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Purpose: This study aimed to construct drug-loading and drug-releasing quantitative equa-
tions for gentamicin sponges in addition to realizing a gentamicin sponge for wound 
infection prevention and treatment.
Methods: Sterile sponges were cut into pieces of 1×1 × 0.5 cm and immersed in 40, 16, 8, 4, 
1.6, 0.8, or 0 mg/mL of gentamicin solution for 12, 24, 48, 96, or 120 h to evaluate their 
gentamicin loading. The sponges were subsequently immersed in the gentamicin solution of 
different concentrations for 48 h, air-dried, and then immersed in 10 mL of 0.9% physiolo-
gical saline to evaluate the gentamicin release. Methicillin-sensitive Staphylococcus aureus 
(MSSA) and Pseudomonas aeruginosa were used to explore the sponges’ infection preven-
tion scheme. In addition, a rat femur fracture with wound infection model was used to assess 
the infection treatment scheme.
Results: The antibacterial zone sizes of the sponges immersed in 40, 16, 8, 4, 1.6, and 
0.8 mg/mL of the gentamicin solution were larger than those of the 0 mg/mL air-dried 
sponge, and the difference was statistically significant (p < 0.01, p < 0.01, p < 0.01, p < 0.01, 
p < 0.01, and p < 0.01, respectively). The rats in the 40, 16, and 8 mg/mL air-dried sponge 
groups had no wound suppuration in either the MSSA or P. aeruginosa rat infection models.
Conclusion: A quantified equation for the sponges’ gentamicin loading and release was 
achieved with high accuracy. Furthermore, we recommend the 40, 16, or 8 mg/mL air-dried 
sponge for the treatment of wounds with antibiotic-sensitive bacterial infections.
Keywords: gentamicin sponge, quantitative equation, prevention concentration, treatment 
scheme, in vitro and in vivo experiments

Introduction
Gentamicin sponges, implantable topical antibiotic agents, are approved for surgical 
implantation in 54 countries. Since 1985, more than one million patients have been 
treated with these sponges.1–3 However, despite having been studied for over 30 
years, their effectiveness is still disputed.1,4–8

Han et al have found that applying gentamicin-impregnated sponges during spinal 
operations significantly decreases surgical-site infection (SSI).4 Chang et al have con-
ducted a meta-analysis encompassing 15 randomized control trials and also concluded 
that gentamicin sponges decrease the rate of SSI.5 Schimmer et al have used a controlled, 
prospective, randomized double-blind study to investigate the efficacy of gentamicin 
sponges in sternal wound complications after heart surgery. They enrolled 720 patients 
and found that gentamicin sponges effectively reduce infection complications.6
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However, several other studies have demonstrated that 
gentamicin-impregnated sponges cannot reduce SSI, and 
some researchers have even proposed that the sponges 
increase the risk of infection. Wouthuyzen-Bakker et al 
have discussed the efficacy of applying gentamicin- 
impregnated sponges locally during debridement in early 
acute periprosthetic joint infections. They found that their 
application does not reduce the incidence of infection and, 
thus, discourage their use.7 Uçkay et al have evaluated the 
benefits of using gentamicin sponges to treat mild diabetic 
foot ulcer infection. Regrettably, although the sponges 
achieved very good tissue tolerance, they did not improve 
the infection outcome.8 Bennett-Guerrero et al have found 
that gentamicin sponges increase the rate of SSI among 
patients undergoing open or laparoscopically assisted col-
orectal surgery;1 many other articles have noted similar 
results.

Overall, there are still debates about the anti-infection 
effectiveness of gentamicin sponges as well as several 
discrepancies in the previous studies. First, the amount 
of gentamicin contained in the sponges was inconsistent 
in each study and each surgical implantation approved 
by the various different countries, which may have 
resulted in conflicting conclusions. Second, the sizes of 
the sponges used in the different studies were also dif-
ferent, and there are no uniform standards or use guide-
lines for gentamicin sponges. Third, the existence of 
a local infection before using the gentamicin sponges 
was inconsistent. In some studies, the sponges were 
used in aseptic surgery to explore their preventive effect 
in relation to infection, but, in others, they were used in 
infected patients or animals to analyze their therapeutic 
effect. Fourth, the observation time points were not 
consistent.

The purpose of this study is to investigate the effect 
of gentamicin sponges in vitro and in vivo. First, the 
gentamicin loading of the sponges is analyzed to con-
struct a loading equation. Second, the release of genta-
micin from air-dried gentamicin-saturated sponges is 
evaluated to obtain the release equation. Third, the anti-
bacterial effect of the sponges is observed in vitro. 
Fourth, the anti-infection and mortality-reduction effects 
of the sponges are explored in a rat femur fracture with 
wound infection model. Finally, recommendations are 
outlined for the clinical application of gentamicin 
sponges, especially for patients with open fracture 
infections.

Methods
Reagents
Luria broth (LB) powder (containing 10 g of peptone, 5 
g of yeast powder, and 10 g of NaCl) was purchased from 
Beijing Solarbio Science & Technology Co., Ltd., and 
phosphate-buffered saline (PBS) was purchased from 
Merck KGaA. The LB medium was made by dissolving 
the powder in 1 L of sterile PBS, filtering with 0.22 μm, 
and then freezing it at 4°C. Sterile physiological saline 
(0.9%) was purchased from Baxter Medical Products Co., 
Ltd., and sodium pentobarbital was provided by the 
Medical Research Center of Beijing Chaoyang Hospital, 
affiliated with Capital Medical University. A gentamicin 
enzyme-linked immunosorbent assay (ELISA) kit was 
purchased from CUSABIO Bioengineering Co., Ltd.

Bacterial Strain
We used two kinds of bacteria: methicillin-sensitive 
Staphylococcus aureus (MSSA) and Pseudomonas aerugi-
nosa. In addition, we analyzed the effects of gelatin gen-
tamicin on MSSA and P. aeruginosa in in vitro and animal 
experiments and did not involve clinical research. The 
next step is to carry out clinical studies on MSSA biofilms.

The MSSA (ATCC 25923) standard strain and 
P. aeruginosa (ATCC 27853) were provided by the 
Guangdong Microbial Species Preservation Center.

Animals
Female adult Sprague Dawley rats (Charles River 
Laboratories, 200 ± 20 g) were kept in separate cages 
under a 12-h light/dark cycle at 23.6°C and 35% humidity. 
The animals were fed a sterilized chow diet and water. All 
procedures complied with the Animal Research: Reporting 
of In Vivo Experiments guidelines and were carried out in 
accordance with the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals. The present 
study was approved by the Capital Medical University 
ethics committee on the use of animals in research and 
education. At the end of the experiments, the rats were 
euthanized via an excessive dose of sodium pentobarbital 
(100 mg/kg, intraperitoneal injection). Our ethical code for 
animal experiments is AEEI-2020-192.

Rat Femur Fracture with Wound 
Infection Model
The detailed process was described as follows.. In brief, 
we built a MSSA and P. aeruginosa rat wound infection 
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model with a femur fracture. The LB medium was used to 
dissolve bacterial strain powders, and the bacteria suspen-
sion was cultured at 37°C and 200 rpm/min overnight. The 
precipitate was acquired at 10,000 rpm/min for three min-
utes and then resuspended in LB medium. After the bac-
terial passage was performed three times, the bacterial 
suspension was diluted 10-fold by the sequential transfer 
of 100 μL into 900μL of PBS. Then, 100 μL of the 
different diluted bacterial suspensions was inoculated 
into different LB agar media at 37°C overnight. The num-
ber of colonies yielded was between 20 and 200. The 
colonies were counted and multiplied by the correspond-
ing dilution times to obtain the suspensions’ bacterial 
quantities, which were adjusted to 106, 107, 108, and 109 

CFU/mL using the LB medium.
The rat femur fracture model was established on 

a small-animal operating table on a clean bench. We 
referred to Husodo et al9 for this model. Briefly, the rats 
were fasted for 12 h and not permitted to drink water for 3 
h before anesthesia. Isoflurane (concentration of 3%, oxy-
gen flow at 3 L/min, small-animal anesthesia machine) 
was used to induce the anesthesia, which was maintained 
by sodium pentobarbital (0.4 mL/100 g, 40 mg/kg, intra-
peritoneal injection). The right hind limb of the rats was 
shaved and disinfected three times with 75% alcohol. The 
right lateral position was adopted, and the right hind limb 
was draped with a sterile surgical towel. The femoral 
lateral approach was used. The incision was 1–1.5 cm 
long. The skin, subcutaneous tissue, and superficial and 
deep fascia were opened, and the middle part of the femur 
was exposed through the tensor fascia lata and femoral 
lateral muscle gap. A bone saw was used to create a femur 
shaft transverse fracture. Kirschner wire (1.0 mm) was 
used to fix the fracture as an intramedullary nail. The 
movement of the hip and knee and contraposition, align-
ment, and fixation of the fracture were examined. The 
method used to cause the bacterial infection was as 
described in a previous study.10 In brief, the bacterial 
suspension was administered to the rats by gradually drip-
ping it onto the surface of the muscle and embrocating 
with a sterile bacterial inoculation needle. The bacterial 
suspension volume was 0.5 mL at concentrations of 106, 
107, 108, and 109 CFU/mL. The muscle and skin incision 
was sutured using a 3–0 silk suture. The rats were kept in 
separate cages with a sterilized chow diet and water.

The mortality rate and wound tissue sections of the rats 
were obtained following the model’s establishment to 
evaluate whether the model had succeeded and was stable 

Finally, we chose 108 CFU/mL of MSSA and 106 CFU/ 
mL of P. aeruginosa to establish the rat model (related 
results are in the supplementary material: DOI:10.17632/ 
vpj7vjkz86.1).

Evaluation of the Gentamicin Loading of 
the Sponge
Gentamicin powder was dissolved in 0.9% physiological 
saline, and we adjusted the concentration to 40, 16, 8, 4, 
1.6, 0.8, or 0 mg/mL. Gentamicin sponges were cut into 
pieces of 1×1 × 0.5 cm and sterilized with ethylene oxide 
(Figure 1). These sponges were then divided into seven 
groups according to the concentration of gentamicin solu-
tion and immersed in solutions of different concentrations 
for 12, 24, 48, 96, or 120 h. The sponges were then air- 
dried until there were no further changes (about 48 h). The 
sponges’ weight was measured by an electronic balance to 
evaluate the gentamicin loading.

Preparation of the Air-Dried Sponge
We used similar methods to the above to prepare the air-dried 
sponges. In brief, gentamicin powder was dissolved in 0.9% 
physiological saline, and the concentration was adjusted to 
40, 16, 8, 4, 1.6, 0.8, or 0 mg/mL. The sponges were cut into 
pieces of 1×1 × 0.5 cm and sterilized with ethylene oxide. 
They were then divided into seven groups according to the 
concentration of the gentamicin solution, immersed in solu-
tions of different concentrations for 48 h, and air-dried until 
there were no further changes (about 48 h). Finally, they were 
sterilized with ethylene oxide and kept at –20°C until use.

Figure 1 Gentamicin sponge cut into pieces of 1×1 × 0.5 cm.
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Evaluation of the Drug Release of the 
Air-Dried Gentamicin-Saturated Sponges
The air-dried sponges were immersed in 10 mL of 0.9% 
physiological saline for 0.5, 2, 6, 12, 24, 48, and 96 h. The 
gentamicin ELISA kit was used to test the concentration in 
10 mL of 0.9% physiological saline. The specific operation 
steps were in accordance with the manual.

Evaluation of the Antibacterial Effect of 
a Gentamicin Sponge in vitro
After bacterial passage was performed three times, as 
described previously, 100 µL of bacterial suspension was 
inoculated into LB agar media at 37°C and left overnight 
so that the surface of the medium was fully covered in 
colonies. An air-dried sponge (1×2×0.5 cm size) was 
placed in the center of the LB agar media surface at 
37°C for 48 h. The sponge was then removed, and the 
antibacterial area (where bacteria did not grow) was mea-
sured to evaluate the sponge’s antibacterial effect.

Evaluation of the Effects of Gentamicin 
Sponges on the Rat Femur Fracture with 
Wound Infection Model
Here, 70 rats were divided into two groups to form the 
MSSA infection group (35 rats) and P. aeruginosa infection 
group (35 rats). Each group was then divided into seven 
subgroups: 40 mg/mL air-dried sponge (five rats), 16 mg/ 
mL air-dried sponge (five rats), 8 mg/mL air-dried sponge 
(five rats), 4 mg/mL air-dried sponge (five rats), 1.6 mg/mL 
air-dried sponge (five rats), 0.8 mg/mL air-dried sponge (five 
rats), and 0 mg/mL air-dried sponge (five rats). As described 
previously, we chose 108 CFU/mL of MSSA and 106 CFU/ 
mL of P. aeruginosa to establish the rat femur fracture with 
wound infection model. After the bacterial suspension was 
administered to the rats, an air-dried sponge was placed in 
the bacteria-inoculated muscle gap, and the muscle and skin 
incision was sutured using a 3–0 silk suture. The rats were 
kept in separate cages with a sterilized chow diet and water. 
The rats’ mortality and wound suppuration rate were 
recorded at day seven.

Statistical Analysis
The SPSS 23.0 software was used to analyze the data. The 
measurement data were reported as the median (interquar-
tile range); the Kruskal–Wallis H-test was used to compare 
multiple groups, and the Mann–Whitney U-test was used 

to compare two groups. The enumeration data were given 
as percentages; an χ2 test and Fisher’s definite probability 
methods were used to compare groups. A P-value <0.05 
was considered statistically significant.

The equations for the gentamicin loading of the sponge 
and drug release of the air-dried gentamicin-saturated 
sponge were constructed by curve estimation using the 
SPSS software. The R2 coefficient of determination was 
used to evaluate the fit of the constructed equation. We 
used the median of each group at each time point to 
construct the surface estimation in the Origin 2019b soft-
ware. The maximum number of iterations was set at 400, 
the tolerance was 1e-9, and the iterative algorithm was the 
Levenberg–Marquardt algorithm. The surface function 
was set to Poly2D, and the coefficients of the surface 
equation were expressed by the mean ± standard deviation. 
Additionally, R2 was used to evaluate the fit of the con-
structed equation, and Microsoft Excel 2016 was used for 
the data visualization of the wound suppuration rate.

Results
Evaluation of the Gentamicin Loading of 
the Sponges
We compared the original weight of the air-dried sponges and, 
then, the difference in weight between the 1.6 and 0.8 mg/mL 
air-dried sponges. As the sponge began to decompose when it 
was immersed in the solution for 96 h, the weight of the 0 mg/ 
mL air-dried sponge at 96 and 120 h was lower than the 
original weight (p = 0.01 and p = 0.01, respectively).

Next, we compared the amount of gentamicin released 
from the sponges, which increased gradually over time; 
the difference was statistically significant (p < 0.01). 
Moreover, the amount of gentamicin released from the 
sponges immersed in the gentamicin solution of different 
concentrations also differed (p < 0.01). The amount of 
gentamicin released from the sponge immersed in the 
40 mg/mL gentamicin solution was the largest at each 
time point, and the difference was statistically significant 
(p < 0.01).

Then, we compared the antibacterial zone sizes. The 
1.6 and 0.8 mg/mL air-dried sponges demonstrated no 
statistical differences for either P. aeruginosa or MSSA 
(p = 0.344, p = 0.917, respectively). Furthermore, the 
antibacterial zone sizes of the sponges previously 
immersed in 40, 16, 8, 4, 1.6, and 0.8 mg/mL of gentami-
cin solution were larger than those of the 0 mg/mL air- 
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dried sponge, and the difference was statistically signifi-
cant (p < 0.01).

Finally, we evaluated the effects of the gentamicin sponges 
on the rats with femur fractures and wound infections.

There were no deaths by day seven of any rats with 
femur fractures and wound infections. The wound suppura-
tion results of the rats with the P. aeruginosa infection are 
shown in Figure 2. The animals in the 40 (five rats), 16 (five 
rats), and 8 mg/mL (five rats) air-dried sponge groups had no 
wound suppuration; thus, their wound-suppuration rates 
were 0. Although the 4 (five rats, one with wound suppura-
tion), 1.6 (five rats, one with wound suppuration), and 
0.8 mg/mL (five rats, one with wound suppuration) air- 
dried sponge groups contained rats with wound suppuration, 
the differences between these groups and the 40 mg/mL air- 
dried sponge group were not statistically significant (p > 
0.99, p > 0.99, and p > 0.99, respectively). While the wound 
suppuration rate for the 0 mg/mL air-dried sponge group 
(five rats) was significantly higher than that of the 4 (p = 
0.048), 1.6 (p = 0.048), and 0.8 mg/mL (p = 0.048) groups, it 
was not significantly different from the 40 (p > 0.99), 16 (p > 
0.99), or 8 mg/mL (p > 0.99) groups.

The gentamicin loading of the sponges is shown in 
Table 1. There was no statistical difference in the original 
weight of the air-dried sponges (p = 0.92). However, when 
the immersion time in the gentamicin solution was pro-
longed, the difference became statistically significant in 
multiple groups. The sponge immersed in 40 mg/mL of 
gentamicin solution had the highest weight. The difference 

in weight between the 1.6 and 0.8 mg/mL air-dried sponges 
was not statistically significant at any of the observation time 
points (p > 0.05). As the sponges began to decompose when 
immersed in the solution for 96 h, the weight of the 0 mg/ 
mL air-dried sponge at 96 and 120 h was lower than the 
original weight (p = 0.009 and p = 0.009, respectively).

The equation for the gentamicin loading of the sponges 
is shown in Table 2. Here, R2 was used to evaluate the fit 
and, for all constructed equations, was above 0.9. The 
Origin 2019b software was used to construct the surface 
equation of the sponge gentamicin loading:

z = (0.03718 ± 0.01672)x + (–4.578e-4 ± 0.06253)y + 
(–2.50935e-4 ± 1.47521e-4)x2 + (0.00303 ± 0.00149)y2 + 
(0.00408 ± 3.52827e-4)xy,

where z is the gentamicin loading of the sponge, x is 
the duration of the sponge’s immersion in the gentamicin 
solution, and y is the concentration of the gentamicin 
solution the sponge was immersed in. The R2 of the sur-
face equation was 0.97 (Figure 3).

Evaluation of Drug Release from the 
Air-Dried Gentamicin-Saturated Sponges
The results of the drug release from the air-dried gen-
tamicin-saturated sponges are shown in Table 3. Since 
the sponges began to decompose after being immersed 
in water for more than 96 h, the longest observation 
time was set as 96 h. The results showed that the 
amount of gentamicin released from the sponges 
increased gradually over time and that the difference 

Figure 2 Wound suppuration rates of the rats with P. aeruginosa wound infection. *p < 0.05 compared with the 40 mg/mL air-dried sponge group.
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was statistically significant (p < 0.01). Moreover, the 
amount of gentamicin released from the sponges 
immersed in the gentamicin solution of different con-
centrations also differed (p < 0.01). The amount of 
gentamicin released from the sponge immersed in the 
40 mg/mL gentamicin solution was the largest at each 
time point, and the difference was statistically signifi-
cant (p < 0.01).

The equation for the drug release from the air-dried 
gentamicin-saturated sponge is shown in Table 4. The 
R2 for all constructed equations was above 0.9 (0.9 
indicates that 90% of the variance in the dependent 
variable is explained by the variance in the independent 
variable). The surface equation for the gentamicin 
release from an air-dried sponge was

z = (4.37205 ± 1.18048)x + (–7.05921±3.09628)y + 
(–0.04596 ± 0.01287)x2 + (0.3309 ± 0.07912)y2 + 
(0.31559 ± 0.02754)xy,

where z is the gentamicin release from the air-dried 
sponge, x is the duration of the sponge’s immersion in the 
gentamicin solution, and y is the concentration of the 
gentamicin solution the sponge was immersed in. The R2 

of the surface equation was 0.95 (Figure 4).

Evaluation of the Antibacterial Effect of 
the Gentamicin Sponge in vitro
The antibacterial zone size of the gentamicin sponges 
showed that the air-dried sponges previously immersed in 
40 mg/mL of gentamicin solution had a larger antibacter-
ialzone size than the others for P. aeruginosa (p < 0.01). The 
antibacterial zone sizes of the 1.6 and 0.8 mg/mL air-dried 
sponges demonstrated no statistical differences for either 
P. aeruginosa or MSSA (p = 0.344, p = 0.917, respectively). 
Furthermore, the antibacterial zone sizes of the sponges 
previously immersed in 40, 16, 8, 4, 1.6, and 0.8 mg/mL 
of gentamicin solution were larger than those of the 0 mg/ 
mL air-dried sponge, and the difference was statistically 
significant (p < 0.01).

Evaluation of the Effects of the 
Gentamicin Sponges on Rats with Femur 
Fractures and Wound Infections
There were no deaths by day seven of any of the rats with 
femur fractures and wound infections. The wound sup-
puration results of the rats with the P. aeruginosa infection 
are shown in Figure 2. The rats in the 40 (five rats), 16 
(five rats), and 8 mg/mL (five rats) air-dried sponge groups 
had no wound suppuration; thus, their wound suppuration 
rates were 0. Although the 4 (five rats, one with wound 
suppuration), 1.6 (five rats, one with wound suppuration), 
and 0.8 mg/mL (five rats, one with wound suppuration) 
air-dried sponge groups contained rats with wound sup-
puration, the differences between these groups and the 
40 mg/mL air-dried sponge group were not statistically 
significant (p > 0.99, p > 0.99, and p > 0.99, respectively). 
While the rate of wound suppuration for the 0 mg/mL air- 
dried sponge group (five rats) was significantly higher than 
that of the 4 (p = 0.048), 1.6 (p = 0.048), and 0.8 mg/mL 

Table 1 The Gentamicin-Loading for Each Sponge Type

Air-Dried Sponge Type Original Weight 12h 24h 48h 96h 120h p

40mg/mL 8.10(7.65–8.45) 13.30(12.65–13.55) 18.20(18.00–18.65) 24.90(23.35–25.75) 28.40(28.10–28.55) 29.10(26.85–30.10) <0.01

16mg/mL 7.80(7.25–8.20) 8.70(8.45–9.20) 10.50(10.20–11.00) 12.90(12.60–13.30) 16.90(16.60–17.20) 16.10(15.85–17.15) <0.01

8mg/mL 8.20(7.40–8.50) 8.60(7.95–8.95) 9.30(9.05–9.50) 10.10(9.85–10.35) 11.20(10.85–11.55) 11.20(10.35–12.55) <0.01

4mg/mL 7.80(7.70–8.20) 8.10(7.80–8.30) 8.30(7.75–8.40) 9.40(9.20–9.70) 8.90(8.45–9.20) 8.20(7.75–8.95) <0.01

1.6mg/mL 8.30(7.65–8.55) 8.40(7.95–8.75) 8.60(7.85–8.95) 8.80(8.65–9.05) 8.10(7.75–8.45) 7.10(6.75–7.50) <0.01

0.8mg/mL 7.90(7.55–8.60) 8.10(7.85–8.70) 7.90(7.90–8.35) 8.80(8.45–9.15) 8.10(7.40–8.45) 6.70(6.20–7.10) <0.01

0mg/mL 8.20(7.45–8.50) 8.30(7.70–8.55) 7.70(7.60–8.50) 7.90(7.60–8.15) 6.30(6.05–6.75) 5.90(5.40–6.50) <0.01

p 0.92 <0.01 <0.01 <0.01 <0.01 <0.01

Notes: The data are presented as mg and are expressed as the median (interquartile range). Each group was repeated 5 times at each time points. The p-value was 
calculated by Kruskal–Wallis H-test to compare multiple groups or multiple time points. Mg/mL was the concentration of gentamicin solution that sponge immersed in. The 
quality and weight of the air-dried sponge began to change after about 48 hours.

Table 2 The Equation of Gentamicin-Loading by Sponge Type

Air-Dried Sponge 
Type

Drug Loading Equation of 
Sponge(mg)

R2

40mg/mL 0.5056x-0.0038x2+9.4828e-006(x3) 0.998

16mg/mL 0.0582x+0.0016x2–1.1666e-005(x3) 0.996

8mg/mL 0.0364x+0.0004x2–2.5544e-006(x3) 0.984

4mg/mL −0.0020x+0.0008x2–5.4735e-006(x3) 0.915

1.6mg/mL 0.0097x+0.0004x2–3.3236e-006(x3) 0.916

0.8mg/mL −0.0079x+0.0008x2–5.8723e-006(x3) 0.821

Notes: x was the immersed duration of sponge in gentamicin solution, R2 was the 
index of testing fitting degree of equation, range was 0 to 1 as fitting degree was bad 
to excellent.
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(p = 0.048) groups, it was not significantly different from 
the 40 ((p = 0.008), 16 (p = 0.008), or 8 mg/mL (p = 
0.008) groups.

The wound suppuration rates of the rats with the MSSA 
infection are shown in Figure 5. The animals in the 40 (five 
rats), 16 (five rats), 8 (five rats), and 4 mg/mL (five rats) air- 
dried sponge groups had no wound suppuration; thus, their 
wound suppuration rates were 0. However, the 1.6 (five rats, 
one with wound suppuration) and 0.8 mg/mL (five rats, one 
with wound suppuration) air-dried sponge groups contained 
rats with wound suppuration. The differences between the 
1.6 and 40 mg/mL air-dried sponge groups were not statis-
tically significant (p > 0.99). The wound suppuration rate in 
the 0 mg/mL air-dried sponge group (five rats) was 100%, 
much higher than that in the other groups (all comparisons 
between these groups were p > 0.99).

Discussion
Gentamicin sponges have been studied for over 30 years, 
but their efficacy remains controversial.1,11–15 Many 
researchers have demonstrated that the application of gen-
tamicin sponges can significantly reduce the incidence of 

wound infection and kill pathogenic bacteria in both ani-
mal experiments and clinical studies.5,16,17 However, there 
are also many scholars who believe that gentamicin 
sponges have no effect in the prevention or treatment of 
wound infections and that these sponges may in fact have 
the opposite effect and increase the incidence of 
infection.1,7,8,18,19 In particular, a study with a large sam-
ple size was previously conducted to confirm these 
opinions.1 Thus, the effectiveness of the various sizes or 
drug loading of gentamicin sponges remains unclear.

Gentamicin is an aminoglycoside antibiotic with 
a clear spectrum of sensitive or resistant bacteria.20,21 

If a wound is infected with bacteria, bacterial resistance 
spectrum screening should be carried out first. 
Gentamicin sponges are considered to be used for only 
bacteria that are sensitive to gentamicin; therefore, in 
this study, we chose two kinds of bacteria that are 
sensitive to gentamicin. At present, the controversy 
over the efficacy of gentamicin sponges is related to 
their drug loading and release. As there have been few 
studies on this, our study is one of the first to examine 
this aspect of such sponges.

Figure 3 Surface equation for the drug loading of the gentamicin sponge. The x-axis shows the duration of the sponge’s immersion in the gentamicin solution, the y-axis is 
the concentration of the gentamicin solution the sponge was immersed in, and the z-axis is the gentamicin loading of the sponge. The points represent the median of the 
drug loading for each group at each time point. The color ruler represents the gentamicin loading of the sponge, and the unit is mg.
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Here, the sponges were cut into uniform pieces of 1×1 
× 0.5 cm. Seven different concentrations of gentamicin 
solution were used, and we chose five time points at 
which to measure the air-dried sponges. The amount of 
gentamicin absorbed by the sponges increased gradually 
over 96 h. As the sponges began to obviously decompose 
in water at about 96 h, their drug loading significantly 
decreased in the 4, 1.6, and 0.8 mg/mL air-dried sponge 
groups after 96 h; thus, gentamicin sponges’ immersion 
time in water should not exceed 96 h. We constructed the 
gentamicin loading equation through in vitro experiments 
and tested its fit, which was over 0.9, meaning that its 
accuracy was very high and could provide a reference for 
future study of sponge drug loading.

In terms of the in vitro drug release experiment on the 
gentamicin sponges, we primarily considered whether the 
amount of gentamicin released from the sponges could 
reach the therapeutic concentration. The effective treatment 
concentration of gentamicin is 4–10 μg/mL.20,21 In the 4, 
1.6, and 0.8 mg/mL air-dried sponge groups, the amount of 
gentamicin released did not reach the effective therapeutic 
concentration at two hours but did so at six hours. That is, 
the air-dried gentamicin-saturated sponges immersed in 4, 
1.6, and 0.8 mg/mL of the gentamicin solution could not 
exert gentamicin’s bactericidal ability within two hours. 
However, the amount of gentamicin released from the 40 
and 16 mg/mL air-dried sponges was 16.3 and 4.7 μg/mL, 
respectively, so these two sponges were able to exert the 
bactericidal ability at 30 min. We constructed the release 
equation for the gentamicin sponges in vitro to quantify 
their drug release. The equation’s fit was analyzed, and its 
R2 was over 0.9, meaning that its accuracy was high. Thus, 
the equation could be used to analyze the bactericidal ability 
of gentamicin sponges.Ta
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Table 4 The Equation of Gentamicin-Release by Sponge Type

Air-Dried 
Sponge Type

The Release of Air-Dried Gentamicin- 
Saturated Sponge(ug/mL)

R2

40mg/mL 39.5338x-0.3998x2+0.0014(x3) 0.994

16mg/mL 10.3348x-0.1210x2+0.0006(x3) 0.932

8mg/mL 4.3702x-0.0338x2+7.3831e-005(x3) 0.994
4mg/mL 3.0254x-0.0204x2+4.9293e-005(x3) 0.99

1.6mg/mL 2.1550x-0.0181x2+4.6371e-005(x3) 0.993

0.8mg/mL 2.0534x-0.0143x2+1.7261e-005(x3) 0.993

Notes: x was the immersed duration of sponge in saline, R2 was the index of 
testing fitting degree of equation, range was 0 to 1 as fitting degree was bad to 
excellent.
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As the amount of gentamicin released by some sponges 
was lower than the therapeutic concentration within two hours, 
we used bacterial and animal experiments to analyze whether 

the different groups of gentamicin sponges had a similar bac-
tericidal effect. Although the bactericidal areas of the 40 and 
16 mg/mL air-dried sponge groups were significantly larger 

Figure 5 Wound suppuration rates of the rats with MSSA wound infection. *p < 0.05 compared with the 40 mg/mL air-dried sponge group.

Figure 4 Surface equation for the drug release of the gentamicin sponge. The x-axis is the duration of the sponge’s immersion in the gentamicin solution, the y-axis is the 
concentration of the gentamicin solution the sponge was immersed in, and the z-axis is the gentamicin release of the air-dried sponge. The points represent the median of 
the drug release of each group at each time point. The color ruler represents the gentamicin release of the sponge, and the unit is µg/mL.
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than those of the other groups, the 1.6 and 0.8 mg/mL air-dried 
sponge groups also had obvious bactericidal effects (compared 
with the 0 mg/mL air-dried sponge group). Based on this, we 
considered that the 1.6 and 0.8 mg/mL air-dried sponges were 
sufficient to prevent wound infection.

For the animal experiments, we established a rat femur 
fracture model combined with MSSA or P. aeruginosa 
wound infections. The model’s stability was analyzed by 
the animal mortality and wound suppuration rates. Finally, 
we chose 108 CFU/mL of MSSA and 106 CFU/mL of 
P. aeruginosa to establish the rat model. Using different 
gentamicin sponges, we found that the 40, 16, and 8 mg/ 
mL air-dried sponges could reduce the wound infection 
rate to zero. Therefore, if a wound has been confirmed to 
be infected and the bacteria have been identified as sensi-
tive, we recommend that a 40, 16, or 8 mg/mL air-dried 
sponge be used to treat the infection.

The innovation of this study is that the drug loading and 
release of gentamicin sponges have been quantified for the 
first time and that an equation with a fit of over 0.9 has been 
constructed. Second, we have proposed which gentamicin 
sponges should be used to prevent and treat wound infec-
tions. Third, we have provided a basis for future research on 
wound infection models and gentamicin sponges.

There are also many limitations to this study. First, the 
sponges we used were produced by the same factory, so the 
results may be different when using sponges produced by 
other manufacturers in in vitro drug loading and release 
experiments. Second, we chose MSSA and P. aeruginosa to 

conduct the bacteriostatic tests in vitro and on the infected rats, 
so the results cannot represent other bacteria, eg, Escherichia 
coli or Staphylococcus epidermidis. Third, the incidence of 
wound infection in rodents is significantly different than that in 
humans, so further studies are required to analyze which 
gentamicin sponges are sufficient for the prevention or treat-
ment of wound infections in humans (Figure 6).

Conclusion
In this study, we constructed drug-loading and drug-release 
equations for gentamicin sponges for the first time, and the 
equations’ fit was over 0.9. The equations could therefore be 
used to analyze the gentamicin sponges further. Moreover, we 
proposed that 1.6 and 0.8 mg/mL air-dried sponges are suffi-
cient to prevent wound infections; in addition, 40, 16, and 
8 mg/mL air-dried sponges can be used to treat wound infec-
tions. We recommend that sponges not be soaked in gentami-
cin for more than 96 h due to decomposition.

Abbreviations
RCTs, randomized controlled trials; SSI, Surgical site infec-
tion; LB, Luria Broth; PBS, phosphate buffer saline; MSSA, 
Methicillin sensitive Staphylococcus aureus; P. aeruginosa, 
Pseudomonas aeruginosa; SD, Sprague-Dawley.

Data Sharing Statement
The supplemental data used to support the findings of this 
study have been deposited in the Mendeley Data reposi-
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Figure 6 The purpose of this study was to investigate the effects of gentamicin sponges in vitro and in vivo.
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