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Abstract
Background The excellent physicochemical and biomedical properties make silk fibroin (SF) suitable for the 
development of biomedical materials. In this research, the silk fibroin microspheres (SFMS) were customized in 
two size ranges, and then carried gold nanoparticles or doxorubicin to evaluate the performance of drug loading 
and releasing. Embolization efficiency was evaluated in rat caudal artery and rabbit auricular artery, and the in vivo 
distribution of iodinated SFMS (125I/131I-SFMS) after embolization of rat hepatic artery was dynamically recorded by 
SPECT. Transhepatic arterial radioembolization (TARE) with 131I-SFMS was performed on rat models with liver cancer. 
The whole procedure of selective internal radiation was recorded with SPECT/CT, and the therapeutic effects were 
evaluated with 18 F-FDG PET/CT. Lastly, the enzymatic degradation was recorded and followed with the evaluation of 
particle size on clearance of sub-micron silk fibroin.

Results SFMS were of smooth surface and regular shape with pervasive pores on the surface and inside the 
microspheres, and of suitable size range for TAE. Drug-loading functionalized SFMS with chemotherapy or radio-
sensitization, and the enhanced therapeutic effects were proved in treating HUH-7 cells as lasting doxorubicin 
release or more lethal radiation. For artery embolization, SFMS effectively blocked the blood supply; when 131I-SFMS 
serving as the embolic agent, the good labeling stability and embolization performance guaranteed the favorable 
therapeutic effects in treating in situ liver tumor. At the 5th day post TARE with 37 MBq/3 mg 131I-SFMS per mice, 
tumor activity was quickly inhibited to a comparable glucose metabolism level with surrounding normal liver. More 
importantly, for the fragments of biodegradable SFMS, smaller sized SF (< 800 nm) metabolized in gastrointestinal 
tract and excreted by the urinary system, while SF (> 800 nm) entered the liver within 72 h for further metabolism.
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Introduction
There are about 600,000 new cases of liver cancer in 
the world every year [1]. Due to the rapid deterioration, 
the potential liver dysfunction and often late diagnosis, 
only about 30% of patients are eligible to receive radical 
treatments, such as surgical excision and percutaneous 
ablation. Therefore, palliative treatment offers an alter-
native for patients with advanced liver cancer, especially 
in inoperable cases. Transhepatic artery embolization 
(TAE) has become an adjuvant strategy for the clinical 
treatment of liver cancer due to its minimally invasive 
nature and high drug utilization rate [2]. Because liver 
tumors are predominantly supplied with blood by the 
hepatic artery, while the surrounding normal liver tissue 
is primarily supplied by the portal vein system, TAE strat-
egy can occlude the target blood vessel to block the sup-
ply of nutrients at the tumor site, and then deliver high 
concentration of drugs or high doses of radiation to the 
local tumor, enabling the treatment of primary liver can-
cer or liver metastasis. Additionally, due to the enhanced 
efficacy of various synergistic treatment modes, agents 
with single embolic function are no longer sufficient to 
meet clinical needs, and multifunctional embolic agents 
have gradually shown significant advantages in clinical 

application. Besides the embolization, the therapeu-
tic efficacy of multifunctional embolic agents can be 
improved by strengthening the drug loading and degra-
dation performance.

Microspheres are one kind of the most commonly used 
solid embolic materials in clinical practice, and char-
acterized as structured, not easy to aggregate, and fea-
sible for functional modification [3, 4]. According to the 
degradation properties, microspheres can be divided 
into degradable ones, such as human serum albumin 
(HSA) microsphere, starch microsphere, etc. [5, 6], and 
non-degradable ones, such as polyvinyl alcohol (PVA) 
microsphere, gelatin microspheres, and so on [7, 8]. 
After degradation of biodegradable microspheres, vas-
cular recanalization provides a pathway for repeatable 
tumor embolization with less damage to the body even 
after the rare ectopic embolism. Therefore, more biode-
gradable materials are actively researched and developed. 
For example, biodegradable silk fibroin (SF) shows excel-
lent potential in clinical application research. As an eas-
ily available natural bio-polymer that are extracted from 
silkworm cocoons, SF has a long history being used as 
surgical suture, which mainly attributed to the fact that 
SF and its degradation products are non-toxic to cells 

Conclusion The feasibility of SFMS as degradable TARE agent for liver cancer was primarily proved as providing 
multiple therapeutic potentials.
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and the body and will not or rarely cause inflammation or 
immune rejection[9, 10]. Owing to its unique mechanical 
properties, diverse processability, good histocompatibil-
ity and controllable biodegradability, SF has been pro-
moted as tissue engineering materials such as bone tissue 
scaffolds[11], a wound healing dressing and drug sus-
tained-release carriers to control the delivery and release 
of drugs[12–15].

At present, the biomedical applications of SF mainly 
focused in external uses such as prosthetic skin, suture 
and so on [9, 16]. Different from in vitro or on the sur-
face, the local dosage of silk fibroin microspheres (SFMS) 
used as an embolic agent is larger, usually reaching more 
than 10  mg level, and directly interacts with arterial 
blood supply. Therefore, the study on SFMS properties 
such as drug loading, arterial embolization, degradation 
and distribution of fragments in vivo are warranted. In 
this study, SFMS were used to load gold nanoparticles 
(AuNPs) or doxorubicin (DOX) to evaluate the ability to 
support functional nano-materials or chemotherapeu-
tic drugs. Furthermore, a systematic and visible research 
protocol with radioactive iodinated SFMS was designed 
to verify SFMS for TARE. The embolization performance 
and size-dependent pattern of in vivo biological clear-
ance were evaluated via dynamic and timed single pho-
ton emission computed tomography (SPECT) so as to 
explore the biomedical behaviors of SFMS. Hopefully, 
this work may pave the way for utilizing silk fibroin-
based embolic agents and provide a reference for precise 
biomedical application of SF agents.

Materials and methods
Preparation of SF-based embolic agent
Characterization of SFMS
SFMS (< 5  μm or > 20  μm) that were synthesized via 
self-assembly of purified SF were customized by Suzhou 
SIMATECH Biotechnology Co., LTD. For morphology 
evaluation, scanning electron microscopy (SEM, S-4800, 
Hitachi company, Japan) was used to observe the surface, 
pore distribution and internal structure of SFMS with the 
magnification between 100 and 3000 times. The pictures 
of SFMS captured by SEM was imported into Image J 
software, and 100 microspheres were randomly selected 
to measure the diameters, so as to evaluate the average 
particle size and the size distribution of microspheres.

An amount of SFMS were mixed and ground with 
potassium bromide. The microspheres were character-
ized with Fourier transform infrared spectrometer to 
acquire the infrared spectra with characteristic wave-
length range of 600–4000  cm-1, so as to evaluate the 
potentials of functional modification.

DOX loading of SFMS as a TACE agent
1  mg DOX was loaded to 50  mg SFMS via mixing and 
vibrating at 37 ℃ for one hour. The microspheres sus-
pension was centrifuged to collect the DOX-loaded 
SFMS. The loading efficiency was quantified via UV mea-
surement at 254  nm of super solution before and after 
mixing.

AuNPs loading of SFMS as a radiotherapy sensitizer
50  mg SFMS were suspended in 1 mL AuNPs solu-
tion (2 mg/mL), rotated and oscillated for 30 min, 80 r/
min. The mixture was centrifuged at a low speed for 
3  min at 300 r/min. The centrifuged SF-AuNPs (10 µL) 
and washed filtrate were separately treated with freshly 
prepared aqua regia for 2  h, quantitatively analyzed the 
Au element by ICP-MS to determine the loading rate of 
AuNPs. AuNPs-loaded SFMS was observed with TEM to 
verify the inter distribution of nanoparticles.

Radioactive Iodine labeling to SFMS and the corresponding 
stability
10 mg SFMS were suspended in 0.01 M PBS, rotated and 
oscillated for 30 min to form 10 mg/mL suspension. 3.5 
µL sodium iodide (Na131I, 37 MBq/µL) solution and 50 
µL SFMS suspension were added into Iodogen tube suc-
cessively. At room temperature, Iodogen tube was placed 
on vortex mixer for 20 min to obtain 131I-labeled SFMS 
suspension. Labeling capacity was determined via label-
ing 3.7, 37, 370, 3700 MBq to 100 µg SFMS, and the label-
ing rate > 95% was defined as meeting the requirements 
of utter iodination.

Whatman chromatographic strip paper was used as 
stationary phase and normal saline as mobile phase. The 
developed chromatographic filter paper was taken out 
and dried. The radio-fraction was analyzed by radio-
thin layer chromatography. The origin of the sample was 
131I-SF and the distal end was 131I which was not success-
fully labeled. In vitro stability test was performed as the 
radiochemical purity of labeled products was determined 
after they were mixed with 0.01  M PBS at 37 ℃ and 
incubated for 4 h, 24 and 72 h. In vitro stability test was 
performed as the radiochemical purity of labeled prod-
ucts that was determined after they were equivolumically 
mixed with 0.01 M PBS or 5% Bovine Serum Albumin at 
37 ℃ and incubated for 4 h, 24 and 72 h.

SFMS (< 5  μm) were labeled with iodine-125 (125I) by 
the above method. Wistar rats were injected with 100 µL 
125I-SF suspension containing about 37 MBq/10  mg via 
tail vein. At different time points (1–72 h) after injection, 
SPECT/CT (Symbia T16, Siemens, Germany) was used 
to perform whole body scans in rats to observe thyroid 
iodine uptake. The acquisition of images was based on 
the following parameters: low-energy high-resolution 
collimator imaging, acquisition matrix: 128 × 128, energy 
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peak: 35  keV, window width: 20%; frame number: 60  s/
frame. CT scanning, tube voltage: 130 kV, tube current: 
30 mA, layer spacing: 1  mm; reconstruction thickness: 
1 mm.

Inhibition of cellular viability with drug-loaded SFMS
For DOX-loaded SFMS, 5 × 104 HUH-7 (human hepato-
cellular carcinoma) cells were co-incubated with 1  mg 
DOX-loaded SFMS or SFMS respectively for 15 h. To ver-
ify the continuous inhibition resulted from the controlled 
release of DOX, the medium of another group with 1 mg 
DOX-loaded SFMS was replaced with normal medium at 
6 h after the beginning of co-incubation. Cellular viability 
of above three groups was measured with CCK-8 kit and 
compared with control group of no treatment.

For AuNP-loaded SFMS, 5 × 104 HUH-7 cells were co-
incubated with 0.2  mg SFMS, SFMS-AuNPs, 131I-SFMS 
or 131I-SFMS-AuNPs respectively for 24 or 48 h. The ini-
tial radiation of I-131 was set as 3.7 MBq/well. Cellular 
viability of above four groups was measured with CCK-8 
kit and compared with control group of non-treatment.

Application of SFMS as embolic agent
Animals and raising
Male Wistar rats (8–10 weeks of age, weighing 180–
200 g) and male New Zealand white rabbits (9–12 weeks 
of age, weighing 2.0-2.5 kg) were purchased from Shang-
hai Sippr-BK LAB Animal Co., LTD. Animal care and 
all experimental procedures were performed under the 
approval of the Ethics Committee of Shanghai Changhai 
Hospital.

Artery embolization using SFMS
Embolization of rat caudal artery Male Wistar rats were 
anesthetized with intraperitoneal injection of 3% pento-
barbital sodium (0.1 mL/kg). The middle caudal artery 
of rat was punctured at the proximal end of the middle 
and upper 1/3 of the rat tail. After the needle was pulled 
out, the guide wire catheter was quickly sent through the 
puncture point into the vessel for about 1  cm, then the 
guide wire was withdrawn and 400 µL SFMS suspension 
(> 20 μm, 15 mg/mL) was injected through the catheter.

Embolization of rabbit auricular artery Male New 
Zealand white rabbits were placed in a rabbit fixator. 300 
µL SFMS suspension (> 20  μm, 35  mg/mL) was slowly 
injected into the central auricular artery of rabbits, and 
the gross changes in embolized ears were inspected and 
photographed at 0, 7th and 21th day post injection.

Embolization of hepatic artery Rats were anesthetized 
with anesthesia machine using an isoflurane-oxygen mix-
ture (2-2.5% isoflurane, 500–700 mL/min). A ventral mid-

line incision was made to expose the liver, the common 
hepatic artery branch was further exposed to distinguish 
with the proper hepatic artery and the gastroduodenal 
artery. The gastroduodenal artery was ligated with suture 
in front of the distal part of the right gastric artery, and 
the common hepatic artery was clamped with artery clip. 
The guide wire catheter was inserted into gastroduodenal 
artery and sent to the beginning of the branch of proper 
hepatic artery, then the guide wire was withdrawn. After 
normal saline was injected to confirm no leakage, 200–
400 µL 125I-SFMS (37 MBq/30 mg) suspension was slowly 
injected through the catheter. The catheter was slowly 
exited and the artery of proximal gastroduodenum was 
ligated. The wound was closed and disinfected.

Whole-body scans were performed on SPECT/CT at 
different time points (5  h and20  h) after hepatic artery 
embolization in rats. Image acquisition parameters were 
the same as 2.1.4. The distribution of 125I-SFMS in liver 
and extrahepatic organs was recorded.

Artery embolization using 131I-SFMS
Rat hepatocellular carcinoma model N1S1 (rat hepa-
tocellular carcinoma) cells were cultured in the medium 
of 90% DMEM plus 10% fetal bovine serum in a constant 
temperature incubator at 37 ℃ and 5% CO2. N1S1 cells 
suspension (containing approximately 5 × 106 cells) in 
exponential growth period were mixed with equal volume 
Matrigel and placed on ice for reserve.

Rats were anesthetized with anesthesia machine with 
gas flow at 500–700 mL/min with the isoflurane concen-
tration at 2-2.5%. After the left lobe of liver was exposed, 
1 mL syringe was inserted into the liver at the oblique 
above the middle of left lobe, and 100 µL cell matrix glue 
mixture was slowly injected. After the mixture solidi-
fied, the needle was removed and the cotton swab gently 
pressed the injection site to stop bleeding. Intramuscu-
lar injection of penicillin sodium (200,000 U/mouse) and 
dexamethasone (2.5  mg/mouse) was performed every 
three days post operation to prevent infection and induce 
immunosuppression.

The successful preparation of animal model was veri-
fied by 18  F-FDG PET/CT at 7th day after liver trans-
plantation of tumor cells. Rats with tumor xenografts 
of 0.3–0.8  cm in maximum diameter and increased 
18 F-FDG uptake, but without any indications of systemic 
tumor metastasis or infection, were enrolled in the study. 
The maximum tumor diameter and maximum standard-
ized uptake value (SUVmax) of the enrolled rats were 
recorded.

131I-SFMS TARE The hepatocellular carcinoma rats 
were injected with 200–400 µL 131I-SFMS suspension 
(37 MBq/3  mg) into the proper hepatic artery of rats 
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through catheter. The puncture and operation methods 
were the same as those in the above part. After emboli-
zation, SPECT/CT scan was performed at 0 h, 3 h, 12 h, 
20  h, 40  h, 60  h, 110  h, 160  h to monitor the retention 
and distribution of embolized microspheres at the tumor 
site. Image acquisition was based on the following param-
eters: high energy collimator imaging, acquisition matrix: 
128 × 128; energy peak: 364 keV; window width: 20%. CT 
scan, tube voltage: 130 kV; tube current: 35 mA; thickness 
of reconstructed layer: 1 mm.

After attenuation correction, the tumor, normal liver, 
gastrointestinal tract, muscle and other areas of interest 
were mapped, and the radioactive counts were measured. 
The unit radioactivity count of the left lower limb thigh 
muscle was taken as the background, and the result was 
expressed as the ratio of tumor, liver and gastrointesti-
nal radioactivity count to background. At the same time, 
taking the initial radiation count in the tumor area as 
the initial background, the ratio of cumulative radiation 
count of the tumor to background at each scanning time 
point was calculated, and the curve of radiation dose 
ratio change in the tumor area was drawn. The attenua-
tion correction was performed on the curve according to 
the physical half-life of 131I. The internal dose of absorbed 
radiation was assessed utilizing the phantom of “300  g 
Rat” following the MIRD method [17]. The semi-quanti-
tative information of pharmacokinetic parameters were 
adopted for the assessment of radiation dosage of embo-
lized lesions and total body.

At 5th day of TARE, 18 F-FDG PET/CT scan was per-
formed. Tumor volume and SUVmax were measured. The 
change rate of SUVmax was calculated as: [(SUVmax_pre - 
SUVmax_post)/SUVmax_pre] x 100%. SUVmax of peripheral 
normal liver was measured as control.

Enzymatic degradation
SFMS (> 20 μm) in 0.01 M PBS was degraded at 37 ℃ in 
dark conditions for 24 h by the enzymatic action of elas-
tinase (1 mg/mL). The samples were obtained at 6 h and 
24 h, and SEM was used to analyze the surface morphol-
ogy and structure of the SFMS fragments.

Metabolism of SFMS-fragment
Filtration and classification of SF
Lyophilized SF powder (< 2  μm) was bought from Mei-
lun Biotechnology Company. Accordingly, a certain 
amount of SF powder was suspended in water and oscil-
lated with ultrasound for 10  min. The obtained SF sus-
pension was subsequently filtered by 0.8  μm, 0.45  μm, 
and 0.2 μm syringe filter in order to separate the particles 
into four size rages: > 800 nm (abbreviated SF800), 450–
800 nm (abbreviated SF450-800), 200–450 nm (abbreviated 
SF200-450) and < 200 nm (abbreviated SF200).

Acquisition of time-dependent biodistribution
In vivo biodistribution study was carried out on Wis-
tar rats, which were randomly divided into four groups 
(three rats for each group). The four iodine-125 labeled 
SF suspensions (0.5 mL 125I-SF, containing 8.3 MBq of 
125I) with different particle sizes was injected into four 
groups of rats via tail vein, respectively. Four groups of 
rats were scanned by SPECT/CT coherently in dynamic 
mode immediately after injection, and followed by static 
mode at different time points. Specifically, the whole-
body images were consecutively collected every 30 s for 
the first 10 min, and every 1 min from 10 to 40 min. Then 
all rats were then scanned at 1 h, 3 h, 6 h, 10 h, 24 h, 48 
and 72 h, respectively.

Quantification and statistics
Attenuation correction of I-131 was performed in quan-
tification of embolization efficiency. The differences, such 
as the changes of SUVmax of 18 F-FDG PET, were evalu-
ated with paired t-test. A difference with p-value less 
than 0.05 was significant.

Results
Drug loading of SFMS
Characterization of SFMS
As shown in Fig.  1A-F, SEM revealed that the surface 
of dry SFMS was of smooth and regular shape, with no 
obvious mutual adhesion between the microspheres. The 
surface of SFMS contained holes with diameters rang-
ing from sub-micron to micron, and a large number of 
spherical holes existed in the internal cross section of the 
microspheres.

SFMS (> 20  μm) was of size distribution as: 9% with 
particle size less than 50  μm, 28% of 50–100  μm, 33% 
of 100–200  μm, 18% of 200–300  μm, and 12% of more 
than 300  μm (Fig.  1G). The average particle size was 
151.23 ± 11.57  μm, which was consistent with the com-
monly used size range of liver cancer embolization 
microspheres.

As shown in Fig. 1H, IR spectrum was of the absorption 
peak at 1650  cm-1, the amide I peak of SF; the absorp-
tion peak at 1515 cm-1, the amide II peak of SF; and the 
absorption peak at 1239  cm-1, the amide III peak of SF. 
The abundant surface amino groups of the SFMS were 
beneficial to functional modification.

AuNPs and DOX loading
Based on the ICP-MS results, the average load of 
AuNPs in 1 mL (50  mg) AuNPs-SFMS suspension was 
0.59 ± 0.25 mg, and AuNPs loading rate was 29.50 ± 0.67%. 
AuNPs distributed equally in the SFMS as shown in TEM 
of AuNPs-loaded SFMS (Fig. 1I). AuNPs-SFMS was bio-
safe to HUH-7 cell, but AuNPs effectively sensitized the 
I-131-based RT. For the I-131-induced decrease of cell 
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viability, AuNPs further enhanced the inhibiting effects 
on proliferation of tumor cells (Fig.  1J). In detail, after 
24  h co-incubation, the cell viability of 131I-SF group 
(64.57 ± 2.39%) and 131I-SF-AuNPs group (37.89 ± 1.93%) 
was lower than that of control group (93.68 ± 2.29%), 
showing obvious cytotoxicity (p < 0.05). In addition, 
131I-SF-AuNPs group showed greater cytotoxicity than 
the 131I-SF group, and the difference was statistically sig-
nificant (p < 0.05), indicating that AuNPs sensitized the 
radiation damage of 131I.

The average load of DOX in 1 mL (50  mg) DOX-
SFMS suspension was 0.98 ± 0.02 mg with a nearly com-
plete drug load. Cellular viability manifested that the 

controlled release of DOX guaranteed the persistent 
inhibition on cellular proliferation. Due to the con-
tinuous releasing of DOX to medium, the group of 15 h 
co-incubation with DOX-SFMS was of a significantly 
decreased cellular viability than that of 6 h co-incubation 
(52.7 ± 8.6% vs. 66.3 ± 10.9%) (Fig. 1K).

Radioactive Iodine labeling
This study employed two types of radioactive iodine, 
I-131 and I-125, for different purposes. I-131 was 
employed in the treatment of liver cancer via TARE, 
while I-125 was used as a tracer to monitor the SF and its 
degradation products. The radiolabeling yield of 125I-SF 

Fig. 1 The morphology of silk fibroin microspheres characterized by SEM, including amplification factor × 100 (A), amplification factor × 300 (B), amplifi-
cation factor × 1000 (C), amplification factor × 1000 (D), cross section with amplification factor × 1000 (E), amplification factor × 3000 (F); size distribution 
of SFMS (> 20 μm) (G); IR spectra of SFMS (H); TEM of AuNPs-loaded SFMS (< 5 μm) with arrows pointing to AuNPs (I); Viability of HUH-7 cells incubated 
with SF, SF-AuNPs, 131I-SF and 131I-SF-AuNPs for 24 and 48 h (J); The viability of HUH-7 cells treated with SFMS, DOX-SFMS for 6 and 15 h (K)
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prepared by Iodogen method was more than 99%. When 
the labeling rate > 95%, the labeling capacity of I-131 to 
SFMS was more than 370 MBq/mg. After purification of 
labeling system of 370 MBq and 100 µg SFMS, the label-
ing capacity was 1924 ± 210 MBq/mg. Typical TLC spec-
trum was shown in Fig. 2A. The Rf value of 125I-SF was 0, 
and that of free 125I was 0.8-1. At 37 ℃, the radiochemi-
cal purity of 125I-SF were 98.1 ± 0.2%, 97.1 ± 0.5% and 
95.6 ± 0.5% in 0.01  M PBS for 4  h, 24 and 72  h, respec-
tively. Accordingly, the radiochemical purity of 125I-SF 
was 97.1 ± 0.3%, 97.0 ± 0.3% and 96.6 ± 0.4% in 5%BSA for 
4 h, 24 and 72 h, respectively (Fig. 2B).

After 125I-SF was injected into rats through the tail vein, 
the physiological characteristics of rats did not change 
significantly. SPECT images showed varying degrees of 
distribution of 125I-SF in parts of the rat’s organs at dif-
ferent time points after injection (Fig.  2C). There was 
no concentration in the thyroid area until 72 h resulting 
from in vivo radioactive iodine de-labeling. In a certain 
period of time, the SFMS labeled by the above method 
showed no obvious de-iodination in vivo.

TAE Application of SFMS
Artery embolization of rat caudal artery and rabbit auricular 
artery
The caudal artery of the rat showed no significant resis-
tance during intubation, and there was no local conges-
tion or edema in the tail of rat after embolization with 
SFMS (Fig.  3A). On the 7th day, blood supply from the 
proximal end of puncture site to the distal end of rat tail 
had interrupted, resulting in necrosis, skin blackening 
and tissue stiffening (Fig. 3B). Ultimately, the necrotic rat 
tail was broken on the 10th day.

SFMS was smoothly injected into the rabbit central 
auricular artery without subcutaneous eminence. After 
artery embolization, the color of blood vessels changed 
from a bright red to a light red and eventually to white, 
with no obvious congestion (Fig.  3C). On the 7th day, 
there was no recanalization of distal end, and the rab-
bit ear showed slight edema and inflammation (Fig. 3D). 
On the 21st day, the central vessel near the puncture site 
showed the normal blood supply, exhibiting bright red 
color. The proximal rabbit ear was soft, while the distal 
tissue was necrotic and blackened, with the epidermis 
appearing atrophied and hardened, and the terminal 
artery occlusion disappeared (Fig. 3E).

As a result, SFMS was proven to be an effective emboli-
zation agent for the rabbit auricular artery and rat caudal 

Fig. 2 TLC spectrum of 125I-SF (A) and in vitro stability in 0.01 M PBS and 5%BSA (B); SPECT images at different time points after 125I-SF intravenously 
injected into Wistar rats (C), and arrows pointing to the thyroid area
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artery, with no obvious toxic effect on non-embolized 
tissue.

Artery embolization of normal rat hepatic artery
Figure  3  F shown the localization of the visible proper 
hepatic artery of rat pre-embolization. Systemic SPECT/
CT (5, 20  h) images of rats after transhepatic artery 
embolization with 125I-SF suspension were shown in 
Fig. 3G H. After hepatic arterial injection, SPECT images 
showed that 125I-SF was still concentrated in the whole 
liver at 20  h, suggesting that SF as an embolic agent 
was not completely embolized in the main trunk of the 
proper hepatic artery, and 125I-SF was also embolized in 
the branches and peripheral vessels of the liver. A small 
amount of radioactivity was detected in the gastrointesti-
nal tract and bladder, which was the normal distribution 

of SF with small particle size after entering the blood cir-
culation from the embolization site.

Therapeutic effects of 131I-SFMS as a TARE agent
Rats with hepatocellular carcinoma was injected with 
131I-SFMS through the proper hepatic artery. Immedi-
ately after embolization (0 h), SPECT/CT images showed 
a high concentration of 131I-SFMS in the tumor area, and 
no significant concentration was observed in the rest 
of the body. SPECT/CT images at each time point after 
embolization were shown in Fig.  4A-H. From immedi-
ately after embolization to 160  h, the tumor area main-
tained high radioactivity, while no significant 131I-SFMS 
was observed in other non-embolized organs. In addi-
tion, there was no iodine uptake in the thyroid at 160 h, 
indicating the good in vivo stability of 131I-SFMS.

Fig. 3 Embolization efficiency on normal arteries. Changes of rat tail after embolization by caudal artery catheterization (A for pre-injection and B for 
7th day post injection); Changes of rabbit ear after central artery embolization (C for immediate post injection, D for 7th day post injection, E for 21st day 
post injection); Diagram of the rat’s proper hepatic artery (F) and SPECT image after 125I-SF embolization via the rat’s proper hepatic artery (G for 5 h, H for 
20 h). PHA: proper hepatic artery; GA: gastroduodenal artery
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The changes in the count ratios of tumor, normal liver 
and gastrointestinal tract to muscle (background) were 
shown in Fig. 4I. The cumulative radiation in the tumor 
area was about 50–70 times higher than the background, 
and the ratio of tumor to background showed a gradu-
ally increasing trend. The radiation counts of normal 
liver and gastrointestinal tract near the tumor were about 
10 times of background and gradually decreased after 
reaching the maximum accumulation. Due to the physi-
cal decay of I-131, although the radiation counts in the 

tumor area and the whole body decreased, the tumor 
area still maintained a higher radioactivity compared to 
the whole body. This higher ratio of tumor to normal tis-
sue favors of the sharper imaging and the maintenance 
of a higher therapeutic radiation dose in the tumor area. 
In addition, radioactive deposits in normal tissues were 
efficiently cleared, minimizing radiation damage to nor-
mal tissues. When set the initial injection dose in tumor 
as the baseline (100%), the unit radioactive deposition 
in normal liver decreased from 21.0% at 3  h to 4.6% at 

Fig. 4 SPECT/CT images (A-H) of rat hepatocellular carcinoma within 160 h after 131I-SFMS TARE, with arrow pointing to tumor; Dynamic changes in the 
ratios of embolized focus, peripheral liver and intestinal tract to background (I); Cumulative effect of internal exposure post 131I-SFMS TARE (J-K).
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160 h; similarly, in the gastrointestinal tract, it decreased 
from 11.4% at 3 h to 1.8% at 160 h.

The radioactivity count ratio and corrected curves for 
the tumor area were shown in Fig.  4I and K. The area 
under the curve represented the cumulative radiation 
dose. According to the first correction method (Fig. 4J), 
100% embolization of SFMS was assumed at the tumor 
site, and the maximum theoretical cumulative dose was 
obtained based on the half-life of I-131. The actual mea-
surement realized about 61.74% of the maximum theo-
retical cumulative dose, suggesting that there was room 
for improvement in the embolization performance of 
SFMS. According to the second correction method 
(Fig.  4K), under the existing embolization performance 
of SFMS, the radioactivity count of tumor area at differ-
ent time points was corrected according to the half-life 
of I-131. According to the metabolic characteristics of 
embolic agent, the cumulative radiation dose within 
160 h was about 74.14% of the actual maximum cumula-
tive dose. Under the existing embolization performance, 
the time required to reach 90% of the maximum value 
is about 228 h, i.e., 1.18 half-lives of I-131. Based on the 
semi-quantitative information of pharmacokinetics, the 
estimated accumulative dosage in lesions was as high as 
264  Gy in the first 160  h, and the estimated accumula-
tive dosage in “total body” was less than 12 Gy meantime, 
after taking into account a combination of factors such as 
drug residues in the catheter.

After 5 days of 131I-SFMS embolization, 18 F-FDG PET/
CT images (Fig. 5) showed no obvious radioactive uptake 
in the original site of the tumor of liver, and no low-den-
sity lesion was observed on the CT image. The SUVmax 
of the tumor area were 3.66 ± 0.98 pre-treatment and 
0.45 ± 0.17 post-treatment. The change rate in SUVmax 
of tumor pre- and post-treatment was 87.70 ± 2.71%. 
The SUVmax of surrounding nontumoral liver tissue was 

0.65 ± 0.11, which was slightly higher than that of tumors 
post treatment, but not statistically significant. CT 
images showed no obvious signs of necrosis in the sur-
rounding nontumoral liver tissue. The above results evi-
denced the feasibility of the 131I-SFMS in radiotherapy 
embolization, as well as biosafety for surrounding tissues.

Enzymatic degradation in vitro and following clearance
Morphology of degraded fragments
SEM images of SFMS after enzymatic degradation for 6 
and 24 h were shown in Fig. 6A and B, respectively. SEM 
images showed that the SFMS after enzymatic degrada-
tion had an amorphous structure and a wide range of 
sizes.

Super early in vivo distribution
The typical in vivo distribution of SF in the early 40 min 
was shown in Fig. 7A. The early distribution patterns of 
SF with four sizes were similar. After injection, 125I-SF 
was mainly accumulated in the gastrointestinal tract sug-
gesting that gastrointestinal metabolism was the main 
pathway of SF in super early metabolism. In addition, a 
small proportion of SF was excreted through the urinary 
system over time. Meanwhile, as the metabolic organ, the 
traced SF in liver kept at a low level in the early, similar 
to that of the background. Detailed dynamic changes of 
early in vivo distribution in interested organs were shown 
in Figure S1.

Primary in vivo distribution
SPECT images of the typical in vivo biodistribu-
tion of 125I-SF with four particle sizes from 1  h to 72  h 
were shown in Fig. 7B. The three kinds of SF (i.e., SF200, 
SF200-450, SF450-800) shared a similar in vivo distribution 
and degradation process, however, the rate of intestinal 
deposition and clearance were significantly influenced 

Fig. 5 18 F-FDG PET/CT images of rat models with hepatoma before (A) and after (B) 131I-SFMS TARE, with arrow pointing to the tumor area., and cor-
responding IHC (40 ×) on HIF-1α at 14 d post-TARE.
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by the increase of SF particle size. In the images of SF200 
clearance, the gastrointestinal tract was still the main 
organ where SF was deposited. Compared with early dis-
tribution, the amount of SF in the gastrointestinal tract 
showed a fluctuating and gradually downward trend, 
while rarely amounts of 125I-SF were concentrated in 
the bladder. At 72 h, a little free 125I from the iodinated 
SF accumulated in the thyroid. Similarly, for SF200-450 
SF450-800, decreasing trends of deposition in the gastro-
intestinal system appeared after 10  h and little SF were 
observed in bladder. Particularly, the amount of SF with 
these three sizes in liver were maintained stable low level 
until 72 h.

Notably, SF800 was of totally different distributional 
characteristics from the other three particle sizes. As 
shown in Fig. 7B, SF800 was mainly distributed in the liver 
after 10 h and maintained until 72 h instead of gastroin-
testinal system, indicating SF with lager size was likely to 
returned to liver via enterohepatic circulation for further 
metabolism. In addition, thyroid was faintly visualized 
after 48 h.

Discussion
In this study, the integrated diagnostic nuclide I-131 was 
used to label SFMS, demonstrating a good stability of 
nuclide labeling. Nuclear medicine imaging technology 

was used to conduct real-time localization and semi-
quantitative monitoring of embolization microspheres, 
and to evaluate the accumulation of radioactive micro-
spheres in tumor areas and non-tumor sites. After TARE 
treatment on rat liver cancer model, the tumor showed 
significant embolism efficacy, as tumor activity was sig-
nificantly inhibited, but the normal tissue was not influ-
enced. Based on the small animal tumor model, the 
feasibility of using nuclide labeled SFMS for TARE of 
liver cancer was preliminarily verified, which further 
provided the experimental basis for the functionaliza-
tion and clinical transformation of SFMS. There are 
many recognized barriers of traditional embolic mate-
rials in clinical application, such as single function, fast 
drug release kinetics, insufficient X-ray absorption and 
embolic agent reflux [18]. To solve the problems above, 
the effective carrier of chemotherapeutic drug doxoru-
bicin and radiotherapy sensitizer gold nanoparticles was 
developed by rational utilization of the properties of the 
porous structure and rich amino acid components of SF 
in this study. Based on the promising in vitro results of 
drug release and radiosensitization, this study focused 
on the therapeutic process and effect of selective internal 
radiotherapy with SFMS labeled with I-131 in rat hepa-
toma models. As an important branch of TAE technique, 
TARE has shown significant advantages in the treatment 

Fig. 6 SEM of SFMS after enzymatic degradation for 6 h (A) and 24 h (B); and the procedure of classification via diameters (C)
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of liver cancer. TARE delivers therapeutic radiopharma-
ceuticals to tumors via arteries, simultaneously achieving 
embolization of artery inducing ischemia and necrosis of 
the tumor, and radiation killing of the tumor cells. In par-
ticular, unlike external radiotherapy, intra-radionuclide 

radiation accumulates therapeutic radiation dose at the 
tumor site through continuous irradiation of therapeu-
tic beta or alpha radionuclide, resulting in significantly 
reduced side effects in patients. As shown in Fig. 4 that 
exhibits the long-term tracking of embolic agents in 

Fig. 7 SPECT images of rats after injecting 125I-SF via tail vein within 72 h. (A) planar images of the early 40 min; (B) planar images of rats within 72 h; (C) 
SPECT/CT images 6 h after injection
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vivo, the advantages of fibroin-based TARE are mainly 
reflected in the significant reduction or even elimination 
of radiation to non-target organs and tissues.

In the perspective of embolic agent preparation, for 
most embolic materials, radionuclides cannot be directly 
labeled. When compared with those microspheres avail-
able in clinic, such as ThereSphere and SIR-Sphere, the 
biodegradablity guarantees the possibility of second 
and even multiple embolization; SF contains more than 
5000 amino acids [19], which contains a large number 
of active amino acids, among which the molar percent-
age of tyrosine reaches 5.3%, becoming one of the most 
abundant active amino acids. The abundant side tyro-
sine provides a large number of active sites for radioac-
tive iodine labeling. In the view of nuclides-loading, the 
abundant tyrosine contributed to the capacity of radioac-
tivity to as high as 1924 ± 210 MBq/mg, meanwhile, the 
iodination was totally different with physical absorption 
or package in in vivo performance. In light of the unique 
biological properties of SF, this study developed the dual 
effects of protein microspheres on chemical labeling and 
physical adsorption of nuclides. No delabeling of nuclides 
was observed during the embolization period (until 160 h 
post embolization), resulting the killing effect of micro-
sphere-based long-lasting embolization was realized. The 
undesirable separation of radioactive drugs and micro-
spheres is another common problem in the clinical use of 
TARE. For example, yttrium-90 (90Y) radioactive micro-
spheres made of resin or ceramic carrier in clinical use 
are easy to leak into the blood and cause serious adverse 
reactions such as myelosuppression and pulmonary 
fibrosis [20, 21]. In addition, non-degradable radioactive 
embolization microspheres (e.g., glass microspheres) are 
prone to ectopic embolization, resulting in potentially 
serious sequelae. Long-term SPECT imaging monitor-
ing results confirmed that the SF, as a degradable micro-
sphere, is easy to be degraded by protease and cleared 
within a few days (as shown in Fig.  7), thus effectively 
avoiding the potential side effects mentioned above.

In the perspective of the actual efficacy of TAE in the 
treatment of liver cancer, on the one hand, the most 
commonly used TAE materials are non-degradable 
embolizers, which achieves permanent embolization by 
blocking blood flow for a long period of time. However, 
the hypoxic environment of tumor induced by hepatic 
artery embolization is not conducive to the effect of 
therapeutic drugs and may stimulate the up-regulation 
of vascular growth factors such as VEGF, promoting the 
growth and metastasis of liver cancer cells. As a result, 
the overall effective rate and long-term efficacy of TAE 
are unsatisfactory. On the other hand, single-function 
embolic agents often fail to meet complex clinical needs, 
such as lacking imaging or drug-carrying capabilities, 
resulting in difficult postoperative evaluation and poor 

therapeutic outcomes. The aforementioned issues high-
light the necessity of developing novel and more efficient 
embolic agents, capable of addressing these shortcom-
ings. In recent years, the development of biodegradable 
embolic agents and controlled drug release have made 
significant progress. The SF used in this study is a bio-
degradable embolic agent. Not only is SF non-toxic and 
non-immunogenic, but its degradation cycle is com-
pleted within a few weeks and the degradation products 
are non-toxic and harmless to the organism [22]. These 
characteristics of SF make the interventional emboliza-
tion operation highly reproducible[23, 24]. The results of 
SEM in this study also proved that SFMS were of good 
pellet formation, regular morphology and no obvious 
adhesion between microspheres, which was conducive to 
smooth injection of SFMS into blood vessels through the 
catheter. In this study, the most commonly used radio-
nuclides 125I and 131I were used to label SFMS by Iodo-
gen method, and the labeling rates were all higher than 
99%, and the good stability of radioactive SFMS could 
meet the requirements of SPECT imaging and TARE 
therapy. Previous studies have shown that SFMS can be 
chemically modified to achieve ideal drug adsorption and 
slow release [25, 26]. Based on the large number of pore 
structures on the surface and inside of SFMS, the micro-
spheres can effectively load doxorubicin and AuNPs 
by a simple blending method, thus achieving slow drug 
release and increasing the dose deposition of 131I rays in 
the tumor area and producing high efficiency of radia-
tion effect. Further, AuNPs after ionization excitation can 
produce a large number of free radicals and secondary 
electrons deposited in tumor tissue, causing DNA dam-
age leading to tumor cell death, so as to achieve tumor 
sensitization effect of radiotherapy [27]. AuNPs-loaded 
microspheres synthesized in this study sensitized in situ 
radiotherapy of 131I-labeled SF, providing a functional 
carrier for the microspheres to enhance selective internal 
radiotherapy. In the drug design of SFMS and SF-based 
carriers, the particle size, may affecting drug metabolism 
and application, is also an important factor that should 
be considered [28]. For example, according to modifying 
the dendrimer size, ployamidoamine-based gadolinium 
complex contrast agents will alter the route of excretion 
[29–31]. Similar to nano and sub-micron materials, par-
ticle size of SF may potentially influence its blood clear-
ance, metabolic pathways, and metabolic rate, especially 
when SF takes spherical shape in biomedical applica-
tions. Hence, as a biodegradable embolic material, the 
in vivo metabolic pathway of SF after it is decomposed 
into fragments under the action of various biological 
active enzymes in vivo is worthy of attention. Taking 
these features proved in Fig.  7, smaller sized contrast 
agents excreted through the kidney are suitable as func-
tional renal contrast agents, while larger sized are found 
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better suited for blood and lymphatic imaging. The simi-
lar phenomenon of size effect also exists in gold and iron 
oxide nanoparticles [32, 33]. Hence, figuring out the cor-
responding particle size effect on biological behaviors is 
useful for effective and purposeful drug design.

Conclusions
As a bio-safe and degradable embolic material, SF pro-
vides sufficient and stable loading space for drugs. The 
rich amino acid types provide convenience for the label-
ing of various nuclides. The distribution and emboliza-
tion effect of radioactive embolization microspheres 
can be observed in real time during the operation after 
the integration of diagnosis and treatment of nuclides. 
Therefore, SFMS have the potential to be transformed 
into functional embolization microspheres, providing 
the choice of embolization materials for the treatment of 
liver cancer and liver metastasis based on TARE.
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