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Fig. 1. Grade classification per evaluation. (A) Cytotoxicity grades of bone-wax products. (B) Usability/spreadability grades. (C) Hemostatic performance grades. (D) Absorption/

degradability grades.

onto the circular defect area using sterilized surgical gloves or
surgical tools. The experimental group was OSSTOP, and the
comparative groups were commercially available OSTENE and
NOVOSEAL bone waxes.

Usability/spreadability evaluation

The tissue adhesion, spreadability, and application ease of each
hemostatic agent and the untreated control group were graded
as shown in Fig. 1B.

Hemostatic performance evaluation

The hemostatic performance of each test group and the untreated
control group was evaluated for 5 min and graded as shown in
Fig. 1C.

Evaluation of hemostasis maintenance

After evaluating the usability/spreadability and hemostasis per-
formance, the hemostasis maintenance of each test substance
was evaluated during six 10-min intervals (total evaluation time,
1 h). The times of blood 00zing were recorded, and the bleeding
amounts were measured from the blood contents absorbed on
preweighted paper.

Evaluation of absorption/degradability after

transplant at the bone-amputation bleeding site

The absorption/degradability extent and pattern of each test
substance in the body were evaluated after implanting the test
substance at the hemorrhage sites of amputated bones [16,22-
26] of 10-week-old SD male rats. These experiments complied
with the “Animal Protection Act” and the “Act on Laboratory
Animals” of the Republic of Korea and with the Animal
Experiment Ethics Committee of Konkuk University (Animal
Experiment Approval Number: KU21007). Prior to implanting
the test substance into the femur, the animals were prepared
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as described in the “Evaluation at the bleeding site after bone
amputation in rats” section. Each test substance (50 g, kneaded
into circular defects in advance) was evenly filled or spread
over the circular defect site using sterilized surgical gloves or
surgical tools and then attached. For absorption/degradability
evaluations, the incised muscles and skin of the implantation
site were sutured to retain the sample. The transplant site was then
observed at 1, 3,7, and 14 d. At the end of the observation period,
the animals were euthanized, and the degree of absorption/
decomposition and biological response of the transplant site
were evaluated. The surrounding tissues were removed to evalu-
ate the degree of inflammation. The experimental and com-
parison groups were treated with OSSTOP and commercialized
OSTENE, respectively, and the untreated control group was
also evaluated. The absorption/degradability grades are listed
in Fig. 1D.

For long-term observation, local tissue irritation at the
implantation site was evaluated by implanting the test materi-
als into the femurs of healthy New Zealand White rabbits
(weighing over 3 kg) for 13 weeks. Each group consisted of 8
animals (4 males and 4 females). This study was approved by
the Animal Ethics Committee of the Korea Testing & Research
Institute Healthcare Research Center in accordance with the
“Animal Protection Act” and the “Act on Laboratory Animals”
of the Republic of Korea.

For each rabbit, the test and control materials were implanted
at 3 sites, spaced at least 2 cm apart, with approximately 0.1 g
per site. After implantation, the surgical sites were sutured
appropriately, and general symptoms were monitored until the
end of the implantation period.

For hematological analysis, the animals were fasted over-
night prior to blood collection. They were anesthetized with
isoflurane, and approximately 2 ml of blood was collected from
the abdominal aorta. The blood samples were placed in EDTA
tubes (K2 EDTA 3.6 mg, BD Vacutainer, USA) and analyzed
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using a hematology analyzer (ADVIA 2120i, SIEMENS, USA)
for various parameters. Blood coagulation time was measured
using plasma obtained by centrifuging blood samples collected
in 9NC Citrate tubes (Buffered Sodium Citrate 0.109M, 3.2%,
BD Vacutainer, USA) at 3,000 rpm for 10 min. The coagulation
time was analyzed using a blood coagulation analyzer (ACL
ELITE PRO, Instrumentation Laboratory, USA).

At the end of the study, macroscopic evaluation of the
implantation sites was performed, and the implant areas were
excised for histological analysis. The experimental and control
groups were treated with OSSTOP and the commercially avail-
able OSTENE, respectively. Changes in body weight during the
implantation period are presented in Fig. S2.

Histopathological evaluation

For histopathological analysis, the femurs and surrounding tis-
sues were fixed in 10% neutral buffered formalin and decalcified
using Solution Lite (Sigma-Aldrich) prior to routine tissue pro-
cessing. Each specimen was then embedded in paraffin, and
4-pm-thick tissue sections obtained through the grafted area were
stained with hematoxylin and eosin. The types and degrees of
inflammatory responses and bone regeneration at the cortical
bone defect sites in the control, comparative, and experimental
groups were compared according to international standard guide-
lines (ISO 10993-6) at each time point.

At the end of the long-term observation study, surviving
rabbits were anesthetized with isoflurane for blood collec-
tion and humane euthanasia. A macroscopic examination
was conducted on the external surface, all orifices, the cra-
nial cavity, and all thoracic and abdominal organs, including
their contents.

Following the necropsy, a macroscopic evaluation was per-
formed for all animals, and the weights of the heart, liver, lungs,
spleen, kidneys, adrenal glands, testis, epididymis, ovaries, brain,
pituitary gland, thymus, and uterus were measured. The organ
weight measurements and necropsy findings are presented in
Table S1, while the results of the hematological and blood bio-
chemical analyses are provided in Table S2.

Statistical analysis

Statistical analyses were conducted using Prism 4.02 (GraphPad
Software, San Diego, CA, USA). Significant differences between
groups were assessed using one-way analysis of variance. Multiple
comparisons of the parametric data were then determined using
Bonferroni’s post hoc test. In all tests, a P value of 0.05 was con-
sidered as statistically significant.

Results

Physical properties under the mixing and dissolution

conditions of the poloxamer

Liquid poloxamer [poly(ethylene glycol-ran-propylene glycol),
438200, Sigma-Aldrich, USA] and powder poloxamer (Kolliphor
P 338 Geismar, 50424591, BASF Corporation, USA) were mixed
at ratios of 15 to 85 wt % (Table 1) and then dissolved and cured
to prepare the mixture. The degree of synthesis was observed
during curing at room temperature. When the mixing ratio of
the liquid poloxamer reached or exceeded 65%, block formation
was difficult and the product became viscous. Solid-block polox-
amers were formed at mixing ratios of 15% to 55% for the liquid
poloxamer and 15% to 55% for the powder poloxamer. Solid
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blocks prepared at these mixing ratios maintained their usability
and adhesiveness after kneading and spreading. In addition, the
hardness and stickiness of the synthesized poloxamers depended
on the mixing ratios of the liquid and powder poloxamers
(Fig. 2). Increasing the mixing ratio of the liquid poloxamer
decreased the hardness of the poloxamer in the solid-block
state after synthesis (Fig. 2A). Meanwhile, the stickiness
increased as the ratio increased to more than 35% (Fig. 2B).
Among the viable mixing ratios of the liquid and powder
poloxamers, we selected the condition yielding similar physi-
cal properties to those of commercialized bone wax Group B
(PEG-ran-PPG:P 338 = 25%:75%).

Molecular weight distributions and
thermal properties of the poloxamers before

and after synthesis

To confirm the unique characteristic changes afforded by the
80 °C dissolution process under the selected synthesis condi-
tions of Group B (PEG-ran-PPG:P 338 = 25%:75%), we
determined the molecular weight distributions and thermal
properties of the poloaxamers in OSSTOP (Figs. 3 and 4). Prior
to mixing, the unique molecular weight distributions of the
liquid and powder poloxamers were confirmed from the unique
molecular weight peaks in GPC and DSC. The spectrum of the
liquid poloxamer showed a single peak at 11.3 min (Fig. 3A, red
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Fig. 2. Confirmation of physical properties (i.e., hardness and stickiness) of liquid
and powder poloxamer under different mixing and dissolution conditions. Liquid and
powder poloxamer were mixed and dissolved based on the conditions described in the
next. For each sample, 1 g was taken, kneaded into a spherical shape 10 to 20 times,
and then measured. (A) Substance hardness. (B) Substance stickiness. *Groups G
and H: not measurable. **Group B: (PEG-ran-PPG:P 338 = 25%:75%) = Selected
bone wax = OSSTOP.
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Fig. 3. Molecular weight distributions of liquid and powder poloxamer under different synthesis conditions. (A) Native molecular weight peak of PEG-ran-PPG (red).
(B) Native molecular weight peak of P 338 (blue). (C) Native molecular weight peak of OSSTOP (green). All panels reflect respective synthesis conditions. *PEG-
ran-PPG: Poly(ethylene glycol-ran-propylene glycol)/liquid poloxamer. **P 338:Kolliphor P 338 Geismar/powder poloxamer. ***QSSTOP = Selected bone wax =

Group B (PEG-ran-PPG:P 338 = 25%:75%).

arrow), whereas that of the powder poloxamer showed 2 peaks
at 11.3 and 12.0 min (Fig. 3B, blue arrows). The above peaks
were also detected in OSSTOP (Fig. 3C, green arrows), confirm-
ing a stable thermal synthesis with no change in molecular
weight. In addition, the heat-induced changes in the character-
istics of the liquid poloxamer, powder poloxamer, and OSSTOP
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during synthesis were evaluated in the temperature ranges
30 to 55 °C, 57 to 65 °C, and 55 to 68 °C, respectively. All
samples were endothermic, and their thermal behaviors con-
firmed a melting point beyond which the thermal flow was
constant with no changes in thermal characteristics (68 to
300 °C; Fig. 4).
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Fig. 4. Changes in thermal properties of liquid and powder poloxamer under different synthesis conditions. (A) PEG-ran-PPG. (B) P 338. (C) OSSTOP. All panels reflect respective
synthesis conditions. *PEG-ran-PPG: Poly(ethylene glycol-ran-propylene glycol)/liquid poloxamer. **P 338: Kolliphor P 338 Geismar/powder poloxamer. **#+QSSTOP = Selected

bone wax = Group B (PEG-ran-PPG:P 338 = 25%:75%).

Physical properties (adhesion, yield load, solubility)
of OSSTOP and commercialized bone wax

Considering the clinical use environment of OSSTOP and the
commercialized OSTENE and NOVOSEAL products, we evalu-
ated and compared their adhesive strengths to bone surface
(adhesion), required kneading forces before application in the
body (yield loads), and dissolution times when reacting with
body fluids (solubilities). Under the same conditions, the adhesive
strengths of OSTENE and NOVOSEAL were 74.25 +2.92 N and
77.24 + 5.38 N, respectively. In OSSTOP, the adhesive strength
was raised to 100.24 + 8.27 N (Fig. 5A). Meanwhile, the yield
loads of OSTENE, NOVOSEAL, and OSSTOP were 4.07 +
0.33 N, 1.47 +£0.12 N, and 3.17 # 0.19 N, respectively (Fig. 5B).
Finally, the solubility measurements confirmed similar dissolu-
tion patterns and weight changes in OSTENE and NOVOSEAL
over time, and a later dissolution time of OSSTOP than of the
commercialized bone waxes (Fig. 5C). Figure S1 shows a similar
solubility when treated with PBS and FBS.

Cytotoxicity of OSSTOP

The test results of the negative and positive control groups satis-
fied the validity criteria, confirming that the cytotoxicity test was
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properly conducted. In addition, the test substance caused no
separation of granules in the cytoplasm of the cultured cells, cell
lysis, or cell-growth inhibition under any condition. Therefore,
the qualitative morphological reactivities of the cells exposed to
the test substance, whether eluted with a polar solvent or with
a nonpolar solvent, were judged as “None”. In summary, the
cytotoxicity response grade of OSSTOP under the test condi-
tions was judged as “Grade 0” (Table 2).

Evaluation of the bone excision bleeding area
Usability/spreadability results

No specimens were judged as “Grade 0” during the usability/
spreadability evaluations of OSTENE, NOVOSEAL, and OSSTOP.
In the NOVOSEAL evaluation, 5 of 8 specimens were judged
as “Grade 2” and the OSTENE evaluation yielded 1 “Grade 1”
specimen, 1 “Grade 2” specimen, and 6 “Grade 3” specimens.
In the OSSTOP evaluation, all 8 specimens were judged as
“Grade 3”. Most of the NOVOSEAL bone wax was adhered to
the glove, limiting the molding and quantitative application
of this product, but OSSTOP never adhered to the glove,
enabling easy molding and quantitative attachment in all
specimens (Fig. 6A).
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Fig. 5. Physical property analysis of OSSTOP and commercialized bone-wax products. (A) Adhesion comparison of bone wax. (B) Yield load comparison of bone wax.

(C) Solubility comparison of bone wax.

Table 2. Cytotoxicity tests assessing the biocompatibility of OSSTOP

Extract (test substance)

Control substance

Polar solvent Nonpolar solvent

Blank test

Negative control Positive control

0 0 0 0 0 0 0

0

0 0 0 0 4 4 4

Hemostatic performances of the bone waxes

Hemostatic performance was evaluated based on the presence
and timing of oozing during the 5-min period after applying
the bone wax. After application of NOVOSEAL, 4 of 8 speci-
mens were observed as “Grade 4” and the remaining speci-
mens exhibited various degrees of hemostatic performance
(‘Grade 0” to “Grade 3”). “Grade 4” was achieved by almost
all specimens (7/8) in the test group OSTENE and by all 8 speci-
mens in the test group OSSTOP. The hemostatic performance
of the test group NOVOSEAL was low in specimens with low
usability/spreadability evaluation grades, whereas the hemostatic
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performance of OSSTOP was similar to that of the control group
OSTENE (Fig. 6B).

Hemostasis maintenance abilities of the bone waxes

To measure the hemostatic maintenance time, we recorded the
bleeding time for 1 h after applying the bone wax. The average
hemostasis maintenance times of NOVOSEAL and OSTENE
were 18.6 + 26.0 min and 22.5 & 19.1 min, respectively. In the
test group OSSTOP, the hemostasis state was maintained for
56.8 + 8.8 min. The NOVOSEAL bone wax was detached from
the defect site after oozing, whereas OSTENE and OSSTOP
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Fig. 6. Evaluation of bone excision bleeding area. (A) Results of bone-wax usability/spreadability evaluations as determined via animal experiment (*P < 0.05 compared
to NOVOSEAL). (B) Results of bone-wax hemostatic evaluations as determined by animal experimentation (*P < 0.05 compared to NOVOSEAL). (C) Results of bone-wax
hemostasis maintenance evaluations as determined by animal experimentation; chart depicting hemostasis maintenance patterns over time after bone-wax application,
i.e., the results of hemostasis maintenance over time following bone-wax application (*P < 0.05; **P < 0.01, compared to NOVOSEAL; #P < 0.05, compared to OSTENE).

remained within the defect site for a considerable time follow-
ing oozing (Fig. 6C).

Absorption/degradability abilities of the bone

waxes after transplantation at the bone-amputation
bleeding site

The bone-wax application sites were visually evaluated following
autopsy at 1, 3, 7, and 14 d. Trace amounts of OSTENE and
OSSTOP remained in the defect at 1 d post-application (Fig. 7,
yellow arrows), scoring “Grade 2”. Whereas the OSTENE group
showed little or no test material in the surrounding tissues,
OSSTOP showed a coagulated blood clot (Fig. 7, red arrow)
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above the defect without adhesion to the surrounding tissues.
The blood clot remained until 3 d post-application of OSSTOP
but was absorbed to nonvisible levels by day 7. On days 7 and 14
after bone-wax application, the bone defects in all groups were
removed by granulation tissue or bone regeneration (Fig. 7).

Histopathological evaluation

The types and degrees of inflammatory response to cortical bone
defects were compared between the control group and the com-
parison and experimental groups at each autopsy time point.
According to the international standard guideline (ISO 10993-6),
the OSSTOP test group was evaluated at 8 points (lower or similar
to the number of evaluation points on the control group; 9 points)
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Fig. 7. In vivo absorption/degradation in a bone-wax animal transplantation model. Autopsies were performed 1, 3, 7, and 14 d after each application of bone wax, at which
time the application site was visually evaluated. On days 1 and 3 after bone-wax application, only a small amount of bone wax was observed within the defect (yellow arrow);
moreover, in the OSSTOP application group, we observed coagulated blood clots that were not adhered to surrounding tissue (red arrow); 7 d after the application of bone
wax, the defect disappeared in all groups because of granulation tissue or bone regeneration within the area of the bone defect.

14 d after application. The tissue-regeneration responses did
not significantly differ among the OSSTOP group, test group,
control group (Neg. Con.), and comparison group (OSTENE),
indicating that OSSTOP does not inhibit bone regeneration
(Fig. 8).

In the long-term observation study of femoral implantation
in the rabbit model, no animal deaths occurred in any test
group throughout the study period. Additionally, no abnormal
symptoms related to the implantation of the test materials were
observed in any group, including the control group.

There were no statistically significant changes in body weight
or necropsy findings. While some statistically significant differ-
ences (P < 0.05) were observed in organ weights, hematological
analysis, and blood biochemical tests compared to the control
group, all measured values remained within the normal range
for both male and female rabbits. Therefore, these changes were
not considered toxicological effects related to the implantation
of the test material (Fig. S2 and Table S2).

Macroscopic examination of the implantation site and sur-
rounding tissues revealed no notable lesions related to the test
material. In the histological evaluation, the scores for both
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male and female rabbits were 0.0, indicating no adverse tissue
reactions (Table S1). Furthermore, no abnormalities or test
material-induced lesions were observed in the major organs
of either the control or experimental groups.

Discussion

To alleviate the shortcomings of the existing commercial
absorbable bone waxes, we developed an absorbable bone wax
with improved usability and physical properties from liquid
and powder poloxamers. Unlike existing bone-wax products,
anew type of absorbable bone wax was developed by combin-
ing 2 poloxamer multiblock copolymers (liquid poloxamer and
powder poloxamer) with different molecular weight ranges and
physical states through thermal compatibility. The bone wax
developed in this study has a higher molecular weight than the
poloxamer multiblock copolymers used in existing bone-wax
products, and its stability was confirmed through GPC and
DSC analyses based on thermal compatibility. By modifying
the molecular weight range of the raw materials and the ther-
mal compatibility method, the hydrophobic block content

10
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Necrosis® 0 0 0 0 0 0 0 0 0
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Neovascularization® 2 2 2 1 2 2 2 2 2
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SUBTOTAL 3 3 4 4 3 3 3 3 4

TOTAL 9 7 8 “ 9 7 9 7 8
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Test average [8] - Negative control average [9] = 0

Fig. 8. Histopathological evaluations. (A) Cortical bone defects in a bone-wax animal transplantation model. (B) Inflammation and bone regeneration in cortical bone defects
in a bone-wax animal transplant model. (C) Inflammation and bone regeneration in cortical bone defects 14 d after bone-wax animal transplantation. a: 0, none; 1, rare; 2, 5
to 10/high-power field (hpf); 3, heavy infiltrate; 4, packed. b: 0, none; 1, minimal; 2, mild; 3, moderate; 4, severe. c: 0, none; 1, minimal capillary proliferation; 2, groups of 4 to
7 capillaries with supporting fibroblastic structures; 3, broad band of capillaries with supporting structures; 4, extensive band of capillaries with supporting structures. d: 0,
none; 1, narrow band; 2, moderately thick band; 3, thick band; 4, extensive band. e: 0, none; 1, minimal amount of fat associated with fibrosis; 2, several layers of fat and fibrosis;
3, elongated and broad accumulation of fat cells about the implant site; 4, extensive fat completely surrounding the implant.

of PPG (PPO) was increased, significantly improving the
previously weak physical properties of existing bone-wax prod-
ucts, such as adhesion, yield load, and solubility.

Animal experiments and clinical trials have confirmed the
many advantages of absorbable bone wax over nonabsorbable
bone wax. Because absorbable bone wax is dissolved after
hemostasis of the bone-amputation site, bone regeneration is
uninhibited and the risk of bone nonunion and infection is
significantly reduced [16,22-25]. Among numerous raw mate-
rials considered for absorbable bone wax, absorbable materials
such as oxidized regenerated cellulose, microfibrillar collagen,
and gelatin are best absorbed at the application site during
in vivo animal experiments. Oxidized regenerated cellulose is
eliminated from the application site within 6 weeks to 1 year,
and microfibrillar collagen and gelatin are absorbed within 14
to 90 d [3]. The decomposition period of the recently com-
mercialized absorbable bone wax based on an alkylene oxide
copolymer is considerably shortened to 48 to 72 h. In addition,
the degraded/absorbed poloxamer is eliminated through renal
or hepatic excretion [25,27].

However, when utilized in clinical environments, the usabil-
ity of poloxamer-based absorbable bone wax is limited by the
physical properties of the bone wax. The low mechanical
strength and rapid dissolution of the poloxamer in the body
impedes hemostasis [17-19]. In addition, the poloxamer-based
bone mass has a poor molding texture and attaches to surgical
gloves during kneading [16].
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By thermally synthesizing 2 types of poloxamer, we intended
to improve the molding texture and decomposition period of
absorbable bone wax. First, we adjusted the hardness of the
developed OSSTOP to a value similar to those of commercially
available absorbable bone waxes, minimizing the force required
for kneading in a clinical environment. To improve the molding
texture, we changed the content ratio of the hydrophobic block
PPG (PPO) using liquid and powder poloxamers. In their review
of amphiphilic ABA triblock copolymers, Booth and Attwood
[12] reported that the critical micelle concentration can be con-
trolled by adjusting the type, position, and length of the B (hydro-
phobic) block. Overall, the critical micelle concentration
increases by increasing the length of the B block [12]. The devel-
oped OSSTOP was thermally synthesized from a liquid polox-
amer and a powder poloxamer. The increased length of the B
blocks raised the melting point of the product from that of the
powder poloxamer, thereby increasing the adhesion and solubil-
ity of OSSTOP while retaining the hardness of the poloxamer.
That is, thermally synthesizing the liquid and powder poloxam-
ers increases the overall critical micelle concentration from that
of a single poloxamer. In conclusion, one can judge that thermal
synthesis changed the content of the hydrophobic block PPG
(PPO) and increased the overall critical micelle concentration,
hence increasing the adhesiveness and solubility.

Consequently, the stickiness was controlled to ensure suf-
ficient adherence to the bone tissue surface but minimal adher-
ence to the surgical gloves. This control avoids the inconvenience

1
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of adding pregelatinized starch to improve the molding texture,
as proposed by Suwanprateeb et al. [16].

In addition, OSSTOP maintained hemostasis within a bleed-
ing femur defect in a rat model, ultimately allowing uninhibited
bone regeneration. When applying a bone wax to an affected area
in clinical environments, the important factors are usability/
spreadability, hemostatic performance, hemostasis mainte-
nance, and absorption/decomposition of the bone wax within
the body. These properties of the commercial and proposed
bone waxes were compared through animal experiments.

The animal experiments revealed higher usability/spreadability
and greater hemostatic performances of OSSTOP than of the
commercially available OSTENE and NOVOSEAL. Five of 8 indi-
viduals treated with NOVOSEAL yielded a “Grade 2” usability/
spreadability rating. In the OSTENE and OSSTOP groups, the
usability/spreadability ratings improved to “Grade 3” for 6/8 indi-
viduals and all 8 individuals, respectively, confirming that
OSSTOP improves the tissue adhesion, spreadability, and user
convenience. During the 5-min hemostatic performance evalua-
tion, NOVOSEAL exhibited various degrees of hemostatic per-
formance (“Grade 0” to “Grade 4”), whereas OSTENE and
OSSTOP exhibited “Grade 4” hemostatic performance in 7/8 cases
and in all 8 cases, respectively. During 60 min of evaluation, the
NOVOSEAL, OSTENE, and OSSTOP maintained the hemostatic
state for 18.6, 22.5, and 56.8 min on average, respectively. That is,
the average hemostatic maintenance time was approximately 3.0
and 2.5 times longer in the OSSTOP group than in the NOVOSEAL
and OSTENE groups, respectively. In conclusion, the usability/
spreadability and tissue adhesion performances of the test sub-
stance OSSTOP exceed those of the control groups OSTENE and
NOVOSEAL, leading to excellent results in the 5-min evaluation
of hemostatic performance and the 60-min evaluation of hemo-
static maintenance time. In addition, OSSTOP and OSTENE were
rated “Grade 2” in the absorption/degradability evaluation,
denoting that more than 75% of the bone wax was absorbed/
degraded at 1 d post-application. OSSTOP and OSTENE were
absorbed/degraded to undetectable levels (naked eye) at 3 d post-
application, improving their rating to “Grade 3”. During the histo-
pathological evaluations of inflammatory and tissue-regeneration
responses, OSSTOP, OSTENE, and the negative control group
exhibited similar degrees of inflammatory responses at 1 and 3 d
post-application. All 3 groups also exhibited similar granulation
tissue formations and bone-regeneration responses at 7 and 14 d
post-application. Similar results were reported by Suwanprateeb
et al. and numerous other studies [16,22-25].

Furthermore, in the 13-week long-term observation study of
femoral implantation in the rabbit model, no animal deaths
occurred in any test group throughout the study period. Add-
itionally, no abnormal symptoms related to the implantation of
the test materials were observed in any group, including the con-
trol group, confirming the long-term safety of the material.

The developed OSSTOP absorbable wax can effectively adhere
to the surfaces of bleeding bone and bone-amputation sites, exert-
ing a physical hemostatic effect and higher usability/spreadability,
hemostatic performance, and hemostasis maintenance than
the existing commercialized bone waxes. In addition, a post-
transplantation histopathological evaluation confirmed an absence
of granulation tissue formation and a bone-regeneration reaction,
confirming the potential of OSSTOP in clinical applications.

Additionally, OSSTOP has been approved by the Korean
Ministry of Food and Drug Safety (MFDS) for human applica-
tion and is manufactured in medical device Good Manufacturing
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Practice (GMP) facilities. The synthesis and molding processes
can be integrated into an automated production system, which
is expected to contribute to the medical industry.

Conclusion

Through thermal synthesis of mixed liquid and powder polox-
amers, we developed an absorbable bone wax (OSSTOP) with
an improved molding texture and strong mechanical proper-
ties. During animal testing experiments simulating a clinical
use environment, OSSTOP demonstrated higher hemostasis
performance (usability/spreadability, hemostatic performance,
and hemostasis maintenance) than the existing commercialized
bone wax. In addition, a post-transplantation histopathological
evaluation confirmed that OSSTOP does not inhibit the bone-
regeneration reaction, confirming that it can adequately treat
bone bleeding and amputation. OSSTOP is expected to increase
user satisfaction and achieve rapid hemostasis of the affected
area in clinical use environments, although its clinical applica-
bility must be evaluated in further work.
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