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Background: Commercially available irrigation solutions are used to reduce bacterial contamination and
prevent surgical site infections. However, the effect of these solutions on the healing capacity of tissue
has not been well-established. The purpose of this study was to investigate the effects of 5 commercially
available irrigation solutions on host tissue in a murine model.
Methods: There were 5 treatment groups: bacitracin, Clorpactin, Irrisept, Prontosan, Bactisure, and
normal saline control. The irrigation solutions were applied to the wound for 30 seconds or 1 minute, as
per the manufacturer’s instructions, and then washed with normal saline. Mice were sacrificed at 3 days
and 10 days. The tissue was examined histologically for inflammation, edema, granulation tissue for-
mation, and re-epithelialization. Granulation tissue formation and re-epithelialization were surrogates
for effective wound healing.
Results: All of the irrigation solutions had negative effects on host tissue in the acute phase. The
inflammation and edema were improved in the later phase (10 days). Recovery and healing of the open
wounds were observed for all groups at 10 days. The antiseptic irrigation solutions had similar cytotoxic
effects on host tissue at 3 days and did not have delayed or compromised wound healing at 10 days when
compared to normal saline control.
Conclusions: Single short-duration use of these commercially available antiseptic irrigation solutions
appears to be safe in an uninfected wound. Data from this study will provide surgeons with useful in-
formation regarding the safety of using antiseptic wound irrigation solutions intraoperatively for pre-
vention of surgical site infections.
© 2023 The Authors. Published by Elsevier Inc. on behalf of The American Association of Hip and Knee
Surgeons. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
Introduction

Surgical site infections (SSIs) are common but feared compli-
cations after orthopaedic surgery. Data suggest an incidence of 2.5%
of all operations [1]. SSIs often necessitate additional surgeries
creating increased morbidity to patients. This also becomes a
financial burden to both the patient and the hospital for read-
missions, increased lengths of stay, emergency department visits,
outpatient visits, and use of ancillary services [2,3]. Bacterial
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contamination of the wound during surgery is a recognized and
predictive cause of infection [4e6]. In 2017, the Centers for Disease
Control and Prevention released updated guidelines for SSI pre-
vention, including use of antiseptic irrigation solutions intra-
operatively [7]. Antiseptics act in a broad-spectrum manner to
destroy or inhibit the growth and development of microorganisms,
unlike antibiotics which act in a more selective manner. Therefore,
antiseptics are appealing over topical antibiotics as there is no
concern for selective resistance. Many of the marketed antiseptic
irrigation solutions also incorporate a surfactant, such as betaine
and benzalkonium chloride, that acts as a detergent to help break
down biofilm and other cellular exudate in addition to their cyto-
toxic active ingredients.

It has been reported that mechanical debridement of surgical
wounds through saline irrigation can be effectively supported by
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Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:dexter.powell@ascension.org
www.sciencedirect.com/science/journal/23523441
http://www.arthroplastytoday.org/
https://doi.org/10.1016/j.artd.2023.101300
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.artd.2023.101300


D. Powell et al. / Arthroplasty Today 25 (2024) 1013002
antiseptic solutions in preventing SSIs [8,9]. This is paralleled by
many in-vitro studies demonstrating the profound bactericidal ef-
fect of these solutions [10]. But, in addition to evidence that sup-
ports their anti-infective capabilities, these solutions have also
demonstrated toxicity to host cells in vitro [11e15]. This toxicity
could be detrimental to wound healing and even increase the rate
of wound complications [16,17]. Meurs et. al. explored this bacte-
ricidal to cytotoxic relationship among 5 commercially available
antiseptic irrigation solutions in vitro using fibroblasts and stromal
progenitor cells [18]. Irrigation solutions were diluted until a
minimal bactericidal concentration was established. All agents
except polyhexanide were bactericidal and cytotoxic at commer-
cially available levels. Diluted povidone iodine (1.3 g/L) was the only
irrigant that was bactericidal at concentrations in which some
regenerative cells remained viable. Toxicity in a cell culture envi-
ronment may not precisely reflect cellular toxicity, tissue toxicity,
or wound healing interference in an in vivo environment, due to the
complexity of biological systems, including blood flow, immune
response, and so on [19]. The effects of these solutions on the
healing capacity of tissue in vivo have not been well established.

The purpose of this study was to investigate the cytotoxic effects
of 5 commercially available antiseptic irrigation solutions on the
healing capacity of full-thickness wounds in a murine model. We
comparatively analyzed wounds in 2 distinct phases, acute and
delayed. In the acute phase, we evaluated how each solution
influenced the early inflammatory response in living, healthy tis-
sue. In the delayed phase, we evaluated the capacity for tissue to
initiate a healing response. Previously, we investigated the effect of
irrigation solutions on osteoblast cytotoxicity and proliferation
in vitro and witnessed morphologic changes with all irrigants and
extreme detrimental effects of Irrisept [20]. In addition, we studied
the effects of irrigation solutions on 3-dimensional sheets of fi-
broblasts in vitro and demonstrated severe cytotoxic effects of
Irrisept and Bactisure [21]. Based on our previous in vitro research
observations and the work of others, such as Meurs et al. [18], we
formulated 2 hypotheses for this in vivo investigation: first, the
antiseptic solutions would cause more inflammation in the host
tissue acutely compared to normal saline and second, the groups
treated with antiseptic irrigation solutions would show an
impaired wound healing response at 10 days as measured by the
degree of re-epithelialization. We believed that the study outcomes
could help guide orthopaedic surgeonswhen assessing the safety of
these solutions as tools to help prevent SSI and understand their
impact on native tissues.
Material and methods

Animal groups

This project was approved by the Institutional Animal Care and
Use Committee (104-19). Sixty BALB C female mice, body weight
20-30 g, were used for study. Therewere 10mice in each group, 5 at
each time point (3 days and 10 days). Sample sizes were based on
power analysis and previous reports from similar procedures. The
mice were caged individually and allowed to feed ad libitum. The
mice were randomly assigned to 6 groups (Table 1): bacitracin (33
IU/ml), Clorpactin (0.2% calcium hypochlorite; United-Guardian
Table 1
Group characteristics.

Group Control Bacitracin Bactisure Irrisept Prontosan Clorpactin Total

Day 3 5 5 5 5 5 5 30
Day 10 5 5 5 5 5 5 30
Inc., Hauppauge, NY), Irrisept (0.05% chlorhexidine Gluconate;
Irrimax Corporation, Gainesville, FL), Bactisure (100 g/L ethanol, 59
g/L acetic acid, 30 g/L sodium acetate, 1.3 g/L benzalkonium chlo-
ride; Zimmer Biomet, Warsaw, IN), Prontosan (0.1% polyhexanide
and 0.1% betaine; B. BraunMedical Inc., Bethlehem, PA), and control
(0.9% normal saline).
Operative procedure

Animals were acclimatized for 1 week prior to surgery. Mice
were anesthetized using isoflurane (5% in oxygen) in an induction
chamber for approximately 2 minutes followed by administration
of ketamine (120 mg/kg) and xylazine (10 mg/kg) for extended
anesthesia. Ketoprofen (5 mg/kg) was injected subcutaneously for
preoperative analgesia. The designated surgical area was shaved
and preppedwith Betadine and 70% ethanol. Bilateral full-thickness
excisional wounds were created with a 5-mm punch using the
method of Dunn et al. [22], followed by splinting of the wound
using sutured silicone rings (see Fig. 1) [23]. The precut silicone
splint rings were glued to the skin then additionally secured using
6.0 Nylon sutures to prevent early wound closure. It is important to
point out that wound healing is a very complex process which in-
cludes inflammation, cell proliferation and angiogenesis, re-
epithelialization, and remodeling with reorganization of collagen.
There is one major fundamental difference when comparing
wound healing in mice to that of humans. Mice have an extensive
subcutaneous striated muscle layer called the Panniculus Carnosus,
which causes early wound contraction, which is not present in
humans. Therefore, in order to more closely replicate the wound
Figure 1. Murine wound healing model. In this model, 2 full-thickness wounds were
created on either side of the midline using a single 5-mm biopsy punch. Silicone
splints were glued then sutured to the wound perimeter to prevent wound contrac-
tion, providing a model replicable to that of humans.
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healing process in humans, early wound contraction was pre-
vented. This also allows for a more ideal wound tissue collection for
histologic analysis [22,23].

Initially, each mouse was to serve as its own control: right
wound for treatment and left wound for control. However, concern
was raised that the treatment solutions could leak under the skin
and “contaminate” the contralateral control wound; therefore, the
stand-alone control group was used for the control analysis.

According to prior group determination, each irrigation solution
(100ml) was applied to the right side wound for 1 minute (baci-
tracin, Clorpactin, Irrisept, Prontosan, and normal saline) and for 30
seconds (Bactisure), as described in the respective manufacturer’s
instructions. The wound was then dried and rinsed 3 times with
sterile 0.9% normal saline (100ml). The control group was washed 3
times with sterile 0.9% saline and pat dried. Following surgery, the
animals were placed in individual cages with a regular diet and
once daily assessments made until the date of sacrifice (3 and 10
Figure 2. Histology grading scheme for inflammation, edem
days). Ketoprofen was administered after surgery once daily for
1 week.

On sacrifice day 3 and day 10, the silicone splint was removed.
Full excision of the tissue around and under the wound was per-
formed sharply and the tissue fixed in 10% neutral buffered
formalin and paraffin embedded for histology. Animals were
removed from the remainder of the study and excluded from
analysis for failure to thrive (weight loss �20%), infections unre-
sponsive to treatment, and moribund state. Lost specimens were
replaced with allotted replacements, such that final analysis was
done with predetermined n values.

Histologic evaluation

Hematoxylin-and-eosin-stained slides were prepared from all
60mice samples. The sections were sent to HistoWiz Inc. (Brooklyn,
NY) for analysis, where theywere blindly examined and graded by a
a, granulation tissue formation, and re-epithelialization.
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veterinary pathologist. The grading system for observations of in-
terest had been established and was similar to the Sessing Scale
described by Ferrell [24] and techniques used by Gupta et al. [25]. In
the acute/inflammatory phase (3 day) focus was placed on
inflammation and edema. During the delayed term/healing phase
(10 day) inflammation and edema were graded for comparison to
the acute phase and granulation and re-epithelialization were
graded to assess wound healing. The scoring system used for
grading is seen in Figure 2.

Statistical analysis

Statistical analysis was performed by using Microsoft Office
Excel. Mean and standard deviations were calculated for each of the
graded categories. Single-factor analysis of variance was used to
compare the groups. Post hoc 2-tailed t-tests were then performed
to compare each groups separately. Significance was set at P < .05.

Animal research guidelines

All standards for animal care and investigation established in
the National Research Council’s Guide for the Care and Use of
Laboratory Animals, The Federal Animal Welfare Act, and all pol-
icies established by Ascension-Providence Hospital Institutional
Animal Care and Use Committee were followed for this study.

Results

Histologic grading demonstrations

The representative images of histologic grading scores for
inflammation, edema, granulation tissue, and re-epithelialization
are shown in Figures 3-6, respectively. These photos were taken
from specimen slides at 3 days and 10 days and convey visualiza-
tion of the grading scheme used by the pathologist.

Inflammation scores

As shown in Figure 7, at 3 days, the inflammation scores were
3.2, 3.2, 3.1, 3.4, 3.8, and 3.2 for bacitracin, Clorpactin, Irrisept,
Bactisure, Prontosan, and saline control, respectively. Although
Bactisure and Prontosan showed higher inflammation scores than
saline control, there were no statistical differences among groups
(P ¼ .86). At 10 days, the inflammation scores were 3.0, 2.6, 2.4, 1.9,
Figure 3. Representative photos of H&E slides described by the pathologist demonstrating
(10x). Mild inflammation (Score 1/4) in the dermis (black arrow) and subcutis (red arrow). T
degenerative neutrophils (inflammation score 4/4) in the ulcerated area (black arrowhead
necrosis (red arrow) and serocellular crusting of the ulcerated epithelium (red arrowhead)
1.7, and 3.0 for bacitracin, Clorpactin, Irrisept, Bactisure, Prontosan,
and saline control, respectively. There were no statistical differ-
ences among groups at 10 days (P ¼ .11). However, a significant
reduction of inflammation was observed in the Clorpactin,
Bactisure, and Prontosan groups at 10 days as compared to 3 days
(P < .05).
Edema scores

As shown in Figure 8, at 3 days, the edema scores were 2.0, 2.8,
2.3, 2.2, 3.8, and 3.0 for bacitracin, Clorpactin, Irrisept, Bactisure,
Prontosan, and normal saline, respectively. Therewere no statistical
differences among groups (P ¼ .21), though Prontosan had a higher
edema score than saline control. At 10 days, the edema scores were
1.4, 0.8, 0.2, 1.8, 0.2, and 1.6 for bacitracin, Clorpactin, Irrisept,
Bactisure, Prontosan, and saline control, respectively. Analysis of
variance testing showed there were statistical differences among
groups at 10 days (P ¼ .006). Post hoc analysis showed that there
was less edema with Irrisept as compared to bacitracin (P ¼ .01),
Bactisure (P ¼ .01), and normal saline (P ¼ .03). Prontosan
demonstrated significantly less edema at 10 days compared to
bacitracin (P ¼ .01), Bactisure (P ¼ .01), and normal saline (P ¼ .03).
A significant reduction of edema was observed in the bacitracin,
Clorpactin, Irrisept, normal saline, and Prontosan groups at 10 days
as compared to that at 3 days (P < .05).
Granulation scores

As shown in Figure 9, at 10 days, the granulation scores were 1.2,
1.8, 2.5, 2.2, 2.4, and 1.8 for bacitracin, Clorpactin, Irrisept, Bactisure,
Prontosan, and normal saline, respectively. Therewere no statistical
differences among groups (P ¼ .14), though bacitracin showed
lower granulation scores than saline control.
Re-epithelialization scores

As shown in Figure 10, at 10 days, the re-epithelialization scores
were 3.0, 2.6, 3.1, 3.6, 3.1, and 3.0 for bacitracin, Clorpactin, Irrisept,
Bactisure, Prontosan, and saline control, respectively. The re-
epithelization was similar for the groups of antiseptic solution as
compared to the saline control (P ¼ .88), though Clorpactin showed
lower re-epithelialization scores than saline control.
the inflammation grading scheme (0-4). (a) is showing a score of 1. Prontosan, Day 10,
he epithelium is intact. (b) is showing a score of 4. Clorpactin, Day 3, (10�). Numerous
) with inflammation in deep dermis (black arrow). Dermal collagen degeneration and
. H&E, hematoxylin and eosin.



Figure 4. Representative photos of H&E slides described by the pathologist demonstrating the edema grading scheme (0-4). (a) showing a score of 2. Bacitracin, Day 3, (10�).
Moderate inflammation (score 2/4, black arrow), edema (score 2/4, red asterisk), small increased numbers of subcutaneous/deep dermal congested vessels (black circle), large,
congested vessel (black asterisk) and degenerative and necrotic epithelium (black arrowhead), with epithelial hyperplasia and spongiosis (intracellular edema) left of black
arrowhead. (b) showing a score of 4. Prontosan, Day 3, (2�). Severe inflammation consisting of numerous degenerative neutrophils in the dermis (red arrow) at the area of ul-
ceration with serocellular crusting (red arrowhead) and severe edema (score 4/4 score, black arrowhead).
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Discussion

SSIs are a significant contributor to morbidity and mortality in
orthopaedic surgery. It is common to try to reduce the risk of
infection of wounds with thorough irrigation prior to wound
closure [14]. Antiseptic irrigation solutions are frequently used for
this task in an attempt to actively kill bacteria [26,27]. The benefits
of antiseptic adjunct use are well-established and include broad-
spectrum antimicrobial and antibiofilm activity, without acquired
bacterial resistance [28]. It has been demonstrated that a 1-minute
exposure of 0.05% chlorhexidine gluconate produces a >5-log
reduction against selective healthcare-associated pathogens and
Figure 5. Representative photos of H&E slides described by the pathologist demonstrating gr
Immature granulation tissue (score 1/3): loose granulation tissue (macrophages black arro
matory cells throughout the dermis and subcutis. (b) showing a score of 2. Bactisure, Day 10,
and sparse extracellular matrix proteins forming layers and vessels running perpendicular. (
(score 3/3, white line). Full re-epithelialization (score 4/4) of the epithelium (white star). H
reduces microbial adherence to the surface of implantable
biomedical devices [10]. Additionally, polyhexamethylene bigua-
nide (PHMB) was shown to be effective against methicillin-resis-
tant staphylococcus aureus 3-day and 6-day biofilms in porcine
models [29]. Although these solutions decrease bacterial load, there
is concern that the very properties that make them attractive for
potential prevention of infection may also be harmful to host tissue
and wound healing [14]. In vitro cell culture models have demon-
strated that PHMB has a time-dependent cytotoxic effect on kera-
tinocytes, osteoblasts, and fibroblasts [30]. Previously, in our
laboratory, we found that bacitracin, Clorpactin, and Irrisept all
caused damage to osteoblasts in vitro. There was some reversal of
anulation tissue grading scheme (1-3). (a) showing score of 1. Clorpactin, Day 10, (10�).
w, fibroblasts red arrows) with emerging vessels (black circles) and scattered inflam-
(10�). Dermis with granulation tissue (score 2/3). Mature granulation tissue: fibroblasts
c) showing a score of 3. Bacitracin, Day 10, (10�). Full thickness dermal scar formation
&E, hematoxylin and eosin.



Figure 6. Representative photos of H&E slides described by the pathologist demonstrating Re-epithelialization grading scheme (0-4). (a) showing a score of 1. Clorpactin, Day 10,
(10�). Early re-epithelialization (score 1/4, circle), with migrating epithelial cells with unclosed ulcer. Early granulation tissue (1/4, white star). (b) showing a score of 4. Bactisure,
Day 10, (10�). Re-epithelialization score (score 4/4, red arrow), thickened epithelium that is fully filled in with horizontal basement membrane. Overlying Scab (white star). H&E,
hematoxylin and eosin.
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the deleterious effect once bacitracin and Clorpactin were removed
but complete annihilation of all cells with Irrisept [20]. The litera-
ture is lacking in vivo studies that investigate the effect of antiseptic
irrigation solutions on host tissue, particularly for single short
duration applications as used for surgical site sterilization. There-
fore, there is ongoing debate over the most appropriate use of these
potent chemicals [11,12].

The purpose of this study was to histologically compare the
effects of 5 commercially available antiseptic irrigation solutions on
healthy skin using a full-thickness open-wound murine model.
There were 2 phases of interest: acute and delayed. First, we
examined the acute inflammatory phase. This served as a surrogate
for the severity of the cytotoxic load on the tissue. This was fol-
lowed by the healing phase, which reflected the tissue’s ability to
mount a regenerative response after single exposure to the various
irrigants. In the acute phase, all groups showed substantial
inflammation at 3 days (Score >3, moderate to marked), this was,
however, comparable to the normal saline control. Each group also
demonstrated some decrease in inflammation by the 10-day mark;
however, this improvement was only significant in the Clorpactin,
Bactisure, and Prontosan groups. All solutions caused considerable
edema (score �2, moderate) at 3 days, but again all showed sig-
nificant improvement at 10 days, except for the Bactisure group.
With regard to granulation tissue, all groups laid down immature
granulation tissue (score �1) at 10 days. However, we did not find
differences in granulation tissue between groups of antiseptic
Figure 7. Inflammation scores at 3 days and 10 days, respectively. Red stars denot
irrigation solutions and normal saline control at 10 days. All groups
at 10 days showed complete closure of the wound (score �2, re-
epithelialization: full closure of ulcer), and many groups also
showed thickening of the regenerated epithelium into the dermis
(re-epithelialization grade 3). No groups were found to be inferior
to normal saline in terms of re-epithelialization potential.

These results demonstrated that all the irrigation solutions had
a negative effect on the host tissue in the acute phase, and all
showed potential for recovery as they were able to effectively heal
the open wound. The antiseptic irrigation solutions had no greater
cytotoxic effect on host tissue when compared to normal saline
alone. Likewise, wound healing was not delayed or compromised
when treated with any antiseptic irrigation solution when
compared to normal saline alone. This illustrates the important
regeneration potential of living wounds that must be considered
when discussing the effect of antiseptics. In vivo models such as the
murine model used in this study, described by Dunn et al [22],
consist of a complex environment of wound exudate, extracellular
proteins, immune cells, proteases, and natural nutrition through
blood and lymphatic flow. Presence of organic compounds (eg,
proteins) alone have been shown to provide a protective effect
against antimicrobial compounds [31]. Also, skin wound healing is
a highly complex and 3-dimensionally organized process, including
many cell-cell signal pathways and epidermal stem cells, behaving
substantially different than cells in a monolayer on culture medium
[19,32]. Duration of exposure and concentration of antiseptic
e statistical significance within groups between 3 days and 10 days (P < .05).



Figure 8. Edema scores at 3 days and 10 days, respectively. Red stars denote statistical significance within groups between 3 days and 10 days (P < .05). Black stars denote statistical
significance between groups at 10 days.
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solution must also be considered when discussing the effects of
irrigation solutions. Bolten et al. [33] showed that daily treatments
of full-thickness skin guinea pig wounds using antiseptic solutions,
including chlorhexidine (0.1%) and bacitracin (200/ml), caused
delayed wound healing at 7 days. Saatman et al. [34] showed that
full-thickness incisions and abrasions treated with 4% and 0.5%
chlorhexidine at the time of surgery and once daily thereafter
resulted in delayed wound healing at 6 days. The prolonged re-
petitive exposures would be more relevant to chronic open wound
management rather than single short duration application followed
by saline rinse as used intraoperatively in SSI prevention and
studied herein. Muller and Kramer [35] showed a concentration
dependent toxicity of fibroblasts and keratinocytes when exposed
to benzalkonium chloride, chlorhexidine, and PHMB. Therefore, it is
important to point out that commercially available Irrisept as used
in this experiment contains a lower concentration of chlorhexidine
(0.05%), as compared to concentrations used by Boltman and
Saatman.

There were limitations to this study. The most obvious are the
inherent limitations of animal research. Smaller sample sizes were
required for Institutional Animal Care and Use Committee approval,
which could have potentially led to underpowering. While the
mouse model is certainly more practical and economic for this
Figure 9. Granulation tiss
in vivo preclinical investigation, there are fundamental differences
in the biology and wound healing of murine compared to humans.
However, efforts were made to mitigate these differences using the
methods described previously, including splinting of wounds
[22,23]. Future studies using larger animals would better ensure
transferability of these results to human tissue in the clinical
setting. Finally, the sensitivity of the grading systems used for
inflammation, edema, granulation, and epithelialization scoring is a
limitation. The grading systems attempt to quantify the more
qualitative characteristics of histologic slides for statistical analysis.
However, given the small samples sizes and small number of cat-
egories in each grading system, the ability to detect a difference is a
limitation.

Conclusions

Despite our previous in vitro data illustrating, the extreme
cytotoxic effect of these irrigation solutions and other studies
suggesting that prolonged exposure leads to impaired wound
healing, our data suggest that single short duration use of these
commercially available antiseptic irrigation solutions was no
different than normal saline in vivo. All the irrigants showed
inflammation in the acute phase that was reversible by 10 days and
ue scores at 10 days.



Figure 10. Re-epithelialization scores at 10 days.
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did not inhibit wound healing. These findings did not however
address the efficacy in the face of infection and/or cost benefit is-
sues. The key finding was that they appear safe in the noninfected
setting if one chooses to use them clinically.
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