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Abstract 

Background:  Research on the degradation of silk fibroin (SF) scaffolds in vivo lacks 
uniform and effective standards and experimental evaluation methods. This study aims 
to evaluate the application of ultrasound in assessing the degradation of SF scaffolds.

Methods:  Two groups of three-dimensional regenerated SF scaffolds (3D RSFs) were 
implanted subcutaneously into the backs of Sprague-Dawley rats. B-mode ultrasound 
and hematoxylin and eosin (HE) staining were performed on days 3, 7, 14, 28, 56, 
84, 112, 140, and 196. The cross-sectional areas for two groups of 3D RSFs that were 
obtained using these methods were semi-quantitatively analyzed and compared to 
evaluate the biodegradation of the implanted RSFs.

Results:  The 3D RSFs in the SF-A group were wholly degraded at the 28th week after 
implantation. In contrast, the 3D RSFs in the SF-B group were completely degraded 
at the 16th week. Ultrasonic examination showed that the echoes of 3D RSFs in both 
groups gradually decreased with the increase of the implantation time. In the early 
stages of degradation, the echoes of the samples were higher than the echo of the 
muscle. In the middle of degeneration, the echoes were equal to the echo of the mus-
cle. In the later stage, the echoes of the samples were lower than that of the muscle. 
The above changes in the SF-B group were earlier than those in the SF-A group. Semi-
quantitative analysis of the cross-sectional areas detected using B-mode ultrasound 
revealed that the degradations of the two 3D RSF groups were significantly different. 
The degradation rate of the SF-B group was found to be higher than that of the SF-A 
group. This was consistent with the semi-quantitative detection results for HE staining. 
Regression analysis showed that the results of the B-mode ultrasound and HE staining 
were correlated in both groups, indicating that B-mode ultrasound is a reliable method 
to evaluate the SF scaffold degradation in vivo.

Conclusions:  This study suggests that B-mode ultrasound can clearly display the 
implanted SF scaffolds non-invasively and monitor the degradation of the different SF 
scaffolds after implantation in living organisms in real-time.
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Background
Silk fibroin (SF) demonstrates significant potential in tissue engineering and biomedi-
cal applications owing to its significant biocompatibility, good mechanical properties, 
and ability to control its biodegradation [1]. SF materials have been processed in vari-
ous forms, including hydrogels, fibers, microspheres, sponge, microneedles, and three-
dimensional regenerated silk fibroin scaffolds (3D RSFs) [2–8]. Different forms of SF 
have different biological properties, and this applies to degradability. The ideal implant 
material requires its degradation rate to match the tissue repair rate at the implant site. 
The biodegradability of the SF materials is one of the criteria to determine whether it can 
be used as a substitute for tissues.

There is still a lack of uniform and effective standards and test evaluation methods 
to evaluate the biodegradability of SF materials. For the in vivo evaluation of biological 
materials, descriptive observations from histological sections are currently used [9–12], 
which are qualitative methods. In addition, most of the methods that are currently used 
for degrading SF materials involve invasive tests [13, 14], which are not suitable for liv-
ing organisms. In order to dynamically evaluate the degradation of SF materials in living 
organisms, we need to determine a non-invasive, in situ, quantitative, and cost-effective 
method. Ultrasound, which is a non-invasive technique that can visualize internal struc-
tures, has been reported as a method to assess the degradation of biological materials 
[15]. The principle of ultrasonic detection is that ultrasonic waves are emitted by the 
generator in the probe and enter the target. After multiple reflections and refractions, 
they are captured by the receiver in the ultrasonic probe. The ultrasonic diagnostic appa-
ratus can determine the echo intensity of each point in the plane and displayed it on the 
screen in the form of a gray image, which is the most commonly used brightness mode 
(B-mode) ultrasonic imaging mode [16]. Recently, some scholars have applied ultra-
sound to detect SF gels [17]. They tested the degradation process and tissue regenera-
tion (e.g., vascular regeneration) of implanted biomaterials in Wistar rats on the basis of 
B-mode ultrasound in combination with ultrasound contrast technology. They discov-
ered the value of ultrasound in terms of detecting implanted materials in vivo.

In order to evaluate the biodegradability and biocompatibility of 3D RSFs non-inva-
sively and quantitatively in living organisms, this study used B-mode ultrasound to con-
tinuously detect a 3D RSF that was implanted in Sprague-Dawley (SD) rats. These results 
were compared with those that used hematoxylin and eosin (HE) staining for the first 
time. Two types of 3D RSFs (SF-A group and SF-B group) were implanted subcutane-
ously into the back of SD rats. B-mode ultrasound and HE staining were used to meas-
ure the cross-sectional areas of the two groups of 3D RSFs, and a statistical analysis was 
performed. By comparing the detection effects of the two methods on the degradation of 
the SF scaffolds, the application value of the ultrasound assessment for the degradation 
of the SF scaffolds was evaluated.

Results
General observation

After the subcutaneous implantation of the two groups of 3D RSFs on the back of the 
SD rats, it was observed that both groups of rats adapted well. In addition, there were 
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no obvious abnormalities in their behavior or diet. The skin surface at the implantation 
site was slightly elevated and it could be clearly observed in the early stages. The wound 
showed no signs of redness or infection, and no obvious systemic reactions were found.

The changes in size and the surrounding inflammation of the samples were observed 
at the implantation site on days 3, 7, 14, 28, 56, 84, 112, 140, and 196 after surgery. In the 
SF-B group, two samples disappeared on the 84th day (the 12th week) after implanta-
tion, and no samples from the SF-B group were found under the skin on the 112th day 
(the 16th week) after implantation. Therefore, we chose three time points to compare 
the two groups of the RSF samples: the first week after the operation, the fourth week 
after the operation, and the 12th week after the operation.

In the first week after implantation, the changes in size of the stent scaffolds at the 
implantation site and the surrounding tissue reactions were observed. Both of the RSF 
samples were covered with a thin, translucent fascia-like tissue, and there was no obvi-
ous inflammation or granulation formation in the surrounding tissues. The SF-A group 
sample had no obvious change in the appearance, and the surface was easily separated 
from the surrounding tissue. The edge of the SF-B group sample was slightly rounded 
and blunt, and adhered to the surrounding tissue (Fig. 1a, b). During the fourth week 
after implantation, the surfaces of the two groups of the samples were wrapped with 
fiber membranes, which were not easily separated from the samples. The edges of the 
SF-A group samples were slightly rounded and blunt, and the diameter and thickness 
of the samples rarely changed. The surface fiber membrane of the SF-B group sample 
was slightly thicker than that of the SF-A, but the overall thickness decreased and the 

Fig. 1  General observation of two types of silk fibroin scaffolds. In situ observation of silk fibroin scaffolds in 
SF-A group (a, c, e) and SF-B group (b, d, f) at 1, 4, and 12 weeks after implantation
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diameter change was not obvious (Fig. 1c, d). During the 12th week after implantation, 
the overall thickness of the SF-A group sample decreased, but the diameter change was 
not obvious. The sample in the SF-B group was significantly degraded. Only a pale pink 
flake tissue remained with a thickness of approximately 1 mm, and the surrounding tis-
sue structure was normal without inflammation (Fig. 1e, f ).

Generally, there was no obvious inflammatory response in the surrounding tissues for 
the two groups of samples during the entire 28-week observation period. The samples 
in the SF-A group were slightly degraded. By 28 weeks, the volume of the sample and 
surrounding tissue envelope had fallen to less than one-fifth of the original volume. The 
samples in the SF-B group rapidly degraded. During the 12th week, only sheet-like tis-
sues with a thickness of about 1 mm remained. No trace of the implant was discovered.

Examination of the ultrasound morphology

After the SD rats were anesthetized, the two groups of 3D RSF samples were examined 
in situ by performing B-mode ultrasound with a high-frequency probe. During the first 
week after implantation, both groups of samples exhibited isoechoic signals between the 
subcutaneous layer and the muscle layer. The SF-A group had a clear scaffold bound-
ary and an obvious space-occupying effect. The effusion around the scaffold was slightly 
more than that in the SF-B group, and there was no obvious hypoechoic inside (Fig. 2a). 
Most of the scaffolds in the SF-B group had clear boundaries and slightly rounded edges. 
There was a small amount of mesh-like low echo inside the scaffold and effusion around 
the scaffold (Fig.  2b). During the fourth week after implantation, the boundary of the 
SF-A group sample could still be distinguished, and the volume change of the sample 
was not obvious. The exudation around the sample was absorbed, and the internal echo 
of the sample was slightly less than one week (Fig. 2c). In the SF-B group, the boundary 
of the sample was fuzzy, the volume was slightly reduced, and the sample was oval. The 

Fig. 2  Examination of B-mode ultrasound of two types of silk fibroin scaffolds. B-mode ultrasound 
examination of silk fibroin scaffolds in SF-A group (a, c, e) and SF-B group (b, d, f) at 1, 4, and 12 weeks after 
implantation
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internal echo of the sample was lower than that at one week, and the internal mesh-like 
hypoechoic in the sample gradually increased. The effusion around the sample was also 
absorbed (Fig. 2d). During the 12th week after implantation, the boundary of the SF-A 
group sample was blurred and uneven. The volume of the SF-A group sample became 
smaller than the volume at four weeks, and a sieve-like hypoechoic appeared in the sam-
ples. The outer edge of the sample tended to be rounded and blunt, and the internal echo 
was lower than the echo at four weeks (Fig. 2e). The boundary of the SF-B group sample 
was difficult to distinguish, and the volume of the sample was significantly reduced in 
comparison to that at 4 weeks. The internal echo of the SF-B group sample was further 
reduced, and the mesh-like hypoechoic echoes were scattered throughout the sample 
(Fig. 2f ).

During a total observation period of 28 weeks, the volumes of the two samples gradu-
ally decreased and the edges of the samples gradually became blurred, which was dif-
ficult to distinguish in the later stage. The echoes of the samples gradually decreased. 
In the early stages of the degradation, the echo of the sample was higher than that of 
the muscle. In the middle of the degradation, the echo was equal to that of the muscle. 
In the later stage, the echo of the sample was lower than that of the muscle. The above-
mentioned changes in the SF-B group were earlier than those in the SF-A group. At the 
16th week after the silk fibroin scaffolds of the SF-B group were implanted in vivo, we 
could not find the implanted materials at the implantation site. It meant that the scaf-
folds of the SF-B group had been completely degraded, and only normal subcutaneous 
tissue was detected. Therefore, there is no ultrasound data for silk fibroin scaffolds at 
week 16. The silk fibroin scaffolds in the SF-A group were wholly degraded at the 28th 
week after implantation in vivo.

HE staining histological examination

It was observed that the eosinophilic staining of the RSF scaffold appeared as a pink net-
work structure on the HE image. In this experiment, HE staining was used to detect the 
size change and tissue response of the RSF scaffold that was implanted in vivo.

During the first week after implantation, there was no significant change in the shape 
and volume of the samples in the SF-A group. The scaffold structure was not significantly 
damaged. Several layers of fibrocytes, which were arranged in an orderly manner, were 
observed on the surface of the scaffold. The surrounding tissues were more vascular-
ized and accompanied by inflammatory cell infiltration (Fig. 3a). The samples in the SF-B 
group were slightly deformed. The edge of the scaffold was slightly rounded and blunt, 
but the volume change was not obvious. Fibrous tissues were seen around the scaffold, 
and a large number of inflammatory cells and small blood vessels could be observed. 
In the tissue–scaffold junction area, there were several fibroblasts that extended inward 
along the pores, accompanied by lymphocyte and macrophage infiltration, and occa-
sionally, new small blood vessels could be seen (Fig. 3b).

During the fourth week after implantation, the shape and volume of the samples in 
the SF-A group did not change significantly. The support structure remained gener-
ally intact, but it partially collapsed. Several layers of fibrous cells were around the 
scaffold, which extended irregularly into the scaffold. There were more blood vessels 
in the tissue–scaffold junction area, which were accompanied by a large number of 
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lymphocytes as well as macrophage infiltration (Fig. 3c). The shape of the SF-B group 
significantly changed. The edge of the sample was round and blunt, and the volume 
was slightly smaller. The internal stent collapsed and broke, and the internal void was 
completely occupied by fibrous tissue, and the broken stent was wrapped around it. 
We observed a few inflammatory cells, macrophages, and small blood vessels inside 
the scaffold. A small amount of fibrous tissue was observed around the scaffold 
(Fig. 3d).

During the 12th week after implantation, the volume of the SF-A group sample was 
reduced. The supporting structure partially collapsed. The fiber envelope on the sur-
face of the scaffold was further thickened, and a large amount of blood vessels was 
observed. The fiber cells in the junction area further extended irregularly into the 
scaffold. Part of the scaffold was broken and fused, and scattered lymphocytes and 
some macrophages were observed (Fig.  3e). The volume of the sample in the SF-B 
group was significantly reduced and almost completely degraded. The stent was fur-
ther broken and divided into several pieces. A large amount of adipose tissue was 
filled with a small amount of fibrous tissue. There were abundant blood vessels in the 
surrounding fibrous capsule (Fig. 3f ).

During the entire 28-week observation period, the two groups of samples showed dif-
ferent degrees of degradation. The degradation rate of the SF-A group sample was slower 
than that of the SF-B group sample. By 28 weeks, the volume of the SF-A group sample 
and its surrounding tissue envelope was less than a quarter of its original volume. The 
sample in the SF-B group degraded rapidly. During the 12-week period, only flake-like 
tissues in the SF-B group could be observed with a thickness of less than 1 mm remain-
ing, and could not be found at 16 weeks. During the degradation process, fibroblasts, 

Fig. 3  HE staining of two types of silk fibroin scaffolds. HE staining of silk fibroin scaffolds in SF-A group (a, c, 
e) and SF-B group (b, d, f) at 1, 4, and 12 weeks after implantation. The black arrow points to the junction of 
material and organization. “S” denotes the scaffold remnant
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inflammatory cells, and macrophages were more active in the earlier stages of degrada-
tion. In the later stages of degradation, fat cells appeared.

Comparison of two semi‑quantitative assessments of the biodegradation of the RSFs

According to the results of the B-mode ultrasound examination, the cross-sectional 
areas of the two 3D RSFs were significantly different at almost all the time points except 
on the third day (Fig. 4c). However, according to the results of the histological examina-
tion of the HE staining, there was no significant difference in the cross-sectional areas 
of the two groups at 3, 7, 14, and 28 days after implantation, but there were significant 
differences on days 56 and 84 (Fig.  4d). The Pearson correlation coefficient was used 
to correlate the cross-sectional areas of SF-A at each time point that was obtained by 
ultrasound with the cross-sectional areas of SF-A that were detected by HE staining. 

Fig. 4  Comparison of two semi-quantitative assessments of the biodegradation of two types of silk 
fibroin scaffolds. a A schematic diagram of the measured area of the material in the ultrasound image: the 
area circled by the yellow line is the measured area. b A schematic diagram of the measured area of the 
material in the histological examination image: the area circled by the blue line is the measured area. c The 
cross-sectional areas for two groups of SF scaffolds (A and B) detected by B-mode ultrasound (US)after 3, 
7, 14, 28, 56, and 84 days of subcutaneous implantation. d The cross-sectional areas for the two groups of 
SF scaffolds (A and B) detected by HE staining (HE) after subcutaneous implantation. e The cross-sectional 
areas of SF-A detected by HE staining (HE) and B-mode ultrasound (US)after 3, 7, 14, 28, 56, and 84 days of 
subcutaneous implantation. f The cross-sectional areas of SF-B detected by HE staining (HE) and B-mode 
ultrasound (US)after subcutaneous implantation. (*Statistically significant differences at P ≤ 0.05; ** 
Statistically significant differences at P ≤ 0.01)
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The results showed that the cross-sectional areas of SF-A that were obtained by ultra-
sound were closely related to the cross-sectional areas of SF-A that were obtained by 
HE staining (r = 0.955, P < 0.01) (Fig. 4e). The Pearson correlation coefficient was used 
to correlate the cross-sectional areas of SF-B at each time point that was obtained by 
ultrasound with the cross-sectional areas of SF-B detected by HE staining. The results 
showed that the cross-sectional areas of SF-B that were obtained by ultrasound were 
closely related to the cross-sectional areas of SF-B that were obtained by HE staining 
(r = 0.986, P < 0.01) (Fig. 4f ).

Discussion
The literature that addresses the degradation of SF materials in vivo lacks uniform and 
effective standards and experimental evaluation methods. A common method is the 
morphological description, which includes HE staining and scanning electron micros-
copy [13, 18]. The strength of the material was evaluated based on its mechanical prop-
erties [19]. The biocompatibility and in  vivo absorption of the material were detected 
through cell biology [14, 20]. Functional indicators could also be tested for the materials 
that were implanted in special parts of the body [21]. Although these methods have a 
certain effect on understanding the reaction process and the mechanism of degradation 
in vivo, it is often impossible to accurately quantify the material degradation dynami-
cally and in real-time. Most of the tests that are described in the literature are invasive 
tests; however, they are not applicable to living organisms. Although imaging inspection 
methods such as X-ray inspection and computed tomography inspection are non-inva-
sive [22], their application range is limited and they are only sensitive to denser materi-
als. They are not suitable for the study of SF materials with a lower density. Therefore, 
finding a dynamic and non-invasive degradation evaluation method is also an urgent 
problem that needs to be solved in the clinical applications of SF materials.

In a previous study [14], we developed a semi-quantitative approach to assess the 
in  vivo degradation rate and biocompatibility of the 3D RSFs that have different pore 
sizes. The semi-quantitative method was used to evaluate the biodegradation by meas-
uring the thickness of the residual scaffolds, fibrous capsules, and infiltrated tissues by 
performing a histological analysis. Since the scaffold’s volume change is irregular after 
implantation, the comparison method that is based on the thickness of the scaffold can-
not accurately reflect the degradation of the scaffold. In fact, the best way to estimate 
the rate of the scaffold biodegradation is to measure the residual volume of the scaffold 
in three dimensions. However, this method is difficult to implement in vivo. Wang et al. 
[19] compared the biodegradation of several scaffolds (5 mm in diameter and 2.5 mm in 
thickness) by measuring the cross-sectional area of the residual scaffolds in two dimen-
sions. This is a relatively accurate method. However, since this method was technologi-
cally limited at that time, only small scaffolds could be measured. In this study, we made 
improvements based on the previous studies. HE-stained sections were made by select-
ing the largest cross-section of the scaffold at each time point after the implantation. As 
long as the size of the scaffold does not exceed the size of the slice of the HE stain, the 
image on the slice can be completely recorded by the scanning system. A semi-quanti-
tative comparison was performed on the cross-sectional area of the scaffolds to evaluate 
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the degradability of the RSFs. Histological methods can intuitively obtain the changes 
in size of the scaffolds; thus, evaluating the scaffold degradation is more reliable. How-
ever, this method cannot be applied to study scaffold degradation in living organisms. 
In order to facilitate the research after the scaffold is implanted in living organisms, we 
urgently need a non-invasive, real-time, repetitive method that is applicable.

Ultrasound is a non-invasive imaging method that is more sensitive to the detection 
of soft tissues. It has been used in research that involves degrading biological materials. 
Li et al. [23] investigated the neovascularization and biodegradation of an SF gel in vivo 
using multiple mode ultrasound by quantifying the echo intensity, volume, and contrast 
enhancement of the SF gel implants. It showed that the silk gel implants appear as hypo-
echoic nodules in the early stages of the degradation, and there are clear boundaries 
under the skin. With the passage of time, the echogenicity of the silk hydrogel implants 
gradually increased, and it was demonstrated through medium grayscale images. In the 
late stage of the degradation, the echogenicity of the silk hydrogel implant was equal to 
that of the adjacent border, and it could not be clearly identified until the 20th day. This 
study showed that ultrasound might be used to study the degradation of silk fibroin gel 
in vivo. However, few studies have been published applying ultrasound to other forms 
of silk fibroin materials (such as fibers and silk fibroin scaffolds, among others). Various 
forms of silk fibroin materials have different biological properties and degradabilities. 3D 
RSFs have a wide range of applications in biomedical engineering and tissue engineering. 
Therefore, a suitable degradation detection method has a positive clinical application 
value for the in  vivo degradation of 3D RSFs. In this study, we applied B-mode ultra-
sound to investigate the in vivo degradation of RSF scaffolds. With the passage of time, 
the echoes of the SF scaffold gradually decreased. In the early stages of the degradation, 
the echo of the sample was higher than that of the muscle. In the middle of the degra-
dation, the echo was equal to the that of the muscle. In the later stage, the echo of the 
sample was lower than that of the muscle. The echo of the SF scaffold during ultrasound 
in this study was different from the findings by Li et al. [23]. It may due that various for-
mulations of silk fibroin have different densities and uniformity. The silk fibroin scaffold 
used in our experiment has a low density and contains more pores, so its uniformity is 
poor. In contrast, the silk fibroin gel used in Li’s experiment has a relatively high density 
and is relatively uniform. According to the principle of ultrasound, the echo intensity of 
ultrasound varies with the acoustic impedance of the material [16]. The acoustic imped-
ance is related to the density and uniformity of the material [24]. Generally speaking, the 
higher the density or the more uneven the material, the stronger the acoustic impedance 
and the higher the echo intensity. Therefore, the echo intensity of various forms of SFs 
under ultrasound is different. In addition, in this experiment, we found that the echoes 
of the SF scaffolds gradually decreased with the increase of the implantation time. The 
reason for the changes in the echoes in this study might be related to the degree of tis-
sue cells that invade the scaffolds and the degradation of the scaffolds. During the early 
stage of implantation, the scaffolds were filled with pores, only a small number of tissue 
cells invaded the scaffolds, and the scaffolds were hardly degraded. As a result, the echo 
of the scaffolds was higher than that of the muscle in the early stage. As the degrada-
tion progresses, tissue cells invade the scaffolds, and the pores in the scaffolds gradually 
degrade; therefore, the echo of the scaffolds is reduced. In the later stage, the scaffolds 
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were filled with cells, which form a relatively uniform whole; hence, it appears to be 
hypoechoic when applying ultrasound. In these experiments, local hypoechoic echoes 
were observed in the scaffolds. We believe that this may be due to the penetration of the 
host tissue into the scaffolds and the degradation and absorption of the local scaffolds. 
In the previous studies of our research group [14], it has been shown that the biodegra-
dation of RSFs is mediated by inflammation to a certain extent. The microporous shape 
of the scaffold is conducive to the infiltration of inflammatory factors. As the host tissue 
entered the scaffold, inflammatory factors such as macrophages/multinucleated giant 
cells were brought into the scaffold. In this study, two groups of silk fibroin scaffolds 
with different pore sizes were selected. The different pore diameters resulted in different 
host tissue penetration rates of scaffolds in both groups. Scaffolds with more prominent 
pores will make them more sensitive to cell invasion and lead to a faster rate of degra-
dation of the scaffold in vivo. Therefore, it can be inferred that the degradation of the 
SF scaffold and tissue proliferation occur simultaneously. The performance of the tissue 
deep into the scaffold could also be observed in the HE-stained sections, which further 
confirmed this idea.

In this study, we implanted two types of 3D RSFs (SF-A group and SF-B group) that 
were subcutaneously placed into the back of SD rats. For a semi-quantitative compari-
son, we used B-mode ultrasound and HE staining to measure the cross-sectional areas 
of two groups of 3D RSFs and performed a statistical analysis. The statistical results 
show that there were significant differences in the degradation of the two groups of 3D 
RSFs. The degradation rate of the SF-B group was significantly higher than that of the 
SF-A group. The difference in the degradation rate of both silk fibroin scaffolds may be 
mainly related to their pore sizes. Our previous study has shown that the larger the pore 
size of the silk fibroin scaffold, the faster the degradation rate [14]. The silk fibroin pore 
size of the SF-B group was larger than that of the SF-A group, so the degradation rate of 
the SF-B group is higher than that of the SF-A group. Regression analysis showed that 
the results of the B-mode ultrasound and HE staining were correlated in both groups. 
This indicates that B-mode ultrasound is reliable for the degradation of the SF scaf-
folds in vivo. In this study, we determined that the volumes of the two types of 3D RSFs 
increased after one week of implantation by applying two detection methods. From 
the preparation method, it can be seen that the obtained SF scaffolds were thoroughly 
washed with deionized water in order to remove the n-butanol. In addition, after steri-
lizing in 75% (v/v) ethanol solution, the SF scaffolds were continuously stored in steri-
lized water for at least one day. All these treatments implied that the SF scaffolds were 
reached a swelling equilibrium before the implantation. Therefore, it have little possibil-
ity that the increase in the volume of scaffolds was due to the swelling of the SF scaffold, 
so we attributed the possible reason to the appearance of the fibrous capsule around the 
scaffold after one week of implantation, and the scaffold was not significantly degraded 
at that time. Therefore, the volume of the scaffold is larger in comparison with when it 
was implanted. In addition, the infiltration of the inflammatory cells and the penetra-
tion of small blood vessels also slightly increased the volume of the scaffold. It can be 
observed from the figure that the cross-sectional areas of the ultrasound detection are 
slightly larger than those observed during HE detection (Fig. 4). A possible reason for 
this deviation is that ultrasound can observe the material in situ when it is placed in the 
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body. After the SF scaffolds are implanted in the body, a fibrous membrane gradually 
forms on the surface of the SF scaffold. In other words, a material–tissue complex is 
formed, which shows a similar echo to the scaffold; thus, it can be detected as a scaffold 
with ultrasound. HE staining was conducted after the materials were removed from the 
body, and could clearly distinguish the material and the fiber envelope; therefore, the 
detected value in HE staining was less than that of ultrasound. In addition, dehydration 
during HE staining of the implanted materials may also lead to a reduction in the vol-
ume. In the experiment, it was determined that the material–tissue complex of SF-A was 
thicker than the material–tissue complex of SF-B. This may be related to the fact that 
SF-A is denser and does not easily degrade. We believe that the material–tissue complex 
is a common whole in the body’s repair process. In addition, the detection of the mate-
rial–tissue complex with ultrasound can better reflect the true situation of the repair 
process. In addition, ultrasound can also detect inflammation and exudation around 
the material in the early implantation stage, which is not possible with other invasive 
examinations.

In this study, it was determined that the application of ultrasound to evaluate the 
degradation of SF scaffolds has some limitations. In the early and middle stages of the 
degradation process, the SF scaffolds can be clearly detected by applying B-mode ultra-
sound in vivo. The echo changes accompanying the material degradation and host tissue 
infiltration can be observed. However, when the material was gradually degraded and 
absorbed in the later stage of the degradation, the echo was reduced. In other words, 
when there was not much material left, it was difficult to distinguish the material from 
the surrounding tissues, and applying ultrasound during the later stages of implanta-
tion led to the loss of its advantages. Nevertheless, ultrasound is still a non-invasive and 
real-time method for biomaterials implanted in the body. Ultrasound is also available 
for studying the in  vivo degradation of other types of biomaterials. In a recent study, 
ultrasonography was performed to assess the degradation of scaffold-forming collagen 
implanted in Pig breasts [25]. It can be inferred that ultrasound can be applied when the 
echo of the material is different from the tissue of the implantation site or there is a gap 
between the implantation sites. However, it should be noted that the biomaterial may 
interact with the body after being implanted, and its ultrasonic performance may change 
with the time of implantation. Therefore, in the application of ultrasonic testing of bio-
materials, it is also necessary to conduct comprehensive and long-term observations on 
the characteristics of the materials.

Conclusions
Although ultrasound is a commonly used clinical tool, its usage with regard to SF mate-
rials has not received significant attention. This study applied B-mode ultrasound to 
observe and semi-quantitatively assess the degradation of SF scaffolds, and compared 
it with HE staining. It showed that B-mode ultrasound can clearly display the implanted 
SF scaffold and monitor the degradation of different SF scaffolds after implantation in 
living organisms in real-time. Although the size of the SF scaffold measured by ultra-
sound is larger than that of the HE staining at the same time point, the change in the 
size of the scaffold that is measured sequentially by applying B-mode ultrasound has 
a good correlation with HE staining. In addition, as the SF scaffold degrades, its echo 
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gradually decreases. In the early stages of the degradation, the echo of the SF scaffold 
is higher than that of the muscle. In the middle of the degradation, the echo is equal to 
that of the muscle. In the later stage, the echo is lower than that of the muscle. Recent 
studies [23] have shown that the different forms of SF materials (e.g., gels) have differ-
ent ultrasound performances. Therefore, future studies should focus on determining the 
ultrasonic performance for the different forms of SF materials. This can provide a com-
prehensive reference for ultrasound when evaluating the degradation of SF materials in 
living organisms.

Methods
Preparation and measurement of the 3D RSFs

Two types of 3D RSFs with different pore sizes were prepared according to the proce-
dures that were described previously [26, 27]. Briefly, the treated Bombyx mori cocoons 
were degummed in 0.5 wt% Na2CO3 solution for 30 min. Then, they were drained and 
dried in a drying oven at 40 °C for three days after being rinsed thoroughly with deion-
ized water. The degummed silk fibers were dissolved in 9.5 mol/L LiBr solution at 60 °C 
for 1 h. After filtration, the resulting SF solution was dialyzed for three days and concen-
trated to 14% w/w with an aqueous polyethylene glycol solution. n-Butanol was added 
to the SF solution with gentle stirring to form a stable oil/water emulsion. The volume 
ratios of n-butanol to the mixture solutions were 1:1(SF-A) and 1:100(SF-B). The two 
mixture solutions were poured into cylindrical molds with a diameter of 13 mm and they 
were frozen in a refrigerator at −20 °C for 24 h. After thawing, the two SF scaffolds were 
sliced with a microtome into a flat cylindrical shape with a diameter of approximately 13 
mm and a thickness of about 4 mm, which are named SF-A and SF-B, respectively. They 
were washed thoroughly with deionized water to remove the n-butanol and uncross-
linked SF in the RSFs. Before experimental use, the scaffolds were immersed in a 75% 
(v/v) ethanol solution for sterilization and stored in sterilized water at 4 °C until use.

Implantation of the 3D RSFs

For this study, 36 male SD rats whose weights were between 150 and 200 g were ran-
domly divided into two groups. Two types of RSFs were implanted by using the 
experimental procedures that are described in the literature [14, 28]. The rats were anes-
thetized with an intraperitoneal injection of 10% chloral hydrate (4 mL/kg body weight). 
Four paravertebral incisions (1.5 cm each) were made on the back of the rats, which 
were approximately 1.5 cm lateral to the vertebral column. Subcutaneous pockets were 
formed by blunt dissection. Two kinds of RSFs were randomly implanted into the pock-
ets according to the group, and then the incisions were closed with a 4-0 mousse thread. 
All the experiments were performed under aseptic conditions.

Ultrasound in situ

After the SD rats were anesthetized with 2% isoflurane, the back skin of the rats was 
prepared with hair removal cream. On days 3, 7, 14, 28, 56, 84, 112, 140, and 196, three 
RSF samples were randomly selected from each group for ultrasound examination. The 
MyLab twice ultrasound diagnostic instrument (Esaote, Genova, Italy) was used, and it 
was equipped with a high-frequency linear probe (SL3116, frequency of 18 MHz) in the 
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B-mode to observe the shape and echo intensity of the RSF samples. The scanning depth 
(2 cm), frequency (22 MHz), and gain settings (62%) were initially optimized and main-
tained to be constant throughout the imaging. The scanning area contained the scaffold 
and the surrounding host tissue. In each sample, three cross-sectional images across the 
center of the sample were selected. The cross-sectional images of the RSF samples at dif-
ferent time points were acquired for the offline analysis.

Histological analysis

On days 3, 7, 14, 28, 56, 84, 112, 140, and 196 after surgery, two animals from each group 
were randomly selected and euthanized by applying CO2 suffocation, and then eight RSF 
samples were collected. Three samples were randomly selected for histological evalu-
ation. HE staining was performed to evaluate the biodegradation of the RSFs. In each 
sample, a cross-section was selected across the center of the sample. The scanner (Pan-
noramic MIDI, 3Dhistech) and browse software (CaseViewer 2.4) were used to obtain 
the area of each cross-section.

Statistical analysis

All the data are expressed as the mean ± standard deviation. The statistical analysis was 
performed using the SPSS23.0 software program. The cross-sectional areas of SF-A and 
SF-B at different time points were compared by performing the one-way analysis of vari-
ance. The Pearson correlation coefficient was used to correlate the calculated parameters 
that were derived from HE staining and the ultrasound images. The values of P < 0.05(*) 
and 0.01(**) were considered to be statistically significant.
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