pH of the solution was lowered to 3.5 by addi-
tion of 2N HCL + 20 mM NaCl. The solution was kept on ice
to prevent hydrolysis of alginate. The next step was slow
lowering of the pH from 3.5 to 1.5 and was associated with
gradual precipitation of alginate as alginic acid. Routinely,
the solution was brought at a pH of 2.0 and subsequently
filtered over a Buchner funnel (pore size 1.5 mm) to wash
out nonprecipitated contaminants. To extend the washout of
nonprecipitated contaminants, the precipitate was brought
in 0.0IN HCI + 20 mM NaCl, vigorously shaken, and fil-
tered again over the Buchner funnel. This washing proce-
dure was performed three times.

Then, proteins were removed by extraction with chloro-
form/butanol. The alginic acid was suspended in 100 mL of
0.01N HCI + 20 mM NaCl and supplemented with 20 mL
chloroform and 5 mL 1-butanol. The mixture was vigorously
shaken for 30 min and filtered over the Buchner funnel. This
chloroform/butanol extraction was performed three times.
Next, the alginic acid was brought in water and slowly
dissolved by gradually raising the pH to 7.0 by slow addi-
tion of 0.5N NaOH + 20 mM NaCl over a period of at least
1 h. The alginate solution obtained was subjected to a chlo-
roform/butanol extraction to remove those proteins that can
only be dissolved in chloroform/butanol at neutral pH. The
solution was vigorously shaken in a mixture of chloroform
(20 mL at each 100-mL alginate solution) and 1-butanol (5
mL at each 100-mL alginate solution) for 30 min. The mix-
ture was centrifuged for 3-5 min at 3000 rpm, which in-
duced the formation of a separate chloroform/butanol
phase that was removed by aspiration. The extraction was
repeated once.
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The last step was precipitation of the alginate with etha-
nol.*! To each 100 mL of alginate solution we added 200 mL
absolute ethanol (ethylalcohol, absolute, NedAlco, Bergen
op Zoom, The Netherlands). After an incubation period of
10 min all alginate had precipitated. It was filtered over the
Buchner funnel and washed two times with absolute etha-
nol. Subsequently, the alginate was washed three times with
ethylether and dialyzed to remove low-molecular-weight
components in the alginate-solution. Finally, the alginate
was freeze-dried overnight.

Endotoxin content of purified alginate samples was as-
sessed by a commercial Limulus-lysate assay** following
the protocol of the E-toxate kit recommended by Sigma. The
alginate samples purified by this procedure was always
close to zero and never higher than 0.01 U/mL.

Encapsulation and modification of the capsule’s
surface

Purified alginates were dissolved at 4°C in KRH with an
appropriate osmolarity. Before application the solutions
were sterilized by 0.2-um filtration.

The 3% alginate solution was converted into droplets
using an air-driven droplet generator.”® Alginate-PLL-alg-
inate encapsulation was performed as described else-
where."! Briefly, the alginate droplets were transformed to
alginate beads by gelling in a 100-mM CaCl, solution (con-
taining 10 mM Hepes and 2 mM KCI) for at least 10 min.
After washing with KRH containing 2.5 mM CaCl, for 1 min
a PLL (PLL-HCI, 22 kDa, Sigma-Aldrich, Germany) mem-
brane was formed by suspending the beads in a 0.1% PLL
solution for 10 min. Subsequently, the coated beads were
washed three times in Ca®>*-free KRH containing 135 mM
NaCl for 3 min. Finally, positive-charged PLL molecules
were covered with another alginate layer by incubation of
the capsules in a 0.3% solution of alginate for another 5 min.

We tested two types of modifications of the surface of the
capsules. The first is a substitution of the final incubation of
capsules in alginate for a heparin treatment. This was done
by suspending the alginate-PLL capsules for 5 min in 0.3%
heparin (sodium salt, porcine mucosa, Fluka, Germany) in
Ca®*-free KRH containing 135 mM NaCl. This was followed
by three washing steps with Ca®"-free KRH containing 135
mM NaCL

The second surface modification was performed by sub-
stituting the final incubation of capsules in alginate for a
polyacrylic acid treatment. Therefore, capsules were incu-
bated in 0.1% polyacrylic acid (250 kDa, Sigma-Aldrich,
Germany) in Ca*"-free KRH containing 135 mM NaCl. Be-
fore implantation, the capsules were washed with Ca®"-free
KRH containing 135 mM NaCl to remove the excess of
nonbound polyacrylic acid.

After the procedure the capsules had a diameter of 650 +
50 pm.

Microscopy

To assess overgrowth after implantation, samples of ad-
herent capsules recovered by excision and nonadherent cap-

sules were fixed in precooled Bouin solution, buffered with
0.05M phosphate in saline (pH 7.4), and processed for par-
rafin embedding. Sections were prepared at 2 wm and
stained with hematoxylin and eosin (H&E) and applied for
detecting capsules with and without overgrowth.

©

Figure 1. Conventional (A) alginate-PLL-alginate cap-
sules, (B) alginate-PLL-heparin capsules, and (C) alginate—
PLL-polyacrylic acid capsules before implantation. Note the
absence of irregularities. (Light microscopy, original magni-
fication 100X.) [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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To confirm the integrity of capsules before and after im-
plantation, samples of capsules were meticulously inspected
for the presence of irregularities or broken parts in the
capsule membranes at both low magnification (by light mi-
croscopy, Leica, Hamburg, Germany) and high magnifica-
tion (by TEM at 80 kV, EM902A, Carl Zeiss, Oberkochen,
Germany).

For TEM, the capsules were processed as follows. Micro-
capsules were overnight fixed at 4°C in 4% glutaraldehyde
(in PBS, pH 7.4). Next, they were rinsed three times in
phosphate-buffered saline (PBS) for 15 min and fixed in 1%
osmium tetroxide (pH 7.4) for 60min. This was followed by
another rinsing in PBS and subsequent gradual dehydration
in acetone series with increasing concentrations (30, 50, 75,
90, and 100%). Finally, the capsules were embedded in epon
araldite. Ultrathin sections (Ultracut S, Leica, Wien, Austria)
of 60-80 nm were stained with uranyl acetate and lead
citrate for 2-3 min at room temperature.

Processing was not required for atomic force microscopy
(Dimension 3100, Fa. Digital Instruments, Santa Barbara,
CA) of the capsules. Topographic imaging of microcapsules
was performed at room temperature using the tapping mo-
dus. The surface of the microcapsules was scanned by the tip
of a siliziumnitrid centilever (Nanoprobes GmbH, Darm-
stadt, spring constant k = 0.3N/m), which is vertically os-
cillating (z-oscillating) near its resonant frequency with a
tapping frequency (x-y raster scanning) less than 1 Hz. In-
termittent contact of the tip with the sample causes attenu-
ation of the root mean square (RMS) oscillation amplitude,
which is used to monitor changes in sample height. RMS
(R,) is the standard deviation of the Z value within the given
area and is calculated as

E(Zl - Zave)2
Ry= =

where Z_,. is the average of the Z value within the given
area, Z, is the current Z value, and N is the number of points
within this area. A detailed description of the atomic force
microscopy operation has been described elsewhere.***
Surface roughness was evaluated by using the RMS param-
eter at a 10-pm scan. For fixation four to five microcapsules
in KRH are fixed by a plastic ring in a Petri dish. For each
type of microcapsule, three probes were examined to ex-
clude variations between different sessions.

TABLE I
Biocompatibility of Conventional
Alginate-PLL-Alginate, Alginate-PLL-Heparin, and
Alginate-PLL-Polyacrylic Acid Capsules at 4 Weeks
After Implantation in the Peritoneal Cavity of Rats

Location Types of Cells
Capsule Type n Intraperitoneally in Overgrowth
Alginate-PLL-alginate 5 Adherent Fibroblasts
Alginate-PLL-heparin 5 Adherent Fibroblasts,
macrophages,
endothelial
cells

Alginate-PLL- 5
polyacrylic acid

Free floating —
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Figure 2. Tissue reactions against (A) conventional alg-
inate-PLL-alginate capsules, (B) alginate—-PLL-heparin cap-
sules, and (C) alginate-PLL—polyacrylic acid capsules at 4
weeks after implantation in the peritoneal cavity of rats.
Note the more severe reactions against (A) alginate-PLL-
alginate capsules and (B) alginate-PLL-heparin capsules
than against (C) alginate-PLL—polyacrylic acid capsules.
(H&E staining, light microscopy, original magnification
100X.) [Color figure can be viewed in the online issue, which
is available at www.interscience.wiley.com.]
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(A) (©)

(B)

Figure 3. Transmission electron micrographs of (A) conventional alginate-PLL-alginate capsules, (B) alginate-PLL-heparin
capsules, and (C) alginate-PLL—polyacrylic acid capsules. Alginate-PLL-heparin capsules showed a granular surface (see
arrows) while polyacrylic acid crosslinked microcapsules showed a smooth surface. (TEM, original magnification 100X.)

RESULTS capsules. The number of imperfect capsules was small
and represented not more than approximately 5% in
In vivo responses against microcapsules the batches of alginate-PLL-alginate capsules, algi-

nate-PLL-heparin capsules, and alginate-PLL—poly-
Prior and after implantation, we observed all  acrylic acid capsules. Light microscopy showed all
batches of microcapsules to contain some imperfect  three types of capsules to have similar degrees of
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integrity as illustrated by absence of strains and a
surface without visible irregularities (Fig. 1).

Although there was no difference in the number of
imperfect capsules, the responses were not similar but
always less severe against alginate-PLL—polyacrylic
acid capsules than against alginate-PLL-alginate and
alginate-PLL-heparin capsules (Table I). At 4 weeks
after implantation, the majority of alginate-PLL-alg-
inate and alginate-PLL-heparin capsules were found
to be adherent to the abdominal organs and virtually all
were covered with cellular overgrowth [Fig.2(A,B)]. The
overgrowth was composed of fibroblasts in the case of
alginate-PLL-alginate capsules, but it was composed of
cells with the morphological appearance of macro-
phages and some endothelial cells in immature blood
vessels in addition to fibroblasts when alginate-PLL-
heparin capsules were applied.

In contrast, the vast majority of alginate-PLL—poly-
acrylic acid capsules were not adherent to the abdom-
inal organs but freely floating in the peritoneal cavity.
The capsules could readily be flushed out of the peri-
toneal cavity and showed no signs of cellular over-
growth [Fig. 2(C)].

Structure of capsule’s surface

Concomitantly, for the higher tissue responses TEM
of capsules showed more irregularities on the surface
of alginate-PLL-heparin capsules than on alginate—
PLL-alginate and alginate-PLL—polyacrylic acid (Fig.
3). The irregularities were mainly granular deposi-
tions, which predictedly serve as a site for macro-
phages to adhere.”®* TEM showed no differences in
structure of the surface of alginate-PLL-alginate and
alginate-PLL-polyacrylic acid capsules.

The analyses of the capsule surface were also per-
formed with atomic force miscroscopy in addition to
TEM because atomic force miscroscopy allows for
analyses in the nonmodified, normal liquid environ-
ment of the capsules’” and is not associated with
artifacts induced by processing for electron miscros-
copy.

As shown in Figures 4 and 5, alginate-PLL-alginate,
alginate-PLL-heparin, and alginate-PLL—polyacrylic
acid capsules showed clearcut differences in their sur-
face structure. The highest degree of roughness of the
surface was observed with alginate-PLL-heparin
[Fig. 4(B): 52-56 nm; Figure 5(B)] capsules, which also
provoked the most severe tissue response while alg-
inate-PLL-polyacrylic acid had the smoothest capsule
surface [Fig. 4(C): 3.2-3.4 nm; Fig. 5(C)] and, concom-
itantly, the absence of a tissue response.

The conventional alginate-PLL-alginate capsules
showed an elevated surface roughness value [Fig.
4(A): 5.9-7.6 nm; Fig. 5(A)] when compared to alg-
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Figure 4. Surface smoothness as measured by atomic force
microscopy (RMS parameter at a 10-um scan) of (A) con-
ventional alginate-PLL-alginate capsules (5.9-7.6 nm), (B)
alginate-PLL-heparin capsules (52-56 nm), and (C) alg-
inate-PLL-polyacrylic acid capsules (3.2-3.4 nm). Also, we
analyzed (D) alginate-PLL capsules without an outer coat-
ing (2.8-3.3 nm). For each type of microcapsule three probes
were examined to exclude variations between different ses-
sions.

inate-PLL-polyacrylic acid capsules. This elevation
was induced in the last coating with alginate because
the surface roughness value was only 2.8-3.3 nm [Fig.
4(D)] instead of 5.9-7.6 nm [Fig. 4(A)] with alginate-
PLL capsules in the absence of any outer alginate.
Obviously, conventional suspension in alginate-solu-
tions to cover positively charged PLL induces irregu-
larities on the capsule’s surface.

DISCUSSION

The present study shows that chemical modification
of the surface of alginate-PLL capsules has a clear-cut
effect on the biocompatibility of the capsules. When
heparin was applied instead of alginate to cover pos-
itive charged PLL molecules we found a more severe
reaction against the capsules than when polyacrylic
acid was applied, which almost completely abrogated
the responses against alginate-PLL capsules. The vari-
ations in reactions against the capsules in vivo were
probably not only associated with the adequacy of
covering the insufficient biocompatible PLL on the
surface but also with differences in the smoothness of
the capsule’s surface as demonstrated in our TEM and
atomic force microscopy study of the capsules.

The finding that heparin did not diminish but rather
increased the tissue responses against alginate-PLL
capsules does not corroborate the findings of Tatark-
iewicz et al.,*®*** who found a reduction of responses
when heparin was applied in the construction of the
capsules. Notably, however, those authors not only
substituted the alginate but also the PLL and applied
a protamine—heparin membrane instead. Although
this combined substitution of PLL and alginate may
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(B)
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improve the biocompatibility of the capsules it will be
impractical to apply for immunoisolation because the
protamine-heparin coating does not allow for the
gradual modulation of the permeability of the cap-
sules, as can be accomplished with PLL.*

The heparin coating did not only induce more fibro-
ses on the capsules but also provoked angiogenesis in
the vicinity of the capsules as illustrated by the histolog-
ical observation of blood vessels near the capsules. This
can be explained by the fact that heparin on the capsule
surface can serve as a ligand for angiogenic molecules
such as vascular endothelial growth factor (VEGF) and
fibroblast growth factors (FGF), which are members of
the heparin-binding growth factor family.>**

In contrast to others, we found a severe tissue re-
sponse against conventional alginate-PLL-alginate
capsules. Plausibly, this is caused by technical differ-
ences in the different studies because producing bio-
compatible alginate-PLL-alginate capsules is far from
simple."” The chemical structure of alginate-PLL-alg-
inate capsules, and thus its biocompatibility, is deter-
mined by many factors such as temperature, type and
concentration of alginate (i.e., the guluronic acid con-
tent),"" and type of polylysine."® Small differences in
these factors induce variations in the capsules’ chem-
ical and mechanical properties'*'*** and biocompat-
ibility.""'* This was the main rationale to change the
procedure and seek a more practical and less laborious
encapsulation technology. The present study suggests
that a simple substitution of the outer alginate layer
for polyacrylic acid can circumvent a number of bio-
compatibility problems associated with alginate-PLL
capsules®!” and produce capsules in a reproducible
fashion that do not provoke any harmful tissue re-
sponse. Further, our results show that polyacrylic acid
coating of alginate-PLL capsules reduces the inflam-
matory response and is not due to a reduction of
adhesion of inflammatory cells to the capsule surface
because the lavage from the peritoneal cavity was
lacking any inflammatory cells in between the cap-
sules.**

Another advantage of the polyacrylic acid coating is
the durability, which is superior over the alginate—
coating. Many investigators have shown that the ionic
bonded membrane of the alginate—coating is not sta-
ble for longer periods of time.'** The polyacrylic acid
coating plausibly binds COOH and OH groups in
alginate and NH, groups in polylysine in a covalent
manner, which will provide a higher stability®® and

Figure 5. Two-dimensional atomic force images (10 X 10
wm) of (A) conventional alginate-PLL-alginate capsules, (B)
alginate-PLL-heparin capsules, and (C) alginate-PLL-poly-
acrylic acid capsules. The RMS roughness of the three films
are (A) 7.3, (B) 54.6, and (C) 3.4 nm. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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beneficial effects for the capsule’s long-term biocom-
patibility.

Our atomic force microscopy study was performed
with the tapping modus instead of the contact mo-
dus® because the tapping modus is associated with
less shear forces on the sample,** which is essential
when fragile, soft specimens such as microcapsules
are analyzed. The atomic force microscopy analyses
demonstrate that the crosslinking of chemical agents
on alginate-PLL has a strong influence on the struc-
ture of the surface of microcapsules, which changes
where not sufficiently manifested with light micros-
copy and TEM. This suggests that atomic force micros-
copy may serve as a valuable tool for predicting the
biocompatibility of capsules before transplantation.

Our findings emphasize that optimal and flawless
physical features of the capsule surface are required
for an adequate biocompatible capsule and, conse-
quently, a maximum chance for success of an encap-
sulated therapeutic agent producing transplant. In the
present research efforts we focus on the effects of
coating procedures on functional survival of cells en-
veloped in our modified capsules.

The financial support of BMBF (Grant 03N49045) is grate-
fully acknowledged. The authors thank Mrs. Nerowski, Mrs.
Blendow and Mrs. Frenz for their assistance.
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