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Abstract 

 

Bone wax is the most commonly used hemostatic agent in surgery; however, it is non-absorbable and may act as a 
nidus of infection. Thus, new hemostatic agents that are absorbable and have antibiotic effects are needed. In this study, 
we assessed the hemostatic ability, bioabsorption, and local antibiotic and anti-inflammatory effects of a newly 
developed poly(ethylene glycol–propylene glycol) (PEG-PPG) copolymer containing gentamicin (PEG-PPGg) in a 
calvarial defect rat model. A total of 100 Sprague Dawley rats were used in this study. Twenty were used to determine 
time to hemostasis and bioabsorption of PEG-PPGg. The remaining rats were assigned to four groups: two groups were 
infected with Staphylococcus aureus in the calvarial defects and treated with PEG-PPGg or PEG-PPG, and two non-

infected groups were likewise treated with PEG-PPGg or PEG-PPG. Hemostasis was completed within 10 s in all defects 
and PEG-PPGg was absorbed within three days. Systemic inflammation did not significantly differ among the groups 
(P > 0.05). Early necropsies (three days and one week) suggested reduction of bacterial infection after application of 

PEG-PPGg. Histopathological examination showed that infected calvarial defects treated with PEG-PPGg had less local 
inflammatory cell infiltration and a lower degree of osteonecrosis than those treated with PEG-PPG (P < 0.05). In 

conclusion, PEG-PPGg showed immediate hemostatic effects and bioabsorption and displayed local antibiotic and anti-
inflammatory effects in an infected calvarial defect rat model. Therefore, PEG-PPGg can be used as a bone hemostatic 
agent for controlling both bone bleeding and bacterial infection. 
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Introduction 

There are various situations where bone hemostatic 
agents are required in orthopedic surgery and 
neurosurgery. Bone hemostatic agents physically block 
the hole of the bone and induce thrombosis (Das, 2018). 
The most commonly used bone hemostatic agent is 
bone wax.  However, bone wax is associated with 
several complications. One of the complications is that 
bone wax is not absorbed, which may inhibit bone 
osteogenesis (Alberius et al., 1987). In addition, bone 

wax may act as a nidus for infection since it remains at 
the implantation site for years (Katz and Rootman, 
1996). Absorbable bone hemostatic agents such as 
ethylene glycol-propylene glycol-ethylene glycol 
(PEG-PPG-PEG) copolymer (Wang et al., 2001), PEG-

PPG-PEG copolymer with pregelatinized starch blends 
(Suwanprateeb J et al., 2014), alkylene oxide 
copolymers (Wellisz et al., 2006) and hydroxyapatite 
with biodegradable polylactic acid (Tham et al., 2018) 

have been developed in order to replace the use of bone 
wax. 

The most frequently isolated microorganism from 
surgical sites is Staphylococcus aureus (Garcia et al., 2018; 
Jiang et al., 2015; Kolinsky and Liang, 2018; Lucke et al., 
2003). S. aureus has a high affinity to bone, which 

causes osseonecrosis and bone matrix absorption 
(Lucke et al., 2003). There are three sources of bacterial 

osteomyelitis: hematogenous seeding of bacteria, 
direct inoculation and bacterial spread from 
surrounding tissues (Garcia et al., 2018; Kolinsky and 

Liang, 2018). Common causes of bacterial osteomyelitis 
are surgical infection which accounts for 2% to 5%, and 
trauma (Ban et al., 2016; Jiang et al., 2015; Lucke et al., 

2003). In the case of open fractures, bacterial 
contamination occurred in 78.7%, of which 8.2% led to 
infection (Lee et al., 2017). The open fracture is usually 

caused by high energy trauma and damaged soft tissue 
increases the probability of bone infection (Miclau, 
2020).  

The treatment of bone infection involves taking 
systematic antibiotics for several weeks. Since systemic 
antibiotics are necessary to reach the infected site in 
order to have a bactericidal or bacteriostatic effect, they 
have less efficacy and also have systemic side effects 
like drug resistance (Lucke et al., 2003; Yaboro et al., 

2007). To solve these disadvantages, a local drug 
delivery system is used to sustain high concentrations 
of antibiotics (Lucke et al., 2003). Various studies have 

been conducted to obtain local antibiotic effects on 
bone hemostatic agent (Arruda et al., 2008; Madsboell 
et al., 2013; Vander et al., 1989). In one study, 

gentamicin containing alkylene oxide was applied to 
the sternum after sternotomy in pigs (Madsboell et al., 

2013). In the other studies, vancomycin paste was used 
to reduce sternum infection in patients after cardiac 
surgery (Arruda et al., 2008; Vander et al., 1989). 

However, these studies indirectly showed the 
antibiotic effect through the presence of factors related 
to infection because the subjects were non-infectious 
animals or patients. A previous study demonstrated 
the effectiveness of poly (ethylene glycol–propylene 
glycol) copolymer (PEG-PPG) as a bone hemostatic 
agent without interfering with the bone healing 
process (Kim et al., 2020). In the study reported here, 

PEG-PPG containing gentamicin (PEG-PPGg) was 
used to identify direct antibiotic effects. 

The objective of this study is to evaluate the newly 
developed bone hemostatic agent in its ability to 
achieve immediate hemostasis and bioabsorption in a 
calvarial defect rat model and to reduce local infection 
and inflammation in the infected calvarial defect rat 
model. 

Materials and Methods 

Animals: One hundred male Sprague Dawley rats (SD 
rats; DBL Co., Ltd., Eumseong, Korea), weighing 
approximately 265 g and aged eight weeks, were used. 
The rats were specific pathogen-free and housed in 
polycarbonate cages in a controlled environment 
(21°C, 12 h day/night cycle). All experiments were 
approved by the Institutional Animal Care and Use 
Committee of Konkuk University, Seoul, Korea 
(approval number KU19155-1). 
 
Bacterial preparation: S. aureus (ATCC 25923) was 

obtained from the American Type Culture Collection 
(Manassas, VA, USA). This strain was confirmed to be 
susceptible to gentamicin. S. aureus was cultured 

overnight in tryptic soy broth (TSB). Then, 300 µl of 
80% glycerol was mixed with 800 µl of bacteria 
cultured in TSB; stocks were prepared in cryovials and 
stored at –70℃. Colony-forming units (CFUs) were 
counted using several plates. The bacterial 
concentration of the stock was approximately 1.0 × 109 
CFU/ml. The bacteria were washed with glycerol and 
suspended in phosphate-buffered saline (PBS). 
 
Experimental groups: PEG-PPG and PEG-PPGg were 
used in this study. The 100 SD rats were randomly 
assigned to five groups of 20 SD rats per group (Table 
1). In group 1, the calvarial defect rat model was used 
to evaluate bioabsorption and time to hemostasis after 
application of PEG-PPGg. In groups 2, 3, 4, and 5, CFU 
counts, systemic inflammation, and local inflammation 
were assessed. In group 2, PEG-PPGg was applied to 
non-infected calvarial defect rats. In group 3, PEG-
PPGg was applied to rats with infected calvarial 
defects. In group 4, PEG-PPG was applied to rats with 
non-infected calvarial defects. In group 5, PEG-PPG 
was applied to rats with infected calvarial defects. 
 
Calvarial defect model with or without infection: For 
the calvarial defect rat model, rats were placed in a 
small chamber and anesthetized with 5% isoflurane, 
with oxygen for one minute. The rats were then 
maintained at 2% isoflurane through a nose hose. The 
heads of the rats were clipped widely from the nasal 
bone to the occipital bone. The incision site was 
sterilized using alcohol and povidone and then 
covered with sterile drapes. The skin and periosteum 
were incised at the midline, approximately 1.5 cm 
between the nasal bone and lambda, and the 
periosteum was separated bilaterally using a periosteal 
elevator. A 3-mm diameter parietal bone defect was 
made bilaterally using a trephine drill (X cube, Saeshin 
Co., Ltd., Daegu, Korea). The 3-mm diameter defect 
was slowly made by maintaining the trephine burring 
rate at less than 1000 rpm. Normal saline was used for 
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irrigation during burring to prevent heat damage. In 
order to prevent brain damage caused by burring, the 
bony flap was lifted up repeatedly using a flat and 
blunt metal until the defect was completely made. 

For group 1, the bilateral defects were immediately 
covered with 3-mm thick PEG-PPGg. The amount of 
PEG-PPGg was equalized using a 5-mm biopsy punch 

(Kai Medical, Oyana, Japan). The periosteum was 
sutured in a simple continuous manner using 4-0 
absorbable monofilament suture material (Maxon, 
Covidien, Minneapolis, MN, USA) after application of 
PEG-PPGg. The skin was sutured using simple 
interrupted 3-0 nonabsorbable monofilament sutures 
(Dafilon, B. Braun, Barcelona, Spain).  

 
Table 1 Groups classification 
 

Group Materials n 

1 PEG-PPGg 20 

2 PEG-PPGg + PBS 20 

3 PEG-PPGg + PBS with Staphylococcus aureus 20 

4 PEG-PPG + PBS 20 

5 PEG-PPG + PBS with Staphylococcus aureus 20 

PEG-PPGg: gentamicin containing poly (ethylene glycol–propylene glycol) copolymer, PEG-PPG: poly (ethylene glycol–propylene 
glycol) copolymer, PBS: phosphate buffered saline 
 

For the other groups, after the defects were made, a 
gelatin sponge (Hemospon, Technew, Rio de Janeiro, 
Brazil) was inserted into the defects. The gelatin 
sponge was cut into 16 pieces to fit the defect size, and 
one piece was applied to the defect. In groups 2 and 4, 
10 µl PBS was added to the gelatin sponge. In groups 3 
and 5, 10 µl PBS with S. aureus was inoculated into the 

gelatin sponge. Then, the periosteum and skin were 
sutured as in group 1. After one week, the skin was 
incised at the same surgical site. Nonviable tissue and 
gelatin sponge were debrided and irrigated with 
normal saline to apply hemostatic agents. In order to 
ensure the same conditions, a 5 mL syringe was fitted 
with a 24G catheter tip and 0.2 ml saline was used for 
defect irrigation. This process was conducted by the 
same researcher. In groups 2 and 3, 3-mm thick PEG-
PPGg was implanted to the defects. A 5-mm biopsy 
punch was used to equalize the amount of gentamicin. 
Handling was minimized to prevent the loss of 
gentamicin. In order to minimize brain damage caused 
by pressure from applying hemostatic agent, only the 
defect margin was pressed. In groups 4 and 5, PEG-
PPG was applied to the defects. The amount of 
hemostatic agent and method was the same as in 
groups 2 and 3. The skin was closed with a 3-0 
nonabsorbable monofilament suture material. 

 
Necropsy for assessment: All rats were euthanized 
under deep anesthesia by injecting potassium chloride. 
For group 1, ten SD rats were sacrificed each at three 
days and at one week after PEG-PPGg application for 
assessment of bioabsorption. In groups 2, 3, 4, and 5, 
five SD rats from each group were sacrificed at each 
time point (three days, and 1, 2, and 4 weeks after 
application of hemostatic agents) for CFU counts, 
blood analysis and histological examination. 

 
Determining the time to hemostasis: The time to 
hemostasis was determined for 40 defects. After 
applying the 5-mm diameter PEG-PPGg by pressing 
the defect margin, hemostasis time was measured until 
the bleeding between the defect and hemostatic agent 
stopped. There was no additional PEG-PPGg 
application. After hemostasis was completed, the 
defects were checked for further bleeding. If additional 

bleeding occurred, this was added to the time to 
hemostasis. The bleeding time was measured up to 30 
seconds. Immediate hemostasis was defined as 
hemostasis within 10 seconds. 

 
Gross examination of bioabsorption: Bioabsorption of 
PEG-PPGg was evaluated by gross examination of 20 
defects each at three days and one week after 
application of PEG-PPGg. After making incisions on 
the skin and periosteum, the remaining PEG-PPGg in 
the defect was assessed. For a more accurate 
examination, the calvarium was excised using a saw 
blade by including the front of the coronal suture and 
the rear of the lambdoid suture at approximately 1 mm. 
Then, the calvarium was placed on a drape, and 
bioabsorption was assessed by visualization of the 
underlying drape through the defect. To evaluate the 
degree of bioabsorption, the size of the area of the 
drape in the defect was measured using ImageJ 
(version 1.52a, National Institutes of Health, Bethesda, 
MD, USA). The color of the drape shown in the defect 
was extracted using a color threshold, and the pixel 
area was measured. A calvarial image with a bilateral 
3-mm diameter defect was used to convert the area of 
the 3-mm diameter defect to the pixel area. The value 
of the converted pixel area was obtained and used as 
the control (Fig. 1). 

 
Characterization of systemic inflammation through 
blood analysis: Blood samples (3 ml) were collected 
from each rat through cardiac puncture before 
necropsy. White blood cells (WBCs) were counted 
using an automated hematology analyzer (URIT 2900, 
Diamond Diagnostics Inc., Holliston, MA, USA). The 
normal reference range for WBCs was 2.9‒15.3 × 109/L. 
Systemic inflammation was determined to be present if 
the WBC count was higher than 15.3 × 109/L. 

Interleukin-6 (IL-6) levels were measured using an 
enzyme-linked immunosorbent assay (ELISA) kit 
(SEA079Ra, Cloud-Clone Corp., Katy, TX, USA). One 
hundred microliters of serum were added to each well 
and incubated for 1 h at 37 °C. After adding detection 
reagents into the wells and washing with wash 
solution, the substrate solution was added into the 
wells with the sample, and color reaction was induced. 
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Before ELISA reading, stop solution was added to the 
wells. The optical density (OD) of the samples was 
measured using an ELISA reading program (gen 5, 
BioTek Instruments, Inc., Winooski, VT, USA). IL-6 
levels were calculated based on the OD of the standard 
curve. IL-6 levels were compared among the groups. If 
the OD of IL-6 was lower than that of the standard 7 
value of 0.146, the sample was considered to indicate 
no systemic inflammation.  

C-reactive protein (CRP) levels were measured 
using an ELISA kit (SEA821Ra, Cloud-Clone Corp.) 
and analyzed in the same way as IL-6. CRP levels were 
compared among the groups. The standard 7 value of 
CRP was 0.188, and there was no systemic 

inflammation if the OD of the CRP in the sample was 
lower than that of standard 7. 

 
CFU count: After incising the skin and the subcutis, 
fibrous tissue around the defects were bluntly 
dissected using a periosteal elevator. The procedure 
site was not cleaned with gauze during the procedure 
to avoid reducing the number of bacteria. After the 
defects were exposed, the defect holes were swabbed 
with a sterile cotton tip. To determine bacterial counts 
under the same conditions, sample collection was 
performed by rolling a sterile cotton tip once over the 
defect.  

 

 
 

Figure 1 The degree of bioabsorption at three days and one week after poly (ethylene glycol-propylene glycol) copolymer containing 
gentamicin application.  
(A) Image 1-4 illustrate how the area of drape in the defect is measured. Image 1 is a calvarium sample including defects 
before measuring the pixel area. Image 2 is a thresholding of the drape color in the defects. Image 3 represents the 
thresholded drape color area and that area was calculated by pixels. Image 4 is a control calvarium image with bilateral 3 
mm calvarial defects. (B) The calvarium of the three days and one week after applying poly (ethylene glycol-propylene 
glycol) copolymer containing gentamicin (PEG-PPGg). There is no PEG-PPGg left in the defect before excising the calvarium 
at three days and one week after PEG-PPGg application. In addition, drape is shown through the defects when excised 
calvarium is placed in the drape at three days and one week after PEG-PPGg application. 

 
A cotton tip was cut using sterile scissors into a 15-

ml conical tube containing 5 mL PBS. The conical tube 
was vortexed for 1 min. Using 1 ml of the solution from 
the mixture, 10-fold serial dilutions (10-1 to 10-5) were 
prepared from each sample. Each sample was spread 
on mannitol salt agar using plating beads and cultured 
at 37°C for 24 h. CFUs were counted from the agar plate 
with 30 to 300 colonies. The total number of colonies 
was calculated by multiplying with the dilution factor. 

 
Histological analysis: At necropsy, the calvarium was 
cut using a saw blade by including coronal suture, 
lambdoid suture and defects. Damage to soft tissues 
around the defects was minimized for accurate 
assessment of local inflammation. Each calvarial 
sample and the surrounding soft tissue were fixed in 

10% buffered formalin for 1 day. The samples were 
then demineralized with 10% nitrate solution for 1 day 
and embedded in paraffin. Sectioning was performed 
in the coronal plane with a thickness of 4 µm. 
Deparaffinization was performed using xylene and 
hydration with an alcohol series. The sections were 
stained with hematoxylin and eosin and observed 
under an inverted light microscope. Slide images were 
scanned using a digital slide scanner (Motic Slide 
Scanner, Motic Co., Ltd, Kowloon, Hong Kong). Image 
analysis was performed using the Motic digital slide 
assistant software (Motic Co., Ltd). Local inflammation 
assessment in the defect was performed based on a 
modified human osteomyelitis scoring system 
(Tiemann et al., 2014). Osseonecrosis and granulocyte 
infiltration were evaluated. Osseonecrosis scoring was 
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applied: 3 = osseonecrosis occurred in the entire 
calvarial bone around the defect; 2 = osseonecrosis 
occurred in two-thirds of the calvarial bone around the 
defect; 1 = osseonecrosis occurred in one-third of the 
calvarial bone around the defect; and 0 = no 
osseonecrosis was detected. Granulocyte infiltration 
scoring was also carried out: 3 = granulocyte counts 
>150; 2 = the counts ranging from 100‒150; 1 = the 
counts ranging from 50‒100; 0 = less than 50. Total 
inflammatory cell counts in the defects, including 
granulocytes, macrophages and lymphocytes, were 
determined. 

 
Statistical analysis: Statistical analyses were 
performed using IBM SPSS statistics version 25 (SPSS 
Inc., Chicago, IL, USA). Except for the CFU count 
values represented in median and range, experimental 
values are expressed as means and standard deviations 
(SD). The area of bioabsorption was compared using a 
one-sample t-test. Differences in time to hemostasis, 
WBC counts, CFU counts, histological scoring and total 
inflammatory cell counts among groups 2, 3, 4, and 5 
were analyzed using the Kruskal-Wallis test. The 
differences between two groups were compared using 
Mann-Whitney U test. Values of P less than 0.05 were 

indicated as statistically significant. 

Results 

Determination of time to hemostasis: PEG-PPGg 
showed hemostasis within 10 seconds in all 40 defects. 
Time to hemostasis could be divided into 5 categories: 
0‒2 seconds (34 of 40 defects); 2–4 seconds (2 of 40 
defects); 4–6 seconds (1 of 40 defects); 6–8 seconds (2 of 

40 defects); and 8–10 seconds (1 of 40 defects). 
Hemostasis within two seconds had the highest 
frequency at 85% (P < 0.05). 

 
Assessment of bioabsorption: Dura mater was 
observed in all defects examined three days and one 
week after PEG-PPGg application. In addition, the 
drape was observed in all defects upon examination of 
the excised calvarium against the background. PEG-
PPGg was absorbed both on the third day and the first 
week post-application of the hemostatic agent (Fig. 1). 
The mean ± SD of the pixel area of the drape three days 
after PEG-PPGg application was 358.8 ± 16.1, and the 
pixel area of the control was 359. There was no 
statistically significant difference between the pixel 
area of the drape on the third day after PEG-PPGg 
application and that of the control (P = 0.566). The 

mean ± SD of pixel area was 350.6 ± 16.7 after one week 
of PEG-PPGg application and this was not significantly 
different from the pixel area of the control (P = 0.106). 

 
Evaluation of systemic inflammation using blood 
analysis: All mean ± SD values of WBC counts were 
within the reference range at necropsy three days and 
1, 2 and 4 weeks after application of the hemostatic 
agents. WBC counts for each group and time point are 
shown as the mean ± SD in Table 2. There was no 
statistical differences among the groups in every time 
point of evaluation (P > 0.05). In the IL-6 ELISA, the OD 

values were less than 0.146 and considered too low to 
estimate the concentration. Similarly, the concentration 
of CRP was not measured because the OD value for 
CRP was lower than 0.188.  

 
Table 2 White blood cell counts after necropsy 
 

 3 days 1 week 2 weeks 4 weeks P value 

Group 2 9.1 ± 1.5 9.8 ± 2.9 10.0 ± 2.3 9.4 ± 4.5 0.831 

Group 3 7.5 ± 0.8 7.5 ± 1.5 11.1 ± 4.7 8.0 ± 3.9 0.263 

Group 4 8.0 ± 1.8 9.9 ± 1.3 9.0 ± 3.8 6.7 ± 3.3 0.313 

Group 5 7.4 ± 1.1 7.8 ± 3.1 10.0 ± 6.3 8.6 ± 3.2 0.859 

P value 0.288 0.203 0.700 0.670  

Data values are expressed mean ± standard deviation.  
P values of < 0.05 represented statistically significant difference. 

  
Counting bacterial CFU: Three days after application 
of the hemostatic agent, the median (range) of bacterial 
CFU counts for groups 2, 3, 4 and 5 were 0 (0-5 × 102), 

0 (0-6.5 × 103), 2 × 103 (0-1.3 × 104) and 1.2 × 105 (2.6 × 
104-5.1 × 106) respectively (Fig. 2). The bacterial CFU 
counts were statistically significantly different among 
the four groups three days after application of the 
hemostatic agent (P = 0.004). After three days of 
application of the hemostatic agent, the number of 
CFUs from group 3 was significantly lower than that of 
group 5 (P = 0.007). In addition, groups 4 and 5 showed 
significant differences in CFU counts (P = 0.009). 

However, there was no significant difference in the 
CFU counts of groups 2 and 3 (P = 0.881). One week 

after application of the hemostatic agent, the median 
(range) of bacterial CFU counts for groups 2, 3, 4, and 
5 were 0, 0 (0-4.5 × 103), 0, 1.4 × 105 (1 × 103-2.0 × 106) 
respectively (Fig. 2). There was a statistically 

significant difference in CFU counts among the four 
groups one week after treatment with hemostatic 
agents (P = 0.001). Groups 3 and 5 (P = 0.013) and 
groups 4 and 5 showed significant difference (P = 

0.005) in CFU counts one week after application of the 
hemostatic agent, while groups 2 and 3 did not show 
significant difference (P = 0.317). No bacterial colonies 

were detected in any of the groups two weeks after 
application of the hemostatic agents. Bacteria were 
detected in one rat in group 5 four weeks after 
hemostatic agent application. In group 5, the CFU 
counts at three days and one week after application of 
the hemostatic agent were significantly higher than the 
CFU counts at two and four weeks after application of 
the hemostatic agent (P < 0.05). 

 
Histological examination for local inflammation: 
Osseonecrosis and granulocyte infiltration were 
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evaluated by semiquantitative scoring and the total 
number of inflammatory cells in the defects were 
determined. All values are expressed as mean ± SD 
(Table 3). The osseonecrosis score of group 5 was the 
highest and was significantly different from those of 
groups 2 (P = 0.005), 3 (P = 0.018), and 4 (P = 0.005) 

when evaluated three days after application of the 
hemostatic agent. In addition, osteoclast activity and 
bone resorption were observed in group 5 (Fig. 3). 
Three days after application of the hemostatic agent, 
the osseonecrosis score of group 3 was significantly 
different from those of groups 2 (P = 0.021) and 4 (P = 

0.033). One week after application of the hemostatic 
agent, the osseonecrosis score of group 5 was 
significantly higher than those of groups 2 (P = 0.005), 

3 (P = 0.02), and 4 (P = 0.005). The osseonecrosis score 

of group 3 was significantly different from those of 
groups 2 (P = 0.005) and 4 (P = 0.005) one week after 

application of the hemostatic agent. Two and four 
weeks after hemostatic agent application, the 
osseonecrosis score of group 5 was statistically 
significant different from those of groups 2, 3 and 4 (P 
< 0.005); however, the osseonecrosis score of group 3 
was not statistically significant different from those of 
groups 2 and 4 (P > 0.005). In groups 3 and 5, the 

osseonecrosis scores evaluated at three days and one 
week after hemostatic agent application were 
significantly higher than those evaluated at two and 
four weeks after hemostatic agent application (P < 

0.05).  
 

 
 

Figure 2 Bacterial colony counts are illustrated in each group at three days (A) and one week (B) using box-and-whisker plot.  
Dataset is summarized minimum value, maximum value, median value, first quartiles, and third quartiles. Median value 
is represented between black and gray box. The black box represents the first quartiles to the median value. The gray box 
indicates the median value to the third quartiles. (A) The CFUs in group 5 is higher than in group 2 (P = 0.007), group 3 
(P = 0.007), and group 4 (P = 0.009) at three days after treating hemostatic agent. (B) There is significant difference in CFUs 
of group 5 compared to group 2 (P = 0.005), group 3 (P = 0.0013), and group 4 (P = 0.005) after one week of hemostatic 
agent application. (C) Bacterial colony photographs diluted 1000 times are illustrated in groups 3 and 5 at three days, one 
week, and four weeks after hemostatic agent application. On the three days and one week after the application of 
hemostatic agents, seven colonies and nine colonies are formed in group 3, however 119 and 142 colonies are formed in 
group 5, respectively. No colonies are formed in group 3 and 21 colonies are formed in group 5 at 4 weeks after applying 
hemostatic agents. 
P values of < 0.05 means statistically significant difference. 
“*” indicates significant difference compared to group 5 (P < 0.05). 
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Table 3 Histological scoring of local inflammation and inflammatory infiltration counts 
 

Histological local 
inflammation 

patterns 
Group 

Semiquantitative scores and inflammatory cell counts 

3 days 1 week 2 weeks 4 weeks 

Osseonecrosis 

2 
3 
4 
5 

P value 

0.4 ± 0.5ab 
1.8 ± 0.8a 
0.6 ± 0.5ab 
3.0 ± 0.0 

0.002 

0.0 ± 0.0ab 
1.4 ± 0.5a 
0.0 ± 0.0ab 
2.6 ± 0.5 
< 0.001 

0.0 ± 0.0a 
0.2 ± 0.4a 
0.0 ± 0.0a 
1.4 ± 0.5 

0.001 

0.0 ± 0.0a 
0.0 ± 0.0a 
0.0 ± 0.0a 
0.8 ± 0.4 

0.003 

Granulocyte 
infiltrate 

 
2 
3 
4 
5 

P value 

 
0.0 ± 0.0ab 
1.2 ± 0.4a 
0.2 ± 0.4ab 
2.8 ± 0.4 

0.001 

 
0.0 ± 0.0ab 
0.8 ± 0.4a 
0.0 ± 0.0ab 
2.2 ± 0.4 

0.001 

 
0.0 ± 0.0 
0.4 ± 0.5 
0.0 ± 0.0 
0.2 ± 0.4 

0.251 

 
0.0 ± 0.0 
0.0 ± 0.0 
0.0 ± 0.0 
1.0 ± 1.2 

0.019 

Inflammatory cell  
counts 

 
2 
3 
4 
5 

P value 

 
40.6 ± 14.4ab 
100.0 ± 37.2a 
64.2 ± 17.5ab 
205.6 ± 32.4 

0.001 

 
29.0 ± 8.2ab 
77.4 ± 27.8a 
42.0 ± 18.2ab 
173.0 ± 46.1 

0.002 

 
31.0 ± 21.9 
75.4 ± 50.9 
31.4 ± 27.9 
50.0 ± 19.9 

0.174 

 
8.4 ± 1.8a 
25 ± 24.3 

14.4 ± 10.3a 
101.0 ± 92.6 

0.014 

Data values are expressed mean ± standard deviation. 
a indicates significantly different compared to group 5 (p value < 0.05) 
b indicates significantly different compared to group 3 (p value < 0.05) 
P values of < 0.05 represented statistically significant difference. 
 

 
 

Figure 3 Histologic analysis for local inflammation in calvarial defect.  
The specimen is stained hematoxylin and eosin. Black arrow refers to calvarial defect. Mild inflammatory cell infiltration 
is observed in group 2 and group 4 at three days post hemostatic agent application and gradually decreased at one week, 
two weeks and four weeks after treating hemostatic agent. Moderate inflammatory cell infiltration is identified at three 
days after treating hemostatic agent in group 3 and gradually decreased in experimental periods. However, severe 
inflammatory cell infiltration (black “*”) is observed at three days and one week after applying hemostatic agent in group 
5. In addition, osteoclast activity (white “*”) is noticed in group 5. At four weeks after hemostatic agent application in 
group 5, severe inflammatory cell infiltration is observed in the brain as well as defect. Dotted line means between 

meninges and brain and “☆” represents severe brain inflammation. New bone formation (“★”) is identified at four weeks 
after applying hemostatic agent in groups 2, 3, and 4. Scale bar is 200 µm and placed in left bottom in figure. 

 
The granulocyte infiltration score was significantly 

higher in group 5 than in groups 2 (P = 0.004), 3 (P = 
0.007) and 4 (P = 0.005) three days after hemostatic 

agent application. In addition, group 3 had a 
significantly higher granulocyte infiltration score than 
groups 2 (P = 0.021) and 4 (P = 0.033). The granulocyte 

infiltration score of group 5 was significantly different 
from those of groups 2 (P = 0.005), 3 (P = 0.02), and 4 (P 

= 0.005) one week after hemostatic agent application. 

Likewise, the granulocyte infiltration score of group 3 
was significantly different from those of groups 2 (P = 
0.005) and 4 (P = 0.005). At two and four weeks after 

application of the hemostatic agent, granulocyte 
infiltration decreased in the four groups and there was 
no significant difference among the groups (P > 0.05). 

In groups 3 and 5, granulocyte infiltration scores at 
three days after hemostatic agent application were 
significantly higher than those at two and four weeks 
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after application (P < 0.05). The granulocyte infiltration 

score of group 3 at one week after hemostatic agent 
application was significantly higher than the score at 
four weeks after application (P = 0.014). In group 5, the 

granulocyte infiltration score at one week after 
hemostatic agent application was significantly 
different from the score at two weeks after application 
(P = 0.005). 

Three days after application of the hemostatic 
agents, the inflammatory cell counts in group 5 were 
significantly higher than those in groups 2 (P = 0.009), 
3 (P = 0.016) and 4 (P = 0.009). In addition, group 3 had 

significantly higher inflammatory cell counts than 
groups 2 (P = 0.009) and 4 (P = 0.036). One week after 

application of hemostatic agents, the inflammatory cell 
count of group 5 was significantly different from that 
of groups 2 (P = 0.009), 3 (P = 0.009) and 4 (P = 0.009). 

The inflammatory cell counts in group 3 were 
significantly higher than those in groups 2 (P = 0.012) 
and 4 (P = 0.047) one week after application of the 

hemostatic agent. All groups showed reduced 
numbers of inflammatory cells two weeks after 
application of the hemostatic agents and there was no 
significant difference among the groups (P > 0.05). At 

four weeks, groups 2, 3 and 4 exhibited formation of 
new bone in the defect; however, group 5 did not show 
new bone formation and bone infection persisted in 
one of the rats, which was confirmed by inflammatory 
cell infiltration through the dura mater into the brain 
(Fig. 3). Furthermore, the inflammatory cell counts in 
group 5 were significantly higher than those in groups 
2 (P = 0.009) and 4 (P = 0.009). In groups 2, 3 and 4, the 
inflammatory cell counts at four weeks after 
application of the hemostatic agents were significantly 
less than those at three days and one week after 
application (P < 0.05). In addition, the inflammatory 

cell counts in group 2 were significantly higher at two 
weeks than at four weeks after application of the 
hemostatic agent (P < 0.05). In group 5, the 

inflammatory cell counts at two weeks after 
application of the hemostatic agent application were 
significantly lower than those at three days and one-
week post-application (P < 0.05). 

Discussion 

Absorbable PEG-PPG was developed to replace 
non-absorbable bone wax. In a previous study, we 
reported immediate hemostasis and bioabsorption of 
PEG-PPG (Kim et al., 2020). In one study, bone healing 

after median sternotomy in pigs was evaluated in a 
group after application of an alkylene oxide copolymer 
and was compared with bone wax (Vestergaard et al., 

2010). Despite the procedure being conducted under 
the same conditions, three pigs in the alkylene oxide 
copolymer group and two pigs in the bone wax group 
were excluded due to sternal infection (Vestergaard et 
al., 2010). Pigs are four-legged animals, so they are 

more likely to be contaminated with sternal wounds 
when sitting or lying down (Madsboell et al., 2013). The 

risk of infection is high regardless of the absorption of 
hemostatic agents in contaminated environments. In 
addition, hematoma has been reported to cause 
infection in some surgical cases (Cheung et al., 2008; 
Saleh et al., 2002; Stall et al., 2009). This means that the 

probability of infection increases when hemostasis is 
not achieved properly (Cheung et al., 2008). Thus, PEG-

PPGg was developed to reduce infection rates and 
prevent bone bleeding. Hematoma and necrotic tissues 
cannot obtain systemic antibiotic effects via the blood 
supply (Stall et al., 2009). However, the generally low 

efficiency of systemic antibiotics may be solved using 
PEG-PPGg for local antibiotic effects. 

Gentamicin is an aminoglycoside antibiotic that 
exhibits a concentration-dependent bactericidal effect 
and a post-antibiotic effect that inhibits the growth of 
bacteria even if the residual drug concentration is 
lower than the minimal inhibitory concentration 
(Moore et al., 1987; Levison, 1992). Gentamicin is a 

widely used antibiotic for bone cement because of its 
solubility, temperature stability and low rates of 
allergic reactions (Penner et al., 1996; Wahlig and 

Buchholz, 1972). Gentamicin is also effective in many 
strains of Gram-positive and Gram-negative microbes, 
including S. aureus, Staphylococcus epidermis, 
Streptococcus pyogenes, Escherichia coli, Klebsiella 
pneumoniae and Pseudomonas aeruginosa (Griffiths et al., 

2009). In cardiac surgery, the bacteria that were 
cultured in the sternal wound infection were mostly 
Gram-positive bacteria with S. aureus; Gram-negative 
bacteria with E. coli were also cultured (Chan et al., 
2016). In neurosurgery, S. aureus and P. aeruginosa were 

the top bacterial causes of skull base osteomyelitis and 
S. aureus was the most common cause of bacterial 

osteomyelitis in cases of trauma and iatrogenesis 
(Mortazavi et al., 2018). In orthopedic surgery, the most 
isolated bacteria from the surgical site were S. aureus 
(Garcia et al., 2018; Jiang et al., 2015; Kolinsky and 
Liang, 2018; Lucke et al., 2003). Thus, gentamicin is 

effective against bacteria associated with bone 
infection in several surgical fields. In one report, after 
creating a fracture in a rat’s femur, gentamicin was 
injected into the muscle twice a day for three weeks at 
a dose of 1.5 mg/kg, and a torsional strength test was 
performed (Haleem et al., 2004). The torsional strength 

scores of the femur of gentamicin-treated rats were 
higher than those of the control (Haleem et al., 2004). In 

addition, after creating a fracture on the rat’s tibia and 
fixing with a Kirschner wire, local application of 
gentamicin promoted bone healing compared to the 
control (Fassbender et al., 2013). These results show 

that gentamicin did not hinder bone healing. Thus, 
gentamicin is a suitable addition to a bone hemostatic 
agent.  

A study of a wax-type absorbable hemostatic agent 
with gentamicin has been conducted previously 
(Madsboell et al., 2013). After median sternotomy of 

pigs, bone wax and alkylene oxide copolymer 
containing gentamicin were applied to the sternum to 
evaluate the factors related to inflammation and 
infection (Madsboell et al., 2013). However, because 

bone wax is known to cause inflammation, the anti-
inflammatory effects caused by gentamicin were 
difficult to compare clearly. In addition, because the 
study was not conducted using an infection model, the 
direct antibiotic and anti-inflammatory effects of 
gentamicin were not evaluated. In the present study, in 
order to evaluate the direct local antibiotic and anti-
inflammatory effects of gentamicin, an infected 
calvarial defect rat model was used and PEG-PPG was 
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used as the control for PEG-PPGg. This infection model 
allows the understanding of the pathogenesis of 
certain bacteria and the evaluation of responses to 
certain treatments (Dai et al., 2011). 

S. aureus was used to infect calvarial defects 
because S. aureus is the most isolated species in several 
surgical fields. In one study, S. aureus was isolated in 
75% of bacterial osteomyelitis cases (Kavanagh et al., 
2018). In neurosurgery, S. aureus is the most isolated 
bacteria in cranial osteomyelitis (Mortazavi et al., 2018). 
In cardiac surgery, S. aureus accounted for 80% of deep 
sternal wound infections after sternotomy (Chan et al., 

2016). ATCC 25923 was used in the present study 
because this strain has been used in several animal 
infection models of osteomyelitis (Reizner et al., 2014). 

An antibiotic susceptibility test was performed prior to 
the experiment to confirm that this S. aureus strain was 

sensitive to gentamicin. 
The diameter of the calvarial defect was set to 3 mm 

in consideration of the amount of gentamicin needed 
for treatment. The maximum daily dose of gentamicin 
for rats was 8 mg/kg (Hawk et al., 2005), making the 

total administration dosage of 2.4 mg/day for 300 g 
rats. PEG-PPGg (3-mm thickness) was cut using a 5-
mm biopsy punch to maintain a gentamicin dose of 
approximately 2.4 mg. The 5-mm diameter PEG-PPGg 
was not pressed or shaped to minimize the loss of 
gentamicin. If a 5-mm diameter defect were made, 
there might be brain damage due to pressure when 
PEG-PPGg is applied because the defect size is the 
same as the diameter of PEG-PPGg. For this reason, 3-
mm calvarial defects were chosen and only the defect 
margins were carefully pressed when applying PEG-
PPGg.  

Infection occurs in sterile surgical environments 
because a small number of bacteria enter devitalized 
tissues and foreign materials, including hematoma and 
sutures, and are able to evade the immune response 
(Elek and Conen, 1957; Dai et al., 2011). In order to 

create a similar situation, a small number of bacteria 
are inoculated in foreign material when creating an 
ideal infection model (Kaiser et al., 1992). In one study, 
S. aureus was inoculated into the defect using foreign 

materials, including gauze and collagen sponge, to 
create an infected calvarial defect rat model (Inoue et 
al., 2016). The group that had been inoculated with 

bacteria using foreign materials had higher bacterial 
counts than the group that had been directly 
inoculated with bacteria (Inoue et al., 2016). Similar 

results were observed in pilot study. Simple 
inoculation of S. aureus did not cause infection in 

calvarial defects. This is because there was no foreign 
material to act as a nidus of infection and the rats had 
an active immune response against local infection 
(Glage et al., 2017).  Previous studies have reported that 

gelatin sponge acts as a nidus of infection and is used 
as a foreign material to infect calvarial defects (Dong et 
al., 2017; Lindstrom, 1956). For this reason, gelatin 

sponge was chosen as a foreign material to create an 
infected calvarial defect model.  

In the present study, PEG-PPGg application led to 
rapid hemostasis (within 10 seconds) in all defects. 
PEG-PPGg is a wax-type hemostatic agent that 
physically blocks blood from damaged blood vessels in 
the trabecular bone (Das, 2018). PEG-PPG is stickier 

and more adhesive than bone wax (Kim et al., 2020). 

Thus, PEG-PPGg is more able to adhere to the bone 
surface to stop bleeding. In addition, because the 
results in this study are similar to those in a previous 
study conducted with PEG-PPG (Kim et al., 2020), we 

can conclude that gentamicin does not affect the 
hemostatic ability of PEG-PPG. In one study, poly 
(ethylene glycol) (PEG) and poly (propylene glycol) 
(PPG) were biodegraded and PEG formed short 
homologues as chains were shortened; however, PPG 
showed that the chain was degraded without 
shortening (Zgoła-Grześkowiak et al., 2006). PEG-PPG 

is made at a ratio that maximizes its hemostatic ability 
and ease of use; it is also biodegradable (Kim et al., 

2020). In the present study, PEG-PPGg was 
bioabsorbed within 3 days in all defects. The mean area 
absorbed on the third day post-hemostatic agent 
application was similar to that of the control; however, 
the mean area absorbed on the seventh day post-
application of the hemostatic agent was reduced. 
However, this was not likely due to the hemostatic 
agent but due to mild bone healing at the edge of the 
bone. These results suggest that the presence of 
gentamicin does not affect the PEG-PPG absorption 
process and does not affect bone healing.  

The results of blood analyses showed no signs of 
systemic inflammation. In addition, systemic 
inflammation responses including body temperature 
changes, bodyweight changes and other clinical signs 
were not observed among all groups in all 
experimental periods. A previous study has shown 
that PEG-PPG did not cause systemic inflammatory 
responses when applied to rat calvarial defects (Kim et 
al., 2020). In addition, because PEG-PPGg did not cause 

a systemic inflammatory response, systemic 
inflammation caused by gentamicin did not occur. 
Because rats showed a robust immune response to 
local infection (Glage et al., 2017), local bone infection 

did not lead to systemic infection. The brain was also 
not infected because the meninges, central nervous 
system parenchyma and ventricular system have 
distinct vascular structural components to counteract 
bacteria (Williams et al., 2014). 

The group in which PEG-PPGg was applied to 
infected calvarial defects had lower bacterial colony 
counts compared to the group that received PEG-PPG 
at three days and one week after application of 
hemostatic agents. These results suggest that the 
gentamicin in PEG-PPGg was successfully transmitted 
to the infection site and showed a local antibiotic effect. 
Interestingly, colonies were barely detected in any 
group at 2 and 4 weeks after application of the 
hemostatic agents. In one report, bone wax and 
alkylene oxide copolymer were applied to a rabbit 
tibial defect after inoculation with S. aureus (Wellisz et 
al., 2008). Four weeks after application of hemostatic 

agents, all the rabbits with bone wax had osteomyelitis; 
however, only 25% of the rabbits treated with the 
alkylene oxide copolymer had osteomyelitis (Wellisz et 
al., 2008). This report suggests that bacterial clearance 

occurs when a hemostatic agent is absorbed. When a 
defect is infected, damaged tissues, macrophages and 
bacteria release inflammatory mediators such as 
cytokines and chemokines to the surrounding 
microvasculature (Bian et al., 2012). As the blood 
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vessels expand, polymorphonuclear leukocytes 
(PMNs) infiltrate the defect to phagocytize the bacteria 
and damaged tissues (Bian et al., 2012). Because bone 

wax is not absorbed, bacterial clearance is reduced and 
the bone wax acts as a nidus of infection (Johnson and 
Fromm, 1981; Gibbs et al., 2004). On the other hand, 

because PEG-PPGg is absorbed, the inflammatory cells 
migrate to the infection site and bacterial counts 
decrease accordingly. However, bacteria were detected 
in the infected calvarial defect in one of the rats from 
the PEG-PPG group at 4 weeks post-application. It 
appeared that the bony infection had spread through 
the dura into the brain and persisted as infection 
(Wilensky, 1933). 

The results of histological examination showed that 
the groups with infected calvarial defects had higher 
osseonecrosis scores than those with non-infected 
calvarial defects at three days and one week after 
application of hemostatic agents. When bone infection 
occurs, S. aureus adheres to the bone matrix and 
colonizes the tissue (Tucker et al., 2000). S. aureus 

breaks down the bone matrix using virulence factors 
such as proteases, resulting in bone resorption (Tucker 
et al., 2000). In addition, S. aureus induces the apoptosis 

of osteoblasts through internalization, thereby 
promoting bone destruction (Tucker et al., 2000). When 
cytokines are released in response to S. aureus infection 

and TNF-α is stimulated, osteoclasts are activated, and 
the bone is destroyed by osteoclasts (Osta et al., 2014). 
For this reason, S. aureus causes osteonecrosis, leading 

to higher osseonecrosis scores in rats with infected 
calvarial defects. Bacterial colony counts decreased 
due to gentamicin in the groups with infected calvarial 
defects when PEG-PPGg was applied. As a result, the 
degree of osteonecrosis was relatively reduced, and the 
bone tended to recover faster than in the groups treated 
with only PEG-PPG. Granulocyte infiltration and 
inflammatory cell counts were also higher in the 
groups with infected calvarial defects than in the 
groups with non-infected calvarial defects at three 
days and one week after treatment with hemostatic 
agents. Pro-inflammatory cytokines are overproduced 
upon S. aureus infection; this increases the amount of 

PMNs infiltrating the infected tissue and causes 
excessive acute inflammatory reactions (Lenz et al., 

2007). The group with infected calvarial defects treated 
with PEG-PPGg had reduced CFU counts due to 
gentamicin and the relative pro-inflammatory 
cytokines decreased, which resulted in a decrease in 
the number of infiltrating granulocytes and 
inflammatory cells. Histological analysis of the group 
with infected defects and treated with PEG-PPG 
showed inflammatory cell infiltration into the brain 
through the dura mater in one of the rats at four weeks 
after application of PEG-PPG. The transmission of 
infection from the calvarium to the brain has three 
stages (Wilensky, 1933). In the first stage, the calvarium 
is infected and in the second stage, an extradural 
abscess is made (Wilensky, 1933). At the third stage, 
subdural infection and meningitis take place 
(Wilensky, 1933). Further progression will lead to 
infection of the brain (Wilensky, 1933). This indicates 
that if bone infection is not properly controlled, it can 
spread to the brain through the dura mater. PEG-PPGg 
may play a role in preventing the spread of infections 

to other tissues. Thus, PEG-PPGg is a reasonable 
option for preventing the spread of infection.  

In the present study, nephrotoxicity was not 
evaluated by serum chemistry or kidney 
histopathology. However, one study where gentamicin 
was administered for 28 days at doses of 3 and 10 
mg/kg/day did not show alterations in the structure 
and function of proximal tubular segments in rats 
(Cuppage et al., 1977). One report showed that 

gentamicin administered at a dose of 40 mg/kg for two 
weeks produced nephrotoxicity in rats (Gilbert et al., 

1978). Thus, the 8 mg/kg dose used in this study is 
unlikely to cause renal toxicity. Additionally, studies 
with large animals or humans may provide more 
insightful information because there are fewer 
similarities between rats and humans in terms of local 
immune response. 

For clinical application, PEG-PPGg would be 
beneficial in areas where infection is suspected. In 
cases of open fracture due to bone surface 
contamination, PEG-PPGg can cause hemostasis and 
exert antibiotic effects when bleeding occurs. In 
addition, when osteomyelitis is present, debridement 
is carried out and several antibiotics are used (Wang et 
al., 2020); PEG-PPGg can similarly be used for 

hemostasis on the bone surface when bleeding occurs 
after debridement. In cardiac surgery, the incidence of 
deep sternal wound infection is about 1‒2%; however, 
the incidence increases up to 14.3% in patients with 
underlying diabetes (Borger et al., 1998; Vestergaard et 
al., 2010). In such cases, PEG-PPGg can be applied 

around the surgical site after median sternotomy for 
hemostasis. Furthermore, for situations that are 
vulnerable to infection, including cases that require 
implants such as pins, plates, wires and 
ventriculoperitoneal shunts, PEG-PPGg can be applied 
as a prophylactic measure. 

In conclusion, PEG-PPGg showed immediate 
hemostatic effects and was rapidly absorbed without 
affecting osteogenesis. Furthermore, PEG-PPGg was 
not associated with systemic inflammatory responses; 
instead, it exerted a local antibiotic effect that reduced 
bacterial growth and local inflammatory responses. 
Therefore, PEG-PPGg could be a useful bone 
hemostatic agent that also prevents bacterial infection. 
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