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Abstract: Most current methods for cell monitoring on 3D
porous scaffolds involve end-stage investigation of scaf-
folds. Repeated measurements on scaffolds, without dis-
turbing cell vitality and proliferation, are needed to relate in
vitro to in vivo data. Alamar Blue™ was used for this pur-
pose. Two different Ca/P scaffolds were studied, using rat
BMSCs with three different seeding densities [2.5 X 10*
(SD1), 2.5 X 10° (SD2), 2.5 X 10° (SD3) cells]. Alamar Blue™
readings were done on days 1, 3, 5 and 7. After 7 days all 96
scaffolds (n = 16) were implanted in 16 mice for 4 weeks.
Bone histomorphometry was performed. For both scaffolds,
seeding efficiencies were highest with SD1 and SD2, cell

proliferation was optimal in SD1, whereas SD3 resulted in
an initial drop in vital cell number in the first 3 days. In
vivo, upscaling from SD1 to SD2 lead to significantly more
bone contact% in both scaffolds. Alamar Blue™ was shown
to be a valuable tool in relating in vitro to in vivo data. Cell
proliferation may differ depending on seeding density and
scaffold type used. Seeding more cells may not necessarily
result in more in vivo bone contact%. © 2009 Wiley Periodi-
cals, Inc. ] Biomed Mater Res 92A: 303-310, 2010
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INTRODUCTION

The in vivo success of bone formation by seeded
osteoprogenitor cells (OPCs) on a scaffold material is
subject to a certain number of variable in vitro factors.
Several of these factors are known. Culture medium
additives for species-specific bone marrow cell cul-
tures are an example of these in vitro factors affecting
the in vivo bone formation. Several of these culture
medium additives are known based on optimized
cell cultures over the years in different species such
as rats,! mice,? rabbits,® goats4 and humans.® Another
example is seeding density. Used primarily in 2D cell
cultures, this is related to the amount of cell dou-
blings needed to obtain sufficient cell numbers for
the seeding experiments under investigation. Effects
on in vitro cell behavior using different seeding den-
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sities in both the primary and subsequent passages
have been found. Purpura et al. showed for rat OPCs
an increase in Colony Forming Unit-Osteoblast (CFU-
O) number when increased seeding densities were
used in the primary passage.® Seeding density effects
in subsequent passage numbers is also well docu-
mented for human cells. Some found a positive effect
of increasing seeding density in subsequent passage
numbers on the in vitro extracellular matrix mineral
deposition using human OPCs.” Others showed that
just 100 cells/cm? were found to be optimal in cell
proliferation in 2D culture conditions, leaving the in
vivo osteogenic potential unaffected when similar
seeding densities were used upon 3D scaffold seed-
ing prior to in vivo implantation.”

Seeding cells on 3D scaffolds (instead of the 2D
culture plates) introduces additional factors affecting
cell behavior in the final stage prior to implantation
that could overrule the cell proliferation and differ-
entiation features observed in the 2D culture condi-
tions prior to seeding. It is likely that an optimal
scaffold-specific seeding density will exist for scaf-
folds of different types and structures, and for differ-
ent species. This optimum may be different for fac-
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tors such as seeding efficiency, cell proliferation and
cell differentiation which may all affect in vivo bone
formation to a certain extent. Data concerning these
parameters on 3D scaffold seeding were shown for
instance in rabbit OPCs on hydroxyapatite scaffolds,®
rat OPCs on polymer scaffolds,” rat calvarial cells on
polymers,'® human OPCs on collagen scaffolds'’ or
goat OPCs on hydroxyapatite scaffolds.'> Unfortu-
nately the participation of the examined scaffolds for
in vivo bone formation was never feasible once in
vitro testing was performed since all of these tests
involved terminal investigation of the scaffolds. This
calls for less invasive methods for cell proliferation
studies on 3D porous scaffolds. The introduction of
the fluorescent dye alamarBlue™ (aB) has offered
new opportunities in 3D cell-seeding research'>'*
allowing the continued study participation of the
scaffolds for in vivo use. aB is an oxidation-reduction
indicator that yields a color change and fluorescent
signal upon a change in metabolic activity. The assay
can be applied to determine cell vitality and prolifer-
ation in an easy to use and nontoxic way, allowing
the same cells to remain vital within the experimen-
tal settings in contrast to assays such as MTT" or
Cyquant (DNA)'® assays where cells are terminally
destructed for quantification purposes. One of the
drawbacks of the aB system is, however, its diffusion
dependency, making the permeability of especially
the 3D structures potentially affect the results. Over-
all the aB assay, analogous to the alternative assays,
should be considered as a semi-quantitative rather
than a quantitative assay when measuring cell num-
bers in 3D scaffolds.

The purpose of this study was to monitor rat OPC
proliferation behavior on two geometrically different
types of hydroxyapatite scaffolds in wvitro, in
response to three different seeding densities with the
use of this aB assay. Subsequent in vivo bone forma-
tion was related to in wvitro cell proliferation using
histomorphometry data obtained after subcutaneous
implantation of the same scaffolds in nude mice.

MATERIALS AND METHODS

Animals and study design

A total of three young syngeneic Fisher rats (100-120 g,
F344N:Hsd, Harlan, The Netherlands) and 16 mice (10-12
weeks of age, HsdCpb:NMRI-nu, Harlan, The Nether-
lands) were used for the current experiment, after ap-
proval was obtained from the local animal care committee.
Third passage cells were obtained after pooling rat femoral
bone marrow that was flushed from the marrow cavities
using a syringe and needle. Cells were used for static seed-
ing on rapid prototyped hydroxyapatite, rectangular-
shaped scaffolds (group A)Y and on conventional granu-
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lar-shaped porous hydroxyapatite scaffolds (group B).'®
Three different seeding densities (SD) were used for each
group of scaffolds: (SD1) 2.5 X 10% (SD2) 2.5 x 10° and
(SD3) 2.5 X 10° cells per scaffold, corresponding to 1 X
10%, 1 X 10% and 1 X 10° cells per mm? of scaffold A and
an estimated 1.6 X 103, 1.6 X 10% and 1.6 X 10° cells per
mm?® of scaffold B (based on average weight of the scaf-
folds and mercury intrusion data). During the 7 days of
seeding, aB readings were performed on days 1, 3, 5, and
7. On day 7, all scaffolds were implanted subcutaneously
in nude mice. Each mouse was implanted with all three
seeding densities for both group A and group B scaffolds
(n=16). This accounts for the total of 96 scaffolds
implanted for the in vivo part of this study. In each mouse,
scaffold position was randomized with three scaffolds of
the same group subcutaneously on each side of the mid-
line. Outcome parameters in this study were vital cell
numbers on days 1, 3, 5, and 7 in the in vitro part and
bone-scaffold contact length percentage for the in vivo part
based on histomorphometry readings.

Scaffolds [Figure 1(A-E)]

Group A scaffolds (rapid prototyping)

Commercially available hydroxyapatite (HA) powder
(Merck Eurolab BV, The Netherlands) was used for the
fabrication of these scaffolds. XRD (XRD; Miniflex, Rigaku,
Japan) was used to determine crystallinity, chemical com-
position was determined by Fourier transformed infrared
spectroscopy (FT-IR, Spectrum 1000, PerkinElmer) and
scaffold dimensions were studied using Scanning Electron
Microscopy (SEM) (Philips XL 30; ESEM-FEG, The Nether-
lands). The calculated porosity of the scaffolds (based on
SEM two-dimensional data) was 52% * 2%. The designed
surface area was 2.5 cm”. Pore sizes were (286 * 15) X
(280 % 16) um in the x-y plane, (352 = 28) X (339 * 17)
pm in the x-z plane and (394 = 24) X (376 * 30) pm in the
y-z plane. For detailed information on XRD patterns we
refer to previous work."” The scaffolds were steam-steri-
lized for 20 min at 121°C.

Group B scaffolds (conventional scaffolds)

For the preparation of these scaffolds the same commer-
cially available HA powder was used as in group A. Simi-
lar studies were performed on these scaffolds using XRD,
FT-IR, and SEM as for group A. The average porosity of
the scaffolds was 67% = 3% as determined by mercury
intrusion.'” The surface area of this scaffold was unknown.
The pores had an average pore size of 436 pm and a range
of 300-800 pm. For further details we refer to previous
work.'® The granules were steam-sterilized for 20 min at
121°C.

In vitro scaffold seeding

Bone marrow cells from the rats were harvested and
culture expanded in vitro according to standard condi-
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Figure 1.

A: Macroscopic image of scaffolds from group A, fabricated using the technique of rapid prototyping with an

open pore structure and regular shape with known surface area. B: Macroscopic image of a scaffold from group B, a gran-
ular shape with unknown scaffold surface area. C, D: Microscopic images (SEM-backscattering technique) with details
from group A scaffolds with C showing the open, fully connected, pore structure in contrast to D showing a horizontal
section through the area containing the back-bone of the same scaffold. The scaffold structure is white, the pores are black.
E: Microscopic detail (SEM-backscattering technique) of a scaffold in group B. The scaffold structures are white, the pores

are black. Scale bars represent 1 mm.

tions.'® At the end of passage two, when cells were near
confluency, a cell suspension of 5 X 107 cells per ml was
created to seed 50 pL per scaffold in the group of 2.5 X
10°%(=SD3) cells per scaffold and subsequent dilutions
were performed to create 2.5 X 10°(=SD2) and 2.5 X
10*(=SD1) cells per scaffold. The cell densities per mm® of
scaffold were calculated based on the 52.3% porosity in
scaffold group A with an average block volume of 47.3 =
1.1 mm® per sample (= 25 mm?® of scaffold volume),"”
leading to 1 X 10%,1 % 10* and 1 X 10° cells/mm? of scaf-
fold A. For scaffold group B the same procedure was
applied. With the same bulk material for the fabrication of
these scaffolds, presuming a similar amount of shrinkage
in both scaffold groups, the true density of scaffold A (71.2
+ 42 mg (=average weight)/47.3 = 1.1 mm® = 1.5 mg/
mm?®) was applied to calculate the scaffold volume of scaf-
fold B. In scaffold B, with a 67% porosity, the same seed-
ing procedure lead to an estimated 1.6 X 10%, 1.6 x 10%
and 1.6 X 10° cells per mm>. For this purpose, the cell
droplets of 50 pL. were immediately resuspended through-
out each scaffold and incubated for 2 h in a 25-well non-
culture plate (Greiner, The Netherlands), prior to adding
fresh culture medium to each scaffold. On days 1, 3, 5,
and 7 all scaffolds were transferred to new plates for the

aB assay to avoid any potential metabolic effect on the aB
assay of cells present in the culture dish. For the assay, a
10% aB culture medium solution was made simply by
adding 10 volume percent of aB (Biosource International)
to fully supplemented rat culture medium. The added vol-
ume of aB medium (37°C) was 3 mL per scaffold to each
well for an incubation period of 2 h on a x-y-z shaking
platform at low speed. After 2 h, 200 pL duplicate medium
samples were obtained from each well and transferred to
the appropriate microwell plates. A minimum of six blanks
were included for each plate. The plate was then covered
with aluminum foil and placed on the counter for 1 h to
equilibrate with room temperature. The plate was subse-
quently analyzed by a fluorometer (Perkin-Elmer) with the
settings as prescribed by the manufacturer of the aB assay
and as performed previously.'> Fluorescence values were
related to standard curves obtained with cells from the
same study and passage number that were plated in 6-
well culture plates. Linear standard curves from these cells
were derived in quadruplets based on initial plating den-
sities of 5 X 10%, 1 X 10°, 2.5 X 10°, 5 X 10°, and 7.5 X 10°
cells per well. The amount of cells present on the scaffolds
on day 1 in comparison to the amount of cells seeded was
considered as our seeding efficiency. Population doublings

Journal of Biomedical Materials Research Part A
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TABLE I
Overview of the Seeding Efficiency, Population Doublings and Cell Numbers on the Scaffolds on the Day of
Implantation (day 7) From the In Vitro Part of the Study Based on the aB Readings

Group A Group B
SD1 SD2 SD3 SD1 SD2 SD3
Seeding efficiency (%) 283 £ 59 26.6 = 4.0 59 =07 15.8 + 4.3 17.6 = 6.5 52+1.0
Population doublings 3.4 12 -0.3 4.3 12 -0.5
Cell No Day Of Implant (x10* Cells) 73 *15 151+ 1.3 121 = 1.6 79 =12 104 + 1.5 93 +23

Numbers are indicated *+ standard deviations. Negative numbers in population doublings indicate a decrease in total
cell number from day 1 to day 7. Group A and B indicate scaffold group A and B respectively. SD indicates seeding den-
sity. For statistical comparisons in cell numbers see also in vitro results.

in the different seeding density groups for both scaffolds
were calculated based on the following formula: popula-
tion doubling = (log N; — log Ny)/log 2.0 with N; repre-
senting the cells on day 7 and N, representing the cells on
day 1.

In addition to the cell proliferation assay using aB, a
few scaffolds from both groups were used for staining
purposes on day 7 using a cell-attachment staining solu-
tion of methylene blue, a staining solution for nonvital
cells [Trypan Blue (TB)] and a vitality staining using
MTT."®

In vivo sample processing and histomorphometry

After 6 weeks, the mice were killed by cervical disloca-
tion and explanted samples were fixed in 1.5% glutaralde-
hyde, dehydrated by ethanol series and embedded in poly-
methylmethacrylate. Semi-thin sections (10 um) were made
with a Leica sawing microtome, stained with methylene
blue and basic fuchsine for routine histology®' and histo-
morphometry. All scaffolds were fully sectioned with scaf-
fold type A always sectioned in the x-y plane."” Samples
were first evaluated for general tissue response and bone
formation using a light microscope (E600 Nikon, Japan).
The mid-sections for both scaffold groups were carbon-
sputter-coated and evaluated using a SEM backscattering
technique. Digital images (75 dpi) were loaded into a PC
running the KS400 program (Zeiss, Oberkochen, Germany).

All implants were analyzed for bone scaffold contact
length percentage (Cont.% = percentage of total available
scaffold contact length occupied by the contact with the
newly formed bone).”? In standard nomenclature® this
could be formulated as:

Cont.% = B.BCP.Bd%
_ [BCP.Pm in contact with B.pm]

X 0
[BCP.Pm total] 100%

where Bd = boundary, B = Bone, BCP = BCP scaffold
and Pm = perimeter.

Based on the surface-related process of de novo bone
formation in tissue engineered scaffolds the bone scaffold
contact length percentage is considered more accurate as
compared to the bone per pore area percentage since it
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allows for structure-independent comparison of bone for-
mation within scaffolds in 2D histology sections.**

Statistics

SPSS 10 was used for statistical analysis. In vitro cell
proliferation data (growth curves) for the in vivo implants
(n = 16 for each seeding density in each scaffold group, in
total 96 scaffolds) were analyzed overall using a Repeated
Measures Test. Cell number comparisons between different
seeding densities for the in vitro aB analysis were com-
pared using a one-way ANOVA. In vivo histomorphometry
data were analyzed using a (nonparametric) Friedman and
Wilcoxon test for related samples, since these data were
not normally distributed. All comparisons between differ-
ent seeding densities were Bonferroni corrected. No statis-
tical comparisons were made between the in vitro and in
vivo data of the two scaffold groups since the differences
in scaffold structures between group A and B are most
likely to influence both cell seeding behavior and aB expo-
sure in different ways. Only comparisons within each
group can suggest potential differences in effects between
the three seeding densities. The level of significance was
kept at p < 0.05.

RESULTS

In vitro

Table I shows the seeding efficiency results for
both scaffolds. For both scaffold groups, SD3 had
the lowest seeding efficiency. Cell proliferation (Fig.
2): cell numbers for SD1 and SD2 in both groups
showed an increase between days 1 and 7 with SD2
in group B reaching a plateau phase between days 5
and 7. SD3 showed an initial decline in cell number
between days 1 and 5 followed by an inclination in
cell numbers for both scaffold groups.

Overall, population doublings on the scaffolds in
this study were highest in the lower seeding density
(SD1) and negative in the highest seeding density
(SD3) used for both scaffold type groups (Table I).
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Figure 2.

Days Follow-up

Cell numbers based on repeated aB readings on the same group of scaffolds (n = 16) on days 1, 3, 5, and 7

that were used for in vivo implantation on day 7. Lines are extrapolations of the data obtained on days 1, 3, 5, and 7.
Results are given as the mean * standard deviations. SDI, II, and III indicate seeding densities 1, 2, and 3. C/p indicates

the number of cells per scaffold.

On the day of implantation, in scaffold group A,
the largest number of cells on the scaffolds were
present with SD2, followed by SD3 and SD1 (p <
0.001 for all). Scaffold group B on the day of im-

plantation had the largest number of cells on scaf-
folds present with SD2, which was significantly
more than SD1 (p < 0.001) but not different from
SD3 (p = 0.07).

Journal of Biomedical Materials Research Part A
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Figure 3. Methylene blue (MB) staining for cell attachment, MTT staining for cell vitality and Trypan Blue (TB) staining
for nonvital cells on scaffolds from groups A (bottom row) and B (top row) for SD1. Note that few cells are stained with

TB. Scale bars represent 1 mm.

In vitro scaffold staining

Figure 3 shows images from group A and group B
scaffolds seeded with SD1 for methylene blue (MB)
staining on cell attachment, MTT staining on cell vi-
tality and Trypan Blue (TB) staining for nonliving
cells. MB and MTT images on both types of scaffolds
indicate that the majority of the attached cells are
vital. This is confirmed by the low amount of TB-
positive cells. SD2 and SD3 scaffolds (data not
shown) contain more confluent layers of attached
and vital cells with only a modest increase in the
number of nonvital cells on the TB staining images.

In vivo

All the implanted mice survived the end of the
study and remained in good health. On the day of
explantation, all scaffolds appeared to be well incor-
porated into the subcutaneous host tissue, without
fixation to the underlying fascia of the paraspinal
musculature. Figure 4 shows an example of a back-
scatter scanning electron micrograph representing
optimal bone formation for both groups. In group A,
with SD1 no bone was formed in any of the mice
(Table II). With SD2 in 7/16 mice bone formation
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occurred in the scaffolds with an average bone-scaf-
fold contact of 1.6% = 3.4% (Table II). With SD3 in
11/16 mice bone in the scaffolds was observed with
an average bone-scaffold contact of 3.1% * 7.4%.
SD2 and SD3 both showed a significant difference as
compared to SD1 (p = 0.02 and p = 0.003 respec-
tively), SD2 and SD3 were not significantly different
(p = 0.6). In group B, with SD1 in 3/16 mice bone
was formed in the scaffolds with an average of 0.3%
* 0.8% bone-scaffold contact. Using SD2, in all (16/
16) mice bone formation occurred in the scaffolds
with an average of 11.0% * 10.3% bone-scaffold con-
tact. With SD3, in 13/16 mice bone was observed
with 5.3% * 7.4% bone-scaffold contact. Again, SD2
and SD3 both showed a significant difference when
compared to SD1 (p < 0.001 and p = 0.002 respec-
tively), however, SD2 and SD3 were not significantly
different (p = 0.07).

DISCUSSION

Relating in vitro cell proliferation data to in vivo
bone formation in an ectopic mouse model was
shown to be feasible using the aB assay. Sequential
10-fold increases in the initial number of seeded cells
on two geometrically different Ca/P scaffolds did
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Figure 4. Backscattering images of mid-sections for scaf-
folds in group A (A) and group B (B). Both images are
representative of the more optimal results of bone formed
in these scaffolds after 6 weeks of in vivo implantation
(examples represent SD3 for scaffold group A and SD2 for
scaffold group B). White arrows indicate new bone forma-
tion on the scaffolds. Scale bars represent 1 mm.

not result in a steady increase in bone formation.
Therefore, seeding more cells does not automatically
relate to more bone formation. However, seeding
SD1 for 7 days in this study was shown to be subop-

timal for both groups when both the bone score in
mice and the contact length% are concerned. Further
increases from SD2 to SD3 did not differ signifi-
cantly within these parameters either. Looking at the
results for scaffold group A one could speculate that
a more favorable seeding technique (without an ini-
tial drop in vital cell numbers for SD3) could result
in more vital cells per scaffold on day 7 and perhaps
more optimal bone formation in this seeding density
group. For scaffold group B it could be speculated
that this optimum was already reached with SD2
since aB readings showed that no more than ~10.5
X 10* cells could be hosted on average on these scaf-
folds (Figure 2). Whether the time of constant cell
numbers between days 5 and 7, which could indicate
a state of “confluence” on these scaffolds, was of any
influence on the optimal results in this seeding den-
sity group can not be concluded at this moment.
Cell confluence in osteoblastic 2D cultures is directly
related to a conversion from cell growth to cell dif-
ferentiation with concomitant extracellular matrix
deposition.** Cell characterization such as an
increase in the alkaline phosphatase (ALP) activity
or bone morphogenetic protein (BMP) production,
could help to resolve this issue. If cell confluence on
the scaffolds would be an important factor in rela-
tion to bone formation, optimization of seeding tech-
niques (preventing an initial drop in cell number
such as observed with SD3) and establishing an
early scaffold cell confluence could be crucial.

The use of alamarBlue on rat BMCs has permitted
us to compare between in vitro cell behavior in 3D
scaffolds and in vivo bone formation on these same
scaffolds. The ability to continue with a specific scaf-
fold in a “repeated measures” method for cell quan-
tification purposes and to apply this scaffold for sub-
sequent in vivo implantation makes this method a
strong alternative in comparison to the “terminal”
use of scaffolds with, for example, MTTY or
Cyquant.'® These methods necessitate comparisons
between groups of different scaffolds with subse-
quent risks in losing statistical power. Limitations to
the aB assay are mainly found in the semi-quantita-

TABLE II
The In Vivo Bone Score in Mice Indicates the Number of Mice Showing Bone in the Specific Seeding Density for
Both Material Groups A and B

Group A Group B
SD1 SD2 SD3 SD1 SD2 SD3
Bone score in mice 0/16 7/16 11/16 3/16 16/16 13/16
Contact length(%) 0.0 = 0.0° 1.6 + 3.4° 3.1 % 74° 0.3 = 0.8¢ 11.0 * 10.3° 53 * 7.4

Only SD2 in group B showed bone in all of the 16 mice. The contact length % indicates the amount of bone-scaffold con-
tact length as a percentage of the total available scaffold contact length. Standard deviations are included for the contact
length %. Statistical significant differences between the different seeding densities in each material group are here indi-
cated in bold with their individual p values: Group A: a—b = 0.02; a—c = 0.003; b—c = 0.6 Group B: d—e < 0.001; d—f =
0.002; e—f = 0.07.

Journal of Biomedical Materials Research Part A
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tive nature of the assay (comparing cell numbers in
3D structures to standard curves derived from 2D
culture plates) and the dependency on the ease or
difficulty of diffusion of the aB medium into the
metabolically active cells. It can be speculated that
the latter is influenced by scaffold geometry such as
pore size, interconnectivity of the pores and fenestra-
tion size.'”” These items can be circumvented by
avoiding comparisons between different types of
scaffolds. Whether the penetration of the aB medium
remains constant with increasing (calcifying) ECM
formation in confluent cell layers on the scaffolds is
unknown. This factor should be further studied and
until then be considered as a potential bias in the
comparisons between different seeding densities in
this study, especially at later time points during cul-
ture.

In conclusion, scaffold structure and in vitro cell
behavior (such as seeding efficiency and cell prolifer-
ation) can not be considered as two separate entities
when the effects on in vivo bone formation are con-
cerned. AlamarBlue was shown to be a valuable
tool in the study on cell proliferation on our 3D
constructs.
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