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Abstract
Adding gentamicin to silk �broin enhances both the antibacterial performance and degradation rate of
silk-based materials. The increased material degradation rate can affect the strength of early internal
�xation, resulting in internal �xation failure. This study sought to adjust the gentamicin concentration to
control the material degradation rate, thereby better meeting clinical application requirements. The in vitro
degradation, water absorption rate, and expansion rate of silk-based materials containing different
gentamicin concentrations were studied. A gentamicin-loaded silk-based screw (GSS) was implanted into
the femurs of New Zealand rabbits. Micro-computed tomography (Micro-CT) was used to measure the
screw diameter, which was then used to calculate the degradation rate. The in vitro results revealed
increasing material degradation rates with increasing gentamicin concentration but no signi�cant
differences in water absorption rates with different gentamicin concentrations. The degradation rates of
gentamicin-loaded (4 mg/g) silk-based rod-like materials were approximately 11.08% at three months in
vitro and 9.4% in the animal experiment. The time for complete degradation was predicted from the �tting
curve to be approximately 16 months. The degradation of material containing 4 mg/g gentamicin meets
clinical application requirements, and previous experimental results demonstrate good antibacterial
performance is retained by materials containing this gentamicin concentration.

Introduction
Absorbable materials are a future development trend for orthopedic internal �xation materials.
Resorbable �xation devices of differing synthetic polymers, including polyglycolic acid (PGA) and poly-
lactic-co-glycolic acid (PLGA), are often limited due to poor biocompatibility and potentially harmful
degradation products1–3. Silk �broin is a naturally renewable polymer and has con�rmed
biodegradability, biocompatibility, and impressive mechanical features4–8. Inprevious studies, gentamicin
was added to silk-based materials to produce a novel degradable and antibacterial internal �xation
material9. Its good biomechanical properties and cytocompatibility make this material an ideal candidate
for an orthopedic internal �xation material. However, the degradation rate of gentamicin-loaded silk-
based materials was signi�cantly higher than that of the pure silk-based material. The in vitro
degradation rate of gentamicin-loaded (16 mg/g) silk-based sheets was approximately 38% at three
months, and the time for complete degradation time was predicted to be approximately �ve months9. The
degradation time is critical for the clinical application of a novel internal �xation material. As the typical
fracture healing time is approximately three months10, the rapid degradation of the internal �xation
material within this period can affect the �xation strength and cause internal �xation to fail11–14. The
degradation of silk protein is easily affected by environmental factors and synthesis process7,15,16.
Therefore, the effect of different concentrations of added gentamicin on the material degradation rate
was investigated. The gentamicin concentration was controlled to change the in vivo material
degradation rate and therefore improve its clinical application prospects.

Results
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To predict the in vivo degradation of the silk-based internal �xation materials containing different
gentamicin concentrations, the rod-like samples were slowly degraded in vitro by soaking in protease XIV,
and the weight change was recorded. Protease XIV effectively decomposes silk �broin �bers8. Figure 1
shows the in vitro degradation rates of the samples withdrawn at different time points. The silk-based
internal �xation materials with four different gentamicin concentrations began to degrade after one week
(p < 0.05). The degradation rates of GSS1, GSS2, GSS3, GSS4, and PSS were 2.91%, 2.13%, 1.45%, 1.04%,
and 0.45%, respectively. The degradation continued with time. The degradation rates of GSS1, GSS2,
GSS3, GSS4, and PSS were 19.71%, 14.12%, 13.03%, 11.08%, and 6.36% after 12 weeks, respectively. The
degradation curves of the four antibacterial silk-based materials could all be �t with a third-order
polynomial curve, whereas PSS could be �t with a second-order polynomial curve. The degradation rates
at all time points decreased in the order of GSS1 > GSS2 > GSS3 > GSS4 > PSS (p < 0.05).

Figures 2a and b show the in vitro changes in the water absorption and expansion rates of the samples,
respectively. The water absorption rates of GSS1, GSS2, GSS3, GSS4, and PSS were 1.91%, 1.91%, 1.89%,
1.88%, and 3.61%, respectively, and the expansion rates were 1.67%, 1.63%, 1.34%, 1.51%, and 1.96%,
respectively. The results showed clear increases in the weight and diameter of the samples after 10 min
(p < 0.05), indicating the onset of water absorption. However, the PSS diameter did not change
signi�cantly within 30 min and the GSS diameter did not increase signi�cantly within 1 h (p > 0.05). After
48 h, the water absorption and expansion rates of all the samples tended to stabilize and did not increase
further. At this time point, the water absorption rates of GSS1, GSS2, GSS3, GSS4, and PSS were 20.49%,
20.29%, 20.01%, 19.38%, and 30.69%, respectively, and the expansion rates were 9.50%, 9.32%, 8.78%,
9.12%, and 17.90%, respectively. There were no signi�cant differences (p > 0.05) at each time point in the
water absorption and expansion rates of the four antibacterial silk-based materials, though all were
signi�cantly smaller than those of PSS (p < 0.05).

All six rabbits were active after the operation, and no deaths occurred. Dissection was carried out after
GSS4 had been implanted in the femur of the New Zealand rabbits for one month (Fig. 3a), two months
(Fig. 3c), and three months (Fig. 3e). The screws were �rmly �xed on the femurs and had rough surfaces.
Although a partial defect on the nut on the surface of one femur was observed at three months, the main
body of the screw in the femur remained intact and did not break. The screw was in close contact with
the bone cortex, and the screw surface was covered with a large quantity of soft tissue. No adverse
reactions (SEs), such as redness or in�ammatory hyperplasia, were observed around the screw. The
Micro-CT scans taken at one month (Fig. 3b), two months (Fig. 3d), and three months (Fig. 3f) showed
that the screws were positioned well in the femurs without fracture or detachment, and no discernible
adverse response was found in the surrounding tissues. The screw threads had clearly become shallow,
the screw surface was rough, and high-density bone substances were observed around the screw. The
rate of change in the GSS4 diameters in the New Zealand rabbits at one, two, and three months were
2.8%, 6.1%, and 9.4%, respectively (Fig. 4).

Discussion
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Degradation is very important for absorbable internal �xation materials. Excessively fast in vivo material
degradation can affect the mechanical strength of the material and cause internal �xation to fail 8,17.
Excessively slow degradation can result in the material remaining in the body for a long time. Previous
experiments have shown that a sheet of the GSS1 material degraded signi�cantly faster than PSS. The in
vitro degradation rate of the GSS1 sheet was approximately 38% after three months, and the predicted
time for complete degradation was approximately �ve months9. The healing time of most fractures in
clinical applications is at least three months10,18. Therefore, GSS1 does not likely provide su�cient
strength support during the �rst three months of �xation because of rapid degradation, causing the
internal �xation to fail19. As gentamicin addition signi�cantly increases the degradation rate of a silk-
based material, the gentamicin concentration was varied in this study to control the material degradation
rate.

In this study, four silk-based materials with different gentamicin concentrations and a pure silk-based rod-
like material were soaked in a protease solution to simulate the degradation process. The degradation
rate increased with the gentamicin concentration, where the degradation rates of all the gentamicin-
loaded materials were higher than those of the pure silk-based material. The �tting curves (Fig. 1) were
used to predict that the time for complete degradation of GSS1, GSS2, GSS3, GSS4, and PSS as
approximately �ve, eight, 12, 16, and 29 months, respectively. This result con�rmed previous experimental
results that gentamicin addition accelerated the degradation rate of a silk-based material. We
hypothesize that the dissolution of gentamicin particles increases the contact area between a material
and an enzyme solution. Therefore, the higher the gentamicin concentration is, the larger the contact area
between silk �broin dissolved by gentamicin and the solution, and the higher the degradation rate19.

The healing time of a fracture in clinical applications is generally approximately three months, during
which time the mechanical support provided by internal �xation is very important10,18. The in vitro
degradation rate of GSS4 was approximately 11% after three months. A Micro-CT scan of the femur of a
New Zealand rabbit implanted with GSS4 for three months was used to indirectly calculate a GSS4
degradation rate of 9.4%. Although this rate was close to the in vitro degradation rate, the in vivo
degradation rate may be slower than that measured in the vitro simulation. Approximately 10%
degradation after three months would result in a very low failure possibility of internal �xation. The
dissection of the New Zealand rabbit after three months con�rmed that the screw continued to provide
solid support up to this time. The in vivo and in vitro experimental results were used to predict that the
time for complete degradation as approximately 1.5 years, which meets the recommended removal time
of internal �xation of 1.5-2 years18. Results from previous studies have shown that although the
gentamicin concentration in GSS4 is lower than that in GSS1, the antibacterial rate of GSS4 against
Staphylococcus aureus and Escherichia coli reached 100% after 6 h, indicating that 4 mg/g gentamicin
retained effective antibacterial activity9. The degradation of GSS4 may satisfy clinical application
requirements more effectively than GSS1, without a discernible deterioration in the antibacterial effect.
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Water absorption is an important property of degradable internal �xation materials that also affects their
placement and strength. The absorption and expansion rates of the four silk-based materials with
different gentamicin concentrations were not signi�cantly different and all smaller than those of the pure
silk-based material. These �ndings were consistent with our previous results9. In vivo water absorption
and expansion can increase the pullout resistance of internally �xed screws, thus increasing the internal
�xation effect. However, an excessively rapid change in the screw diameter after exposure to water could
increase the di�culty of internal �xation implantation. In this study, the change in the diameter of the
antibacterial silk-based screws was signi�cantly lower than that of the pure silk-based screw. The GSS
diameter did not increase signi�cantly within 1 h, which is su�cient time for a surgeon to implant GSSs.

The degradation rates of GSS1 and PSS were clearly lower in this study than the previous experimental
study. The only difference between this study and the previous study is that rod-like materials were used
in contrast to the sheet materials used in the previous study. The degradation rate of silk �broin is
affected by many factors, such as the shape of materials, the structure and diameter of silk �broin �bers,
and the implantation environment5,7. The following reasons may explain the aforementioned differences
in the experimental results. As sheet material has a light weight and a small volume, the weight change
from material degradation is relatively small. The small initial weight may signi�cantly increase the
experimental error in calculating a percentage value. The rod-like material is cylindrical and resembles a
screw. Thus, the rod-like material re�ects the in vivo degradation of a screw more accurately than a sheet.

Implanting GSS4 into the femurs of the New Zealand rabbits did not affect their normal activity, and the
rabbits showed no morbidity. However, noticeable bone growth around the screw was observed by Micro-
CT at one month, indicating good biocompatibility for GSS4. The screw surface was roughened by
degradation, and stress was gradually transferred to the bone tissue as the �xation material slowly
degraded. Thus, stress shielding was prevented, which may promote bone growth20–22. Animal
experiments with a longer duration are required to explore the time for complete degradation,
compatibility, and changes in the mechanical strength after degradation. In addition, the CT signal from
the antibacterial silk-based material is near that of soft tissue, making it di�cult to distinguish between
these two materials. The preparation process of antibacterial silk-based materials needs to be further
developed to obtain materials with clear CT signals and therefore promote clinical application.

Conclusion
The addition of gentamicin to a silk-based material signi�cantly increased the degradation rate. The
degradation rate increased with the gentamicin concentration. The in vitro degradation rate of a
gentamicin-loaded (4 mg/g) silk-based rod-like material was approximately 11% at three months. The
rate of change in the diameter of a GSS4 implanted into the femur of a New Zealand rabbit for three
months was approximately 9.4%, which is relatively consistent with the results of the in vitro degradation
experiment. The predicted time for complete GSS4 degradation was approximately 1.5 years. We
conclude that in vivo degradation of GSS4 can meet actual clinical needs more effectively than that of
GSS1, for which the predicted complete degradation time was approximately �ve months.
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Methods
Materials: Cocoons were purchased from the Shandong Institute of Sericulture. Gentamicin was
purchased from the National Institutes for Food and Drug Control. Protease Type XIV from Streptomyces
griseus was purchased from Sigma-Aldrich (St. Louis, MO, USA), and other inorganic analytical reagents
were purchased from Shanghai Aladdin.

Preparation of internal �xation materials: A gentamicin-loaded silk-based material was prepared by a
previously reported method8,9. The cocoon was boiled in 0.02 mol/L sodium carbonate solution for 30
min, washed thoroughly with distilled water three times and placed in an electro-thermostatic blast oven
at 60°C for at least 12 h to yield re�ned silk. A mass of 10 g of the re�ned silk was added to a ternary
solution of CaCl2•CH3CH2OH•H2O (in a 1:2:8 molar ratio). The solution was heated to maintain the
temperature at 85°C until the silk dissolved completely. The solution of the dissolved silk �broin was
placed in a dialysis bag (MWCO 3,500, Pierce) and dialyzed with deionized (DI) water at 4°C for 2 d to
yield a pure silk �broin solution. The DI water was changed hourly during the dialysis. The silk �broin
solution was centrifuged twice (18,000 rpm; 20 min/time) in a high-speed low-temperature centrifuge
(4°C). The supernatant was collected and frozen at -20°C for 5 d and dried in a vacuum freeze dryer
(-79°C). Gentamicin sulfate was dissolved in hexa�uoroisopropanol (HFIP) at four concentrations (40, 20,
15, and 10 mg/ml), and pure HFIP was also prepared. The vacuum-dried silk (10 g) was cut into pieces
and placed in a 50-ml syringe. A volume of 40 ml of the prepared HFIP solution was added to the syringe,
and complete dissolution of the silk �broin at room temperature yielded a 25 w/v% silk �broin/HFIP
solution. The solution was poured into a rod-shaped mold made of para�n (a hollow column with a
height of 33 mm and an inner diameter of 8 mm). The mold was completely immersed in a methanol
solution for 3–4 d. A methanol-to-water gradient was carried out four times at 1-h intervals to gradually
replace 100% methanol with 100% water. The rod-like material was left immersed in the water for an
additional 2 d and then removed and dried in an oven at 60°C. Rods with a height of approximately 30
mm and a diameter of approximately 5 mm were thus obtained. Some of the rods were processed using
a professional lathe to fabricate screws. Four gentamicin-loaded silk-based antibacterial materials (with
gentamicin concentrations of 16 mg/g (GSS1), 8 mg/g (GSS2), 6 mg/g (GSS3), and 4 mg/g (GSS4)) and
a pure silk-based material (PSS) were thus obtained.

In vitro degradation: Five rod-like samples (approximately 5 mm in diameter and 15 mm in height) were
completely dried and weighed (the weight is denoted as m0). The samples were placed in a six-well plate
(one sample per well), and 5 ml of a 1 mg/ml protease XIV solution were added to each well to
completely immerse the samples (n = 3). At 37°C, the soaking solution was discarded every 48 h, the
sample was washed with phosphate-buffered saline (PBS), and fresh protease XIV solution was added to
the sample. At 7, 14, 28, 56, and 84 d, one sample was removed, washed thoroughly with PBS, dried
thoroughly, and weighed (the weight was denoted as m1). The degradation rate (%) was calculated as 
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In vitro water absorption: The diameters and weights of �ve completely dried rod-like samples
(approximately 5 mm in diameter and approximately 15 mm in height) were obtained (n = 3) and denoted
by Wd and Dd, respectively. One rod-like sample was placed in an Eppendorf (EP) tube, 3 ml of PBS were
added to immerse the material, and the tube was maintained at 37°C. Samples were withdrawn at
predetermined time points (10 min, 20 min, 30 min, 1 h, 2 h, 6 h, 12 h, 24 h, 48 h, 72 h, 96 h, 120 h, and
144 h), �lter paper was immediately used to absorb moisture on the sample surface, and the sample
diameters and weights were measured and denoted by Ws and Ds, respectively. The water absorption and
expansion rates were calculated using the following formulas: water absorption rate 

 expansion rate (%) =

Animal experiments: Six New Zealand rabbits were numbered, weighed, and injected with 3%
pentobarbital for anesthetization. The skin of each rabbit was prepared by removing the hair on both hind
legs. The skin of one hind leg was cut open, and a retractor was used to pull the muscles away to expose
the femoral condyle. An electric drill was used to drill and tap the femoral condyle from outside to inside,
the GSS4 antibacterial silk-based screw (with a tail diameter of 5 mm, a body diameter of 4 mm and a
length of 10 mm) was implanted, and the wound was sutured. The other hind leg of the rabbit was
treated the same way. Two New Zealand rabbits were killed at 4, 8, and 12 weeks after the operation, and
the four lower limbs were scanned by microcomputed tomography (Micro-CT) at each time point. Finally,
the femur was dissected to observe the screw and surrounding tissue conditions. Micro-CT was used to
measure the body diameter (d) (n = 4) of the screw in the femur at different time points, and the rate of

change in the diameter (%) was calculated as  (the body diameter of the screw of 4.5 mm
did not change after being soaked in a PBS solution for 48 h).

All experimental protocols were approved by Foshan First People's Hospital licensing committee and all
methods were carried out in accordance with relevant guidelines and regulations. The study was carried
out in compliance with the ARRIVE guidelines.

Statistical analysis: All the experimental data are expressed as the mean ± standard deviation, based on
the results for at least three experimental samples. SPSS 20.0 software (SPSS Inc., Chicago, IL, USA) was
used to perform statistical analysis. The one-way analysis of variance (ANOVA) and Student-Newman-
Keuls (SNK) tests were performed for comparative analyses among multiple groups, and Dunnett’s T3
was used to compare the heterogeneity of variance. The signi�cance level of the test was de�ned as α = 
0.05, and differences were considered statistically signi�cant at p < 0.05.
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Figures

Figure 1

Degradation rates of four antibacterial silk-based and pure silk-based rod-like materials in a 1 mg/ml
protease XIV solution. The curves of the four antibacterial silk-based materials were all �t by a third-order
polynomial, whereas the curve of the pure silk-based material was �t by a second-order polynomial (n = 3;
* indicates signi�cantly different degradation rates for the different materials, p< 0.05).
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Figure 2

In vitro water absorption, where a and b are the water absorption and expansion rates of rod-like
materials soaked in PBS for different times. (n = 3; * indicates a signi�cant difference between the pure
silk-based and antibacterial silk-based materials, p< 0.05; NS indicates no signi�cant change in the water
absorption and expansion rates during the investigated period.)
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Figure 3

The femur of a New Zealand rabbit and corresponding Micro-CT scan following implantation with a GSS
(4 mg/g gentamicin) for (a, b) one month, (c, d) two months and (e, f) three months.
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Figure 4

Rate of change in the diameter of a GSS (4 mg/g gentamicin) after being implanted into the femur of a
New Zealand rabbit for one, two, and three months. The blue arrow indicates the antibacterial silk-based
screw in the femur after dissection, the red arrow indicates the antibacterial silk-based screw in a Micro-
CT scan, and the white arrow indicates the measured screw diameter in the scan.


