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Modified Highly Elastic 3D Nanofiber Embolic Scaffolds for
Precise In Situ Embolization Therapy

Pengfei Cai, Lei Cao, Yangfan Ding, Yu Han, Xiao Yu, Jie Cui, Hongsheng Wang,
Jinglei Wu, Mohamed EL-Newehy, Meera Moydeen Abdulhameed, Xiumei Mo,*
Shoubao Wang,* and Binbin Sun*

Transcatheter arterial embolization (TAE) is an effective treatment for
hemangiomas or highly vascular tumors. However, conventional embolic
agents have limitations such as off-target embolization, regurgitation, and
embolic migration, which can affect the efficacy and safety of embolic therapy.
The study designed a highly elastic modified embolic scaffold constructed
with Polycaprolactone/Gelatin (PCL/GEL) nanofibers to achieve precise in situ
embolization in vivo. The embolic scaffolds can be extruded to a small size for
smooth intervention in the vessel and rapidly regain their volume when
reaching the target area. The results of the in vitro study indicate that the
embolic scaffolds modified with lysine and PEI exhibit good biocompatibility
and functionality. Furthermore, the in vivo rabbit ear embolization test
demonstrated that the modified embolic scaffolds fit closely to the vessels
and induced a significant amount of neo tissue deposition in the embolized
area. The embolization process using the modified embolic scaffolds is safe
and stable and results in more desirable embolization outcomes compared to
commercial gelatin embolic agents. In conclusion, the modified highly elastic
embolic scaffolds designed in this study offer a novel method for in situ
embolization that has potential for clinical application in TAE.

1. Introduction

In recent decades, transcatheter arterial embolization has
been considered an effective treatment for aneurysms,[1]
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hypervascular tumors,[2] and traumatic
hemorrhage with low invasiveness and
high clinical efficacy. The embolic sub-
stances used in transcatheter arterial
embolization are referred to as embolic
agents, and traditional solid embolic
agents include gelatin sponge particles,[3]

polyvinyl alcohol particles,[4] and coil
springs.[5] However, there are still short-
comings with commercial embolic agents,
such as a high risk of off-target emboliza-
tion with granular embolic agents[3] and
a risk of hemangioma exposure with coil
springs due to low to 15% occlusion rates.[6]

These potential risks can cause ischemia
and serious complications in normal
tissues or lead to reduced embolization
efficacy or even treatment failure.[7] There-
fore, how to achieve precise embolization
and ensure the embolization effect is
the key to solving the above problems.

Recently, many researchers have devel-
oped novel embolic agents to improve the
efficiency and success of embolization.[8–10]

Novel in situ gel hydrogel embolization agent, which can in-
ject fluidized hydrogel into the embolization target area through
catheter intervention and adjust the properties of the hydro-
gel through physical and chemical factors to achieve in situ gel

Y. Han
Department of Orthopaedics
The First Affiliated Hospital of Zhengzhou University
Zhengzhou 450052, China
M. EL-Newehy, M. M. Abdulhameed
Department of Chemistry
College of Science
King Saud University
P.O. Box 2455, Riyadh 11451, Saudi Arabia
S. Wang
Department of Plastic and Reconstructive Surgery, Shanghai Ninth
People’s Hospital
Shanghai Jiao Tong University School of Medicine
Shanghai 200011, China
E-mail: 120021@sh9hospital.org.cn

Adv. Funct. Mater. 2024, 2316590 © 2024 Wiley-VCH GmbH2316590 (1 of 16)

http://www.afm-journal.de
mailto:xmm@dhu.edu.cn
mailto:binbin.sun@dhu.edu.cn
https://doi.org/10.1002/adfm.202316590
mailto:120021@sh9hospital.org.cn
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202316590&domain=pdf&date_stamp=2024-02-06


www.advancedsciencenews.com www.afm-journal.de

formation, thus achieving precise embolization.[2,11,12] The key to
the performance of in situ gel hydrogel embolization agents is
to control and balance the critical gelation time to achieve pre-
cise in situ gelation in the embolization region.[13] However, it is
difficult to balance the smoothness of hydrogel material delivery
in the catheter and the in situ gelation performance in the tar-
get area.[14] In clinical, how to accurately achieve their gelation
in the embolization region is where the difficulty lies, because
hydrogel materials are susceptible to a variety of factors such as
temperature and stress. In addition, uncontrolled degradation of
hydrogel materials may lead to intravascular movement of hydro-
gel fragments, resulting in ectopic embolization or embolization
failure.[13] Therefore, it is of utmost importance to develop new
embolic agents that combine precise targeting and efficient em-
bolization.

For the application needs of the new embolic agents, we pro-
pose to develop an embolic scaffold that meets the following key
requirements. i) Appropriate mechanical properties with good
elasticity and shape recovery. Before embolization, it allows the
embolic scaffold to be extruded to a small size for microcatheter
delivery and to rapidly regain its volume for precise embolization
within the vessel lumen, thus avoiding embolization off-target
problems. ii) Good procoagulant ability. In embolization, it can
effectively improve the success rate of embolization and achieve
efficient embolization. iii) Good biocompatibility for cell/tissue
grow-in. After embolization, it permits embolic scaffolds to have
substantial cellular infiltration and neo tissue deposition after
implantation, resulting in more complete embolization of the
target area.

Electrospinning, which is widely used in biomedical applica-
tions to process biomaterials to produce nanofibrous scaffolds
mimicking the extracellular matrix.[15] Generally, the electrospun
nanofibrous scaffolds are 2D structures with low porosity, which
is not conducive to cell infiltration. Thus, many studies have fo-
cused on the preparation and application of 3D nanofibrous scaf-
folds by electrospinning.[16–18] Xie et al.[19] constructed a gelatin
nanofibrous elastic sponge dressing with electrospun 3D nanofi-
brous scaffold, which exhibited excellent liquid-absorbing abil-
ity, good mechanical properties, and good hemostatic effect for
bleeding. Wang et al.[20] constructed a highly flexible 3D scaffold
using silica nanofibers. The elastic fiber scaffold can be used in
minimally invasive surgery, unfolding after implantation to fit the
defect site perfectly and promote bone regeneration. Overall, the
3D scaffolds which are constructed from electrospun nanofibers
typically have a microscopic fibrous structure and controlled me-
chanical properties. Based on this, we believe that 3D nanofiber-
based embolic agents can be prepared by electrospun nanofibers
with good compressible and elastic mechanical properties. In ad-
dition, the 3D nanofiber scaffolds constructed from various types
of biomaterials can be further modified, providing the possibil-
ity of biofunctional modification of the embolic agents. There-
fore, we believe that solid embolic agents prepared by nanofiber
3D scaffolds may have a unique advantage in embolization ther-
apy. In addition, there are no studies and reports related to 3D
nanofiber scaffolds designed for embolization therapy.

Gelatin (GEL) is a product of multi-step hydrolysis of colla-
gen, with low irritant response to tissue contact.[21] It has good
hemostatic properties and has been widely used for commercial
purposes such as wound healing and embolization agents.[22–24]

Polyethyleneimine (PEI) is a branched or linear cationic polymer
with a strong and stable positive surface charge.[25] Its abundant
amine moiety gives it the advantage of high functionality and
thus has a wide range of applications in nanomedicine. The pro-
coagulant effect of PEI has been investigated and its coagulation
mechanism has been clearly elucidated.[26] It has been shown
that PEI can induce platelet aggregation and platelet activation
and has demonstrated good hemostatic effects.

Therefore, in this study, we constructed an embolic scaffold
with high elasticity using Polycaprolactone/Gelatin (PCL/GEL)
nanofibers and improved its functionality using PEI modifica-
tion. The ratio of PCL to GEL was confirmed, and the component
with the most suitable mechanical properties and shape recovery
ability was selected by mechanical property testing. The embolic
scaffold was then tested for cytocompatibility and hemocompat-
ibility to assess its safety. The procoagulant and antimicrobial
abilities of the embolic scaffolds were tested to assess their bio-
functionality. Finally, in vivo testing was performed using a rabbit
ear embolization model to histologically assess the ability of the
embolic scaffolds to achieve precise in situ and efficient in vivo
embolization.

2. Results

The preparation process of the highly elastic modified embolic
scaffold was shown in Scheme 1. First, PCL/GEL nanofiber
membrane was prepared by electrospinning. Then, the nanofiber
membrane was homogenized at high speed to obtain dispersion
nanofibers. The uncrosslinked scaffold was obtained by casting
and molding of the dispersion nanofibers, and then followed by
lyophilization. Finally, followed by treating with glutaraldehyde
solution, the crosslinked scaffolds was obtained with high elastic
mechanisms. The highly elastic embolic scaffolds (crosslinked
scaffolds) were then modified with amino group from PEI, and
lysine, respectively. On the one hand, the modified embolic scaf-
folds grafted with PEI solution contains a large amount of free
amino groups, which may play a role in promoting coagulation.
On the other hand, the modified embolic scaffolds were treated
with lysine to eliminate the toxic effects of the remaining alde-
hyde residues on the cells. Finally, the modified highly elastic
embolic scaffolds were obtained.

To obtain embolic scaffolds with sufficient mechanical prop-
erties and high coagulation capacity, the GEL and PCL mate-
rials were mixed in different ratios to determine the optimal
composition (Figure 1A). Based on the previous experience,[27]

five PCL/GEL nanofiber membranes with different ratios were
prepared in this study. SEM results showed that all of the
PCL/GEL nanofiber membranes had smooth surfaces and uni-
form distribution of nanofiber diameters, and the diameters
of the nanofibers in each group were close (Figure 1B,E). The
nanofibers were converted into short nanofibers using a high-
speed homogenizer, which had a looser structure (Figure 1C).
The short nanofibers were then crosslinked to form a 3D struc-
ture scaffold by glutaraldehyde treatment, and the crosslinking
caused the scaffold to shrink (Figure 1A). Significantly, during
the high-speed homogenization process, it was observed that the
challenge of homogenizing nanofibers increased progressively
with the rise in the PCL component. It was attributed to the high
flexibility of the PCL material, which proves resistant to breakage.
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Scheme 1. A) Schematic illustration of the fabrication process for the modified highly elastic embolic scaffold. B) Chemical bonding process during
modification. C) Illustration of each type of substance in the modification process.

SEM results revealed that scaffolds with higher PCL contents ex-
hibited localized agglomeration and uneven dispersion after the
crosslinking process (Figure 1D). This also leaded to macroscopic
collapse of the scaffolds (Figure 1A).

The mechanical properties of highly elastic embolic scaffolds
with various components were assessed via mechanical testing.
Figure 2A demonstrates the stress–strain curves for each scaffold
group in a wet state. All scaffolds followed Hooke’s law during the
first compression phase and maintained their structural integrity
up to 80% of the strain range. Both the compressive modulus and
the maximum compressive stress of the scaffolds showed an in-
crease with the rise in PCL content, as shown in Figure 2B,C.
Among the groups studied, the P-G/5-95 scaffold displayed the
lowest compressive modulus of 12. 07 ± 1.21 kPa while the P-
G/10-90, P-G/15-85, and P-G/20-80 scaffolds had compressive
moduli of 18.75 ± 1.71 kPa, 19.87 ± 1.83 kPa, and 21.81 ±
1.63 kPa, respectively. Meanwhile, the P-G/25-75 scaffold exhib-
ited the highest compressive modulus of 36.96 ± 3.92 kPa. Com-
pression cycle tests were performed on each group, as shown
in Figure 2D–H. In 100 compression cycles at a strain rate of
60%, no significant loss of maximum stress was observed, but
recoveries varied widely (Figure 2I). The scaffolds showed ex-
cellent fatigue resistance with little permanent deformation af-
ter 60% compression when the ratio of PCL to GEL was <10%
(Figure 2D,E,J). On the other hand, the scaffold demonstrated
poor fatigue properties with a ratio of PCL greater than or equal to
15%. The compression cycle curve reveals that the scaffold exhib-
ited ≈30% permanent deformation as denoted by the horizontal
line area in the red line box (Figure 2F–H,J). This deformation
occurred due to the uneven distribution of nanofibers caused by
high PCL content in the material. For meeting the in vivo im-
plantation conditions for embolic scaffolds, the P-G/10-90 group

(known as the PG group) was preferred because of its superior fa-
tigue resistance and higher compressive modulus in comparison
to the P-G/5-95 group.

The PG group’s scaffolds were modified with chemical mod-
ifications. Lysine was used as a foundation material to generate
PGL scaffolds, increasing their biocompatibility. In addition, PEI
was employed to produce PGPL-L and PGPL-H scaffolds, with
the goal of boosting their procoagulant characteristics, respec-
tively. The four scaffold groups were identified as follows: PG
(without modification), PGL (with lysine modification), PGPL-L
(with lysine and a low concentration of PEI modification), and
PGPL-H (with lysine and a high concentration of PEI modifica-
tion). The FTIR and acid orange staining results demonstrated
a significant increase in amino content on the scaffolds surface
after modification with lysine and PEI (Figure S1, Supporting
Information). Subsequently, further cell experiments were con-
ducted to determine the optimal modification concentration of
the embolic scaffold (Figure 3A). To assess the cell migration
ability and biocompatibility of the scaffolds, NIH-3T3 cells were
utilized. As demonstrated in Figure 3B, the transwell cell migra-
tion assay showed that the PGL group modified with lysine erad-
icated the toxic effects of crosslinking agents, resulting in signifi-
cantly better cell migration outcomes compared to the PG group.
The increased cell migration observed in the PGPL-L and PGPL-
H groups can be credited to the scaffold’s several hydrophilic
amine groups, which attract cells (Figure 3C). Following a 7-day
co-culture, Figure 3D revealed that the PG group displayed sig-
nificant cytotoxicity, causing a rounded morphology with mini-
mal cell proliferation on the scaffolds. In contrast, the PGL group
demonstrated abundant cell proliferation and a spreading mor-
phology on the scaffolds, indicating effective resolution of cyto-
toxicity due to lysine modification of PG scaffolds. The PGPL-L
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Figure 1. A) Comparison of macroscopic morphology before and after crosslinking of embolic scaffolds. B) SEM images of PCL/GEL nanofiber mem-
brane with different ratios. C) SEM images of dispersion nanofibers after high-speed homogenization (uncrosslinked scaffolds). D) SEM images of
crosslinked scaffolds. E) Diameter distribution of PCL/GEL nanofibers with different ratios (n = 5).

group demonstrated noteworthy cytocompatibility, presenting a
similar rate of cell proliferation and morphology of cell spread-
ing as the PGL group. However, the PGPL-H group displayed a
significantly lower cell count than the PGL and PGPL-L groups.
Fluorescence results indicated the presence of some dead cells
on the seventh day (Figure 3D). The results of the CCK-8 cell
proliferation assay and cell SEM also confirmed superior cyto-
compatibility for the PGL and PGPL-L groups (Figure 3E,F). In
order to examine the relationship between embolic scaffolds and
vascular endothelial cells, we conducted an assessment of the bi-
ological behavior of endothelial cells (HUVEC) on the scaffolds.
Our results of CCK-8 cell proliferation as well as live/dead fluo-

rescence staining assays were consistent with those of NIH-3T3
cells (Figure 3G–I; Figure S2A, Supporting Information). In addi-
tion, smooth muscle cells (HVSMC) also exhibit good spreading
status on PGL and PGPL-L groups (Figure S2B, Supporting In-
formation). Based on these outcomes, we determined the optimal
modification conditions for highly elastic modified scaffolds and
selected the PGL and PGPL-L groups for the subsequent embolic
performance tests.

Next, we conducted physiochemical and chemical characteri-
zation of the modified highly elastic embolic scaffolds in the PGL
and PGPL-L groups. The water contact angle test results indi-
cated that all groups displayed strong hydrophilicity (Figure S3A,
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Figure 2. A) Compressive stress–strain curves, B) compressive modulus, C) maximum compressive stress (compressive strain = 80%) of P-G/5-95,
P-G/10-90, P-G/15-85, P-G/20-80, P-G/25/75 scaffolds (n = 3). D–H) Compressive stress–strain curves of P-G/5-95, P-G/10-90, P-G/15-85, P-G/20-80,
P-G/25/75 scaffolds under 100 cycles in the compressive test at 60% strain (n = 3). I) The variation of maximum stress with the number of compression
test cycles (n = 3). J) Macrostructural changes during compression and shape recovery of P-G/10-90 scaffold and P-G/15-85 scaffold. The statistical
analysis was performed by using one-way analysis of variance of Tukey’s post hoc test, and * means p < 0.05, *** means p < 0.001.
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Figure 3. A) Cell compatibility experiment of modified highly elastic embolic scaffolds. B) Migration of NIH-3T3 on PG, PGL, PGPL-L, PGPL-H scaffolds
in the transwell assay (n = 3). C) Number of migrated NIH-3T3 normalized to PG scaffold. D) Live/dead staining, E) quantitative analysis by CCK-8 assay,
and F) SEM images of NIH-3T3 on PG, PGL, PGPL-L, PGPL-H scaffolds for 1, 4, and 7 days (n = 3). Live/dead staining (G) and quantitative analysis by
CCK-8 assay H) of HUVECs on PG, PGL, PGPL-L, PGPL-H scaffolds (n = 3). I) Fluorescent staining of the cytoskeleton of HUVECs after 4 days of culture
with PGL, PGPL-L, PGPL-H scaffolds (n = 3). The statistical analysis was performed by using one-way analysis of variance of Tukey’s post hoc test, and
* means p < 0.05, ** means p < 0.01, *** means p < 0.001.
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Supporting Information). Both groups had porosity of nearly
60%, with water absorption rates exceeding 500% and achiev-
ing saturation within 1 min (Figure S3B–D, Supporting Infor-
mation). TGA and DTG data indicated that the embolic scaffolds
commenced weight loss at 100 °C and exhibited favorable ther-
mal stability (Figure S4A,B, Supporting Information). Results
from the degradation study specified that both formulations un-
derwent stable degradation with a mass loss of roughly 10% reg-
istered by day 28 (Figure S4C, Supporting Information). Post-
degradation mechanical testing was conducted on the PGL and
the PGPL-L groups after 14 and 28 days of degradation (Figure
S5, Supporting Information). The stress–strain curves are de-
picted in Figure S5A,G (Supporting Information). The data es-
tablished that the basic mechanics of both scaffolds after degra-
dation of 14 days were superior compared with the original PG
group. The enhancement in mechanics can be attributed to the
advanced crosslinking of the scaffolds caused by chemical mod-
ification treatments. It was noted that, at day 28, the maximum
compressive stress and compressive modulus of both the PGL
and PGPL-L groups decreased compared to earlier time points
(Figure S5B,C,H,I, Supporting Information). Compression cy-
cling tests were carried out on embolic scaffolds with various
degradation time points, and results indicated that the embolic
scaffolds had rebound capability after compression with no no-
ticeable permanent deformation (Figure S5D,E,J,K, Supporting
Information). No significant stress loss was observed in any of
the groups (Figure S5F,L, Supporting Information). Therefore,
the embolic scaffold managed to maintain its compression and
fatigue resistance mechanical properties even after undergoing a
1 month degradation process. These findings imply that the em-
bolic scaffolds have the prospect of achieving precise in situ em-
bolization in vivo, while maintaining its good mechanical prop-
erties even during stable degradation.

The coagulation properties of modified embolic scaffolds were
assessed in vitro using 2D nanofibrous membranes with the
same composition as PGL (PGL-Membrane group) as a control
(Figure 4A). Limited platelet and erythrocyte adhesion was seen
in the commercial gelatin sponge embolic scaffolds (commercial
group), as illustrated in Figure 4B. In comparison to the PGL-
Membrane group, the PGL group demonstrated superior platelet
and erythrocyte adhesion (Figure 4B). The increased blood con-
tact area in the 3D, highly porous structure of the PGL group
contributed to its coagulation effect. The PGPL-L group, on the
other hand, showed improved adhesion of platelets and erythro-
cytes, leading to the formation of a network within the scaffold.
The strong, stable positive charge of the PEI component enabled
electrostatic adsorption, while the 3D, porous structure of PGPL-
L group played a crucial role in this effect. The hemolysis rate test
demonstrated no hemolysis in any of the groups (Figure 4C,F).
The hemolysis rate in each group was <0.4%, meeting the rel-
evant international standards. This indicates that the scaffolds
in all groups exhibited good blood compatibility. The dynamic
whole blood coagulation test revealed that the PGPL-L group
had the lowest coagulation index (BCI) value (28.95 ± 0.64%),
significantly lower than the commercial group (34.78 ± 2.10%),
PGL-Membrane group (45.71 ± 2.95%), and PGL group (34.79
± 0.67%) (Figure 4D,G). Interestingly, in the in vitro blood clot-
ting time determination (BCT), all groups hastened coagulation
after interacting with blood and surpassed the control group (370

± 8.66 s) (Figure 4E,H). The PGL group demonstrated a slightly
faster coagulation time (261.33 ± 11.59 s) compared to both the
commercial group (290.67 ± 14.29 s) and PGL-Membrane group
(272.00 ± 16.37 s). Meanwhile, the PGPL-L group exhibited the
shortest BCT (237.33 ± 9.45 s) (Figure 4E,H). This suggests a
stronger aggregation effect on platelets and erythrocytes within
the highly porous 3D scaffolds with the stabilizing electrostatic
adsorption effect of PEI. The PGPL-L group demonstrated rapid
blood clot formation, highlighting the potential for effective in
vitro coagulation and intravascular embolization.

The embolic scaffold’s coagulation mechanism was validated
through assessment of its impact on exogenous and endogenous
coagulation pathways using prothrombin time (PT) and activated
partial thromboplastin time (APTT) evaluations. In comparison
to the sample group (Figure 4I,J), which exhibited lower values,
the blank group demonstrated higher PT and APTT values of
18.33 ± 1.15 s and 30.67 ± 2.08 s, respectively. The PGL group
displayed lower PT values (14.67 ± 1.15 s) compared to both the
commercial group (17.33± 0.58 s) and the PGL-Membrane group
(15.67 ± 0.58 s). Notably, the PT value in the PGPL-L group was
significantly lower at 10.67 ± 0.58 s when compared to the other
groups (Figure 4I). The APTT test results confirmed these find-
ings, with a significantly lower value of 22.33 ± 0.58 s in the
PGPL-L group as opposed to the commercial group (29.33 ± 0.58
s), PGL-Membrane group (26.67 ± 1.53 s), and PGL group (25.67
± 0.58 s) (Figure 4J). According to the PT and APTT results, the
plasma recalcification data showed that the PGPL-L group exhib-
ited the briefest hemagglutination formation time (Figure 4K).
These observations suggest that the platelets in the PGPL-L group
became more activated and adherent, allowing for intensified ag-
gregation and adsorption effects. Activated platelets rapidly in-
teract with various coagulation factors, accelerating both endoge-
nous and exogenous coagulation and demonstrating a significant
procoagulant effect.

Furthermore, embolic scaffolds pose a potential risk of blood-
stream infection as interventional devices. In order to evaluate
the antimicrobial capacity, we utilized Staphylococcus aureus
(Gram-positive bacteria) and Escherichia coli (Gram-negative
bacteria) for assessment, as shown in Figure S6 (Supporting In-
formation). Bacterial colonization after 24 h of co-culture with
each group is shown in Figure S6A (Supporting Information).
The PGPL-L group showed superior antibacterial effects, in-
hibiting both gram-negative and gram-positive bacteria (Figure
S6B,C, Supporting Information). The SEM results demonstrate
the bacterial morphology following co-cultivation with scaffolds,
indicating a notable disturbance in the PGPL-L group’s bacterial
membrane structure (Figure S6D, Supporting Information). The
main reason for this result is the interaction between the polyca-
tion in the PGPL-L group and the negative charge on the bacterial
cell membrane. This process resulted in membrane disruption
and increased permeability, leading to bacterial death and a more
pronounced inhibitory effect.

Next, we tested the ability of the embolic scaffolds to cause
vascular embolization in both in vitro and in vivo experiments.
As shown in Figure S7 (Supporting Information), a red ink peri-
staltic pump was utilized to simulate blood flow in vitro. The
modified, highly elastic embolic scaffolds exhibited remaining in
a fixed position after injection into the simulated blood flow, con-
trasting with commercial gelatin sponge embolic scaffolds that
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Figure 4. A) In vitro blood coagulation and hemocompatibility properties of embolic scaffolds. B) SEM images of erythrocyte and platelet adhesion on
Commercial, PGL-Membrane, PGL, PGPL-L scaffolds (n = 3). C) Macrophotograph of hemolysis test, D) dynamic blood coagulation test, and E) blood
coagulation time measurement of Commercial, PGL-Membrane, PGL, PGPL-L scaffolds (n = 3). F) The hemolysis ratio, G) the blood clotting index
(BCI) values, H) the blood clotting times (BCT) values, I) PT, J) APTT values and plasma recalcification profiles (K) of Commercial, PGL-Membrane,
PGL, PGPL-L scaffolds (n = 3). The statistical analysis was performed by using one-way analysis of variance of Tukey’s post hoc test, and * means p <

0.05, ** means p < 0.01, *** means p < 0.001.
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tend to collapse when exposed to water. The embolic scaffold,
with a diameter of ≈1.5 mm, was extruded smoothly into an in-
jection needle having an internal diameter of ≈0.9 mm (Figure
S7A,B, Supporting Information). Upon injection into the simu-
lated blood flow, the scaffold promptly regained its volume and
effectively remained in the intended region, causing a significant
deceleration of distal blood flow (Figure S7C, Supporting Infor-
mation). These findings suggest that the embolic scaffold was ca-
pable of offering efficient mechanical assistance within the vas-
cular optic lumen of the blood vessel, aligning with the aim of
accurate in situ embolization.

In vivo experiments assessed the in situ embolization poten-
tial of the embolic scaffold in a rabbit ear embolization model
(Figure 5A). Histological examinations were conducted in order
to conduct this assessment. Analysis of five specific sites at 2- and
4-weeks post-treatment yielded insights into vascular remodel-
ing. Sections 1 and 5 were on autologous vessels near the embolic
zone, while Sections 2 and 4 were located at the head and tail of
the embolization region. Section 3 referred to the center of the
embolism. Sections 1 and 5, located close to the embolic zone on
self-originating vessels, demonstrated minimal tissue prolifera-
tion at the 2-week time point. While the commercial group dis-
played some neo tissue in the embolized region, it featured a no-
ticeable cavity (Figure 5B,C,K). A significant expansion in vessel
diameter was registered in the embolized zone within the PGL
and PGPL-L groups, as illustrated in Figure 5D–G. The results
suggest that the embolic scaffold can provide effective mechani-
cal support in the embolized area, filling the entire luminal space
completely. Cellular infiltration was observed within the embolic
scaffold from Section 2 to Section 5, resulting in significant tis-
sue proliferation and vessel wall thickening (Figure 5L,M). No-
tably, the PGPL-L group exhibited visible thrombus formation
and some tissue proliferation at locus 5 (Figure 5J). Longitudi-
nal cross-section slices of the embolic region showed comparable
results to the transverse cross-section (Figure 5H,I). The com-
mercial group demonstrated compressive accumulation within
the vessel, resulting in the formation of various microchannels
that could likely lead to embolization failure. Conversely, the
PGL and PGPL-L groups rendered effective mechanical support
within the vessel, causing significant cellular infiltration. Addi-
tionally, more thrombus formation was observed in the PGPL-
L group, with some areas completing the mechanization pro-
cess (Figure 5H,I). It was suggested that the enhanced coag-
ulation ability in the PGPL-L group may facilitate accelerated
vascular remodeling and successful embolization in the target
area.

At 4 weeks, all scaffold groups showed degradation and on-
going proliferation in the lumen. The commercial group experi-
enced fewer material areas, possibly due to displacement or sub-
stantial degradation. Both the PGL and PGPL-L groups exhib-
ited degradation from Section 2 to Section 4, along with a fur-
ther increase in neo tissue (Figure 6C–F). The new tissue com-
pletely surrounded the embolic scaffold and continued to grow
into the material, causing a significant accumulation of tissue
within the lumen (Figure 6C–F,K). It was noteworthy that the
PGPL-L group demonstrated a superior embolic effect, generat-
ing significant tissue neoformation at both Sections 1 and 5, lead-
ing to the closure of the lumen (Figure 6E,F). By the 1-month
time point, most thrombus components were likely to have com-

pleted the process of mechanization, which led to a significantly
smaller thrombus area when compared to week 2 (Figure 6I).
Longitudinal cross-sections indicated almost complete recanal-
ization of the lumen within the commercial group, except for a
minor amount of neo tissue (Figure 6G,H). In contrast, both the
PGL group and the PGPL-L group exhibited strong adhesion to
the vessel wall, forming stable embolic area. Furthermore, this
sustained neo tissue helped maintain the lumen at a nearly 100%
embolized area, while also leading to an increase in the thick-
ness of the vessel’s intima-media (Figure 6J,L). Endovascular em-
bolization was more significant in the PGPL-L group, where the
autologous vessel’s lumen near the embolized area nearly closed
due to the combined impact of neo tissue and the embolic scaf-
fold (Figure 6G,H).

Endothelial layer reconstruction was assessed in all groups via
CD31 immunohistochemical staining (Figure 7A,B). The results
indicate significant endothelial layer changes during vascular re-
modeling. The commercial group showed substantial positive
CD31 expression after 2 weeks. Endothelial layer reconstruction
on the neo tissue surface was observed in the PGL and PGPL-L
groups. This reconstruction took place in specific areas where
the embolic scaffolds remained in close contact with the ves-
sels, reducing the chance of microvascular channel formation
(Figure 7A,I). After 4 weeks, with revascularization in progress,
the distribution of the endothelial layer in the commercial group
was similar to that of natural vasculature, except for a few ar-
eas with neovascularization (Figure 7B,J). In both the PGL and
PGPL-L groups, the endothelial layer underwent reconstruction
on the neovascularized tissue surface. The neo tissue was exten-
sively deposited and new blood flow pathways were not formed
by the endothelium.

Macrophage infiltration was assessed in all groups through
CD68 immunohistochemical staining. After 2 weeks, strong
CD68-positive expression was detected at locus 3 in the com-
mercial, PGL, and PGPL-L groups. A significant macrophage
infiltration in the lumen was also observed (Figure 7C–E,K).
These findings indicate that macrophages may participate in ma-
terial degradation and stimulate new tissue formation in the
embolic region. Simultaneously, the degradation process im-
pacted the vessel wall, resulting in significant CD68-positive
expression (Figure 7C–E,L). Notably, CD68-positive expression
at locus 2 was marginally less than that observed at locus
3, potentially due to faster material degradation at the em-
bolized area’s borders and increased tissue neogenesis comple-
tion (Figure 7C–E). At the 4-week mark, all groups exhibited
significantly lower CD68 expression in the vessel wall and lu-
men due to the deposition of neo tissue and material degrada-
tion (Figure 7F–H). Meanwhile, at Section 3, material persisted,
necessitating macrophages for continuous tissue regeneration
and material breakdown (Figure 7F–H,M). The PGPL-L group
successfully embolized the lumen at Section 2. The neo tissue
wholly blocked the lumen, and the vessels and lumen showed
minimal CD68 expression (Figure 7H,M,N). A decrease in in-
flammatory expression was recorded in the embolized region.
After implanting the embolic stent into the vessel during em-
bolization, macrophages infiltrated the area heavily, and the ma-
terial started to degrade. Simultaneously, new tissue deposition
commenced, and CD68 expression decreased gradually with the
embolization process. In conclusion, the findings indicate that
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Figure 5. A) Modified embolic scaffold for embolization in rabbit ears. B,D,F) H&E staining and C,E,G) Masson trichrome staining of five sections of
B,C) Commercial scaffolds, D,E) PGL scaffolds, and F,G) PGPL-L scaffolds at week 2 (n = 5). H,I) H&E staining and Masson trichrome staining of
Commercial, PGL, PGPL-L scaffolds at week 2 (Vertical) (n = 5). J) Thrombus area, K) vascular embolism area, L) collagen deposition, and M) vascular
wall thickness quantification of Commercial, PGL, PGPL-L scaffolds (n = 5). The statistical analysis was performed by using one-way analysis of variance
of Tukey’s post hoc test, and * means p < 0.05, ** means p < 0.01, *** means p < 0.001.
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Figure 6. A,C,E) H&E staining and B,D,F) Masson trichrome staining of five sections of A,B) Commercial scaffolds, C,D) PGL scaffolds, and E,F) PGPL-L
scaffolds at week 4 (n = 5). G,H) H&E staining and Masson trichrome staining of Commercial, PGL, PGPL-L scaffolds at week 4 (Vertical) (n = 5). I)
Thrombus area, J) vascular embolism area, K) collagen deposition, and L) vascular wall thickness quantification of Commercial, PGL, PGPL-L scaffolds
(n = 5). The statistical analysis was performed by using one-way analysis of variance of Tukey’s post hoc test, and * means p < 0.05, ** means p < 0.01,
*** means p < 0.001.
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Figure 7. A,B) Immunohistochemical staining of Commercial, PGL, PGPL-L scaffolds (CD31) (n = 5). C–H) Immunohistochemical staining of Com-
mercial, PGL, PGPL-L scaffolds on Section 2 and Section 3 (CD68) (n = 5). I,J) CD31 positive area of Commercial, PGL, PGPL-L scaffolds (n = 5). CD68
positive area of Commercial, PGL, PGPL-L scaffolds at K,L) week 2 and M,N) week 4 in (K,M) lumen and L,N) vascular wall (n = 5). The statistical
analysis was performed by using one-way analysis of variance of Tukey’s post hoc test, and * means p < 0.05, ** means p < 0.01.

the modified highly elastic embolic scaffold facilitates stable em-
bolization throughout the embolization period.

3. Discussions

The study aimed to achieve precise and efficient vascular em-
bolization using a modified highly elastic embolic scaffold. The
scaffold can be compressed to a size small enough to enter the
vessel through an interventional procedure and quickly regain its
volume after reaching the target area for precise in situ emboliza-
tion. To prevent off-target material flow or fragmentation after
intervention in the vasculature, appropriate crosslinking meth-
ods were used for in vitro construction and molding. Five ratios
of PCL/GEL nanofibers were used to prepare 3D scaffolds. The
scaffolds were cast and lyophilized after high-speed homogeniza-
tion. Then, the scaffolds were crosslinked with glutaraldehyde so-
lution to improve their mechanical properties. The mechanical
property test results showed that the scaffolds were structurally
intact and had excellent compression resistance under compres-
sion up to 80% strain. Embolic scaffolds are subjected to mechan-
ical compression during delivery through the microcatheter to
the target embolic region. Additionally, the implanted embolic

scaffolds are continuously exposed to physiologic pressure from
the vasculature. These make it critical for embolic scaffolds to
have stable anti-fatigue properties. In this study, the fatigue re-
sistance of the highly elastic embolic scaffold was tested through
cyclic compression. The study found that there was variability
among the groups, and the PG group (P-G/10-90) exhibited more
desirable fatigue resistance properties. As a result, this group was
chosen for further investigation.

Biocompatibility is a crucial indicator for implants and embolic
scaffolds. Glutaraldehyde is a commonly used natural crosslink-
ing agent, but its cytotoxicity tends to be high.[28] Therefore,
highly elastic embolic scaffolds cross-linked by glutaraldehyde
are less biocompatible, despite having better mechanical proper-
ties. In this study, the amino group of lysine was used to combine
with the residual glutaraldehyde-free aldehyde group to address
its biotoxicity. To further enhance the functionality of the embolic
scaffolds, the scaffolds were modified with PEI in this study. PEI
possesses a strong positive surface charge, and its polycationic
properties effectively enhance the procoagulant and antimicro-
bial capabilities of the scaffold. In addition, its abundant amino
groups can be functionalized by chemical modification. This
makes the embolic scaffolds have more potential for imaging and
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drug loading. However, excessive polycation may be potentially
biotoxic. Therefore, we confirmed the modified concentration of
PEI in this study through in vitro cellular experiments. The re-
sults indicate that the modified treatments effectively addressed
the toxicity of glutaraldehyde residue. Meanwhile, it is recom-
mended to use low concentrations of PEI-modified scaffolds for
better biocompatibility. The cytofluorescence staining results in-
dicate that cells exhibit improved 3D infiltration and prolifera-
tion behavior on the modified embolic scaffolds. This perfectly
compounds the clinical need, as usually embolic target areas are
accompanied by degradation of the material after embolization,
and neo tissue deposition through massive cellular infiltration
needs to be achieved in time to maintain embolization.[29] Physic-
ochemical characterization tests showed good hydrophilicity and
porosity of the PGL group and PGPL-L. The modified embolic
scaffolds maintained good compressive and fatigue strength me-
chanical properties in in vitro degradation tests for up to 28 days.
The hemolysis rate experiment results indicated that all groups
of modified embolic scaffolds had a hemolysis rate of <0.4%,
demonstrating good hemocompatibility.[30] The PGPL-L group
exhibited the most significant erythrocyte and platelet adhesion
effect and could enhance the procoagulant effect by accelerat-
ing both endogenous and exogenous coagulation. In conclusion,
the in vitro results suggest that modified embolic scaffolds may
be able to physically obstruct blood flow in vessel lumens to
achieve precise embolization due to their excellent mechanical
properties. Additionally, the good biocompatibility may induce
significant cellular infiltration and promote neo tissue deposi-
tion. During this process, the altered scaffold may also cause
thrombus formation in the embolic region. Furthermore, the
PGPL-L group exhibited superior antimicrobial efficacy, reduc-
ing the risk of bloodstream infections when the material enters
the vessel. Therefore, the PGPL-L group demonstrated greater
potential for use as an embolic agent in in vitro experiments.

In vivo experiments, PGPL-L group produced a substantial
amount of neo tissue, leading to complete occlusion of the ves-
sel lumen. Furthermore, the neo dense collagen tissue fully en-
veloped the modified embolization scaffold. This procedure en-
hances the safety of the embolization process and reduces the
risk of fragment displacement during material degradation. The
modified embolic scaffold demonstrated better embolization due
to its good mechanical support in the lumen. In contrast, the
commercial group showed proliferation of endothelial cells and
formation of microvascular channels, which led to revasculariza-
tion failure and embolization failure at week 4. CD68 immuno-
histochemistry was used to evaluate cellular infiltration and tis-
sue regeneration at Sections 2 and 3. During the early phase of
embolization, all groups showed a large amount of CD68-positive
expression. A significant macrophage infiltration was observed in
the central region of embolization, which is consistent with the
typical characteristics of biomaterials after implantation.[31] This
infiltration promotes material degradation and creates space for
neo tissue deposition. At Section 2, we observed more neo tis-
sue deposition with less residual scaffold material due to faster
macrophage infiltration. The modified embolic scaffold main-
tained almost complete occlusion without luminal recanalization
due to degradation. At week 4, degradation and tissue neovas-
cularization continued. Compared to week 2, CD68-positive ex-
pression significantly decreased in all groups. Undegraded ma-

terial remained in the central embolic region of the modified em-
bolic scaffold, resulting in some macrophage infiltration at Sec-
tion 3. In the PGPL-L group, the region at Section 2 was almost
completely occluded, and CD68 positivity was nearly absent in
both the vessel wall and lumen at this section. This indicates
that the process of embolization was safe and stable. Complete
occlusion of the embolized area was achieved due to complete
material degradation, and the inflammatory state also subsided.
Therefore, with effective mechanical support of the scaffold dur-
ing the pre-embolization phase, maintenance of the balance be-
tween material degradation and neo tissue regeneration in the
mid-term phase, and the formation of stable proliferative tissue
in the late phase of scaffold degradation, the PGPL-L can provide
an ideal embolism process to exert its embolic effect.

In summary, the modified highly elastic embolic scaffolds ex-
hibit excellent mechanical properties that facilitate interventional
delivery to the target area for precise embolization. The scaffolds
also maintain a good balance between the embolization process,
material degradation, and neo tissue replacement after emboliza-
tion. Additionally, the PEI-modified scaffolds demonstrated supe-
rior procoagulant ability and embolic effect in vivo. However, fu-
ture studies will address the current design’s shortcomings. For
instance, the modified embolic scaffold lacks visualization, mak-
ing it challenging to detect its embolic status in vivo. This issue
can be resolved by adding a contrast agent. The modified embolic
scaffolds contain numerous branched amino acid groups that en-
able chemical grafting of contrast agents, including pantothenic
acid, thereby providing visualization capabilities. Further in vivo
validation is required to address key issues, such as the degrad-
ability of modified embolic scaffolds and the duration of occluded
regions. Future studies should evaluate the long-term embolic ef-
fect of modified embolic scaffolds in vivo.

4. Conclusion

This study presents the construction of a highly elastic embolic
scaffold using PCL/GEL nanofibers that meet the requirements
for precise in situ embolization due to their good mechanical
properties and fatigue resistance. The biocompatibility of the
Lys- and PEI-modified embolic scaffolds was excellent, and the
functionality of the modified embolic scaffolds, such as procoag-
ulant properties, was further improved. Additionally, the mod-
ified embolic scaffold retained its anti-fatigue properties after
a 28-day degradation test, ensuring its ability to embolize in
vivo without the risk of dislocation. Histological staining demon-
strated the scaffold’s effective embolic properties in vivo, with sta-
ble deposition of neo tissue during material degradation main-
taining ≈100% of the vessel lumen. In the PGPL-L group, the
embolic region achieved complete occlusion and the inflamma-
tory state nearly disappeared, demonstrating a more desirable
embolic process. The modified highly elastic embolic scaffolds
were designed and show great potential for clinical embolization
applications.

5. Experimental Section
Materials: L-Lysine (Purity ≈98%) was purchased from Aladdin

(China). Gelatin (Type A), polyethyleneimine (PEI, Mw ≈25 000, branched),
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polycaprolactone (PCL, Mw ≈80 000) was purchased from Sigma–Aldrich
(USA).

Preparation of PCL/GEL Nanofiber Membrane and Embolic Scaffolds:
Preparation of PCL/GEL nanofiber membrane: 0.9, 0.96, 1.02, 1.08, and
1.14 g of gelatin (GEL) were dissolved in 10 mL of hexafluoroisopropanol
(Aladdin) and stirred at high speed until the gelatin was completely dis-
solved. Then 0.3, 0.24, 0.18, 0.12, and 0.06 g of PCL were added to the
above gelatin solutions and stirred at high speed until the PCL was com-
pletely dissolved. Finally, 15 μL of acetic acid (Aladdin) was added to each
solution and stirred at high speed until the solution was thoroughly clar-
ified to obtain the electrospinning solution (PCL to GEL ratios were: 25–
75, 20–80, 15–85, 10–90, 5–95). Then, the electrospinning solution was
used to prepare the PCL/GEL nanofiber membrane according to the fol-
lowing parameters: Needle size was 20-G. Voltage was 14 kV. Push rate was
1.5 mL h−1, and the distance between needle and collector was 15 cm. Fi-
nally, the obtained PCL/GEL nanofiber membrane was vacuum dried for
12 h.

Preparation of Embolic Scaffolds: Four grams of PCL/GEL nanofiber
membrane was cut into 1 × 1 cm pieces and placed in 100 ml of tert bu-
tanol (Aladdin). Subsequently, it was homogenized using a high-speed ho-
mogenizer at 10 000 rpm to obtain dispersion nanofibers. The dispersion
nanofibers were then transferred to molds and freeze-dried for 48 h to ob-
tain uncrosslinked scaffolds. The uncrosslinked scaffolds were crosslinked
by immersion in 5% glutaraldehyde (Aladdin) solution for 15 min, followed
by washing three times with deionized water. Finally, the crosslinked scaf-
folds were obtained.

Morphology Characterization: The macro and microscopic morphol-
ogy of PCL/GEL nanofiber membrane, uncrosslinked scaffolds, and
crosslinked scaffolds with different ratios (PCL to GEL ratios were: 25–75,
20–80, 15–85, 10–90, 5–95), which were photographed with a digital cam-
era and scanning electron microscopy (SEM, Phenom, Netherlands) at an
accelerating voltage of 5 kV, respectively.[32] The corresponding diameter
distribution of PCL/GEL nanofiber membrane samples were measured by
Image J software.

Mechanical Properties: Mechanical properties of the crosslinked scaf-
folds (P-G/25-75, P-G/20-80, P-G/15-85, P-G/10-90, P-G/5-95) with dif-
ferent ratios were tested in the wet state with a universal material test-
ing machine with a 200 N load cell (Instron 5567, Norwood, MA). The
samples were subjected to unconfined uniaxial compression at a con-
stant crosshead speed of 2 mm min−1 up to 80% strain, the compression
strength and compression modulus were calculated from the compres-
sion curves (n = 3). The samples were tested with 100 compression tests
at a rate of 2 mm min−1 and a maximum load strain of 60%, and the com-
pressive strength was calculated after every ten cycles to determine the
mechanical loss during cyclic compression.[33] After evaluating the me-
chanical properties, the optimal ratio was selected and termed as highly
elastic embolic scaffolds for pending modification treatment (PG).

Modification of Embolic Scaffolds: PEI-modified solutions were
prepared by dissolving PEI in isopropanol/water (1:1, v/v) at low
(1.25 mg mL−1) and high (2.5 mg mL−1) concentrations. The highly elas-
tic embolic scaffolds (PG) were aminated by immersing in PEI-modified
solution for 15 min with stirring, followed by immersing in 5% Lys
solution (pH 3–4) with stirring for 6 h to eliminate the toxic effects of
free aldehyde groups using the Schiff base reaction. Finally, the embolic
scaffolds were immersed in 0.5% NaBH3CN (AR, Aladdin) solution with
stirring for 15 min to stabilize the branched amino groups that attached
to the scaffolds by reductive amination reaction. The modified embolic
scaffolds were obtained (modified at low concentration as PGPL-L and at
high concentration as PGPL-H). In order to study the effect of amination
on embolic scaffolds, PGL embolic scaffolds were treated with Lys and
NaBH3CN solution, but without PEI-modified solutions.

FTIR, TGA, and DTG: Fourier transform infrared spectra (FTIR,
Nicolet-760, Madison) was used to characterize the compositional analy-
sis of the embolic scaffolds (PG, PGL, PGPL-L, and PGPL-H) in the 500–
4000 cm−1 range, while uncrosslinked scaffold was characterized as con-
trol group.

Thermogravimetric analysis (TGA) of embolic scaffolds (PG, PGL,
PGPL-L, and PGPL-H) was performed using a thermogravimetric ana-

lyzer (PerkinElmer Corporate Management Co., Ltd., TGA8000, Shanghai,
China) under nitrogen at temperatures ranging from room temperature to
800 °C with a heating rate of 5 °C min−1. Thermogravimetric parameters
were analyzed with TGA curves.[34]

Porosity, Water Absorption, and Water Contact Angle: The porosity of
the embolic scaffolds was determined by the liquid displacement method
referring to the previous method.[35] The diameter (d), height (h), and
weight (m1) of the dry scaffolds were first measured, and then the scaf-
folds were immersed in 200-proof ethanol. After removal from ethanol,
the scaffolds were reweighed (m2). The porosity was calculated by the fol-
lowing formula:

porosity (%) =
100 × (m2 − m1)

𝜌ethanol × (d∕2)2 × h × 𝜋

(1)

The mass of the dried scaffold was measured (ma) and incubated in
deionized water. At different time points, the scaffolds were extracted and
weighed (mb). The water absorption capacity was calculated as follows:[36]

Water absorption capacity (%) =
mb − ma

ma
× 100% (2)

Five replicates were measured for each scaffold.
The water contact angle of the embolic scaffolds was measured by a

contact angle analyzer (DSA30, KRUSS, Germany)[37] (n = 3).
Amino Quantification: Acid Orange II staining was used to quantify

the amine content of the embolic scaffolds and the corresponding stan-
dard curves were plotted and characterized according to the following
scheme. Briefly, 10 mg of each group was first immersed in 2 mL of Acid
Orange II deionized water solution (pH 3, concentration 500 μmol L−1,
0.0875 g of Acid Orange II dissolved in 500 mL of deionized water) and
reacted for 12 h. The samples were then removed and washed three times
with acidic aqueous solution (pH 3). The water on the surface of the sam-
ple was drained and immersed in 1 mL of aqueous NaOH solution (pH
12) to release the Acid Orange II adsorbed on the surface of the sample
by electric charge. After 30 min, the absorbance value of released solution
was measured with an enzyme counter at 485 nm, and the amount of ad-
sorption on the surface of the samples was calculated from the standard
curve of the formulated Acid Orange II.

Degradation and Degradation Mechanical Properties: The in vitro degra-
dation properties of the embolic scaffolds were determined. The samples
were weighed (m0) and incubated in PBS at 100 rpm, 37 °C. Samples
were harvested at different time points, lyophilized, and weighed (mt). The
degradation rate was calculated as follows:

Degradation Rate (%) =
m0 − mt

m0
× 100% (3)

The cyclic compression performance of the degraded scaffolds was de-
termined at different time points (n = 3).[32,38]

Antibacterial Test: The antibacterial activity of embolic scaffolds was
evaluated against two commonly used bacteria: Gram-negative Escherichia
coli (E. coli), and Gram-positive Staphylococcus aureus (S. aureus). The bac-
teria were cultured in Mueller–Hinton broth (MHB) at 37 °C. After the
scaffolds were sterilized by UV light for 24 h, 100 μL of bacteria (105 CFU
mL−1) were introduced onto each scaffold and incubated for 24 h at 37 °C.
The scaffolds were transferred to PBS, diluted after agitation, and plated
on Luria–Bertani agar plates. Colonies were photographed and counted
after incubation for 24 h at 37 °C. PBS-seeded bacteria were used as con-
trols.

Blood Compatibility of Embolic Scaffolds: In this part of the experiment,
the group of 2D nanofiber membranes with the same composition as
PGL was introduced (PGL-Membrane). PGL-Membrane was introduced to
evaluate the additional advantage of the structure of the modified embolic
scaffolds on coagulation. The in vitro hemostatic capacity was evaluated
using the dynamic whole blood coagulation test, and the coagulation index
(BCI) was determined for each group was determined.[39] Discs weighing
≈10 mg were prepared from the materials of each group, placed in Petri
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dishes, and preheated at 37 °C for 10 min. Then, 50 μL of sodium citrate
anticoagulated rabbit blood was dropped on the surface of the samples,
followed immediately by 10 μL of CaCl2 solution (0.2 m). The Petri dishes
were then incubated on a shaker at 37 °C to facilitate interaction between
the blood and the material. After 5 min, 5 mL of deionized water was gen-
tly added to wash away the unclotted blood. A final 5-min incubation on a
37 °C shaker was performed to collect free erythrocytes. The absorbance
of 50 μL of sodium citrate anticoagulated rabbit blood in 5 mL of deion-
ized water was used as a negative control value. The absorbance of the
hemoglobin solution was recorded using an enzyme marker at 540 nm
(n = 3). The BCI was calculated as follows:

BCI (%) =
IS

IC
× 100% (4)

where IS represents the absorbance of the sample and IC represents the
absorbance of the negative control.

The whole blood clotting time of the material was tested as follows
(BCT).[40] Briefly, 1 mL of sodium citrate anticoagulated rabbit blood was
added to a centrifuge tube containing the material, followed by 30 μL of
CaCl2 solution (0.25 m). The tube was inverted every 15 s and blood clot-
ting was recorded each time (n = 3) (Control: no materials added).

Hemolysis test was performed using a 2% (v/v) suspension of
erythrocyte.[19] Fresh whole blood (containing sodium citrate) from New
Zealand rabbits was centrifuged at 3000 rpm for 20 min. The resulting ery-
throcyte suspension was washed three times with saline and diluted to a
2% (v/v) suspension. Each scaffold was incubated in 10 mL of saline at
37 °C for 30 min, and 0.2 mL of erythrocyte suspension was dropped in
and gently mixed. After incubation for 1 h at 37 °C, the scaffolds were
centrifuged at 3000 rpm for 10 min, and the absorbance of the super-
natant was measured at 540 nm with a microplate reader (Multiskan MK3,
Thermo Fisher Scientific). 0.9% normal saline and deionized water were
used as negative and positive controls, respectively.

Platelet adhesion: Platelet-rich plasma (PRP) was prepared by centrifu-
gation of anticoagulated whole blood at 1300 rpm for 10 min and separa-
tion of the upper plasma layer. Samples were incubated with 200 μL PRP
for 30 min at 37 °C. Erythrocyte adhesion: Anticoagulated whole blood was
centrifuged at 3000 rpm for 20 min, erythrocytes were extracted, diluted
in saline and incubated with samples for 5 min at 37°C. The finished in-
cubated samples were washed sufficiently with PBS to remove unadhered
platelets and erythrocytes, then fixed with 4% paraformaldehyde and dehy-
drated with gradient ethanol. The morphology of platelets and erythrocytes
attached on the samples was observed by SEM.[41]

The anticoagulant capacity of the scaffolds was assessed by prothrom-
bin time (PT) and activated partial thromboplastin time (APTT).[42] Anti-
coagulated whole blood was centrifuged at 3000 rpm for 20 min, and the
supernatant was taken to obtain platelet-poor plasma (PPP). The scaffolds
were placed in 100 μL of PPP and incubated at 37 °C for 2 min. Then 100 μL
PT reagent was added to the incubated sample, and the PPP clotting time
was recorded as PT (n = 3). 100 μL of APTT reagent was added to the incu-
bated sample, and the sample was incubated for 3 min at 37 °C. 100 μL of
0.025 m CaCl2 solution was added, and the PPP clotting time was recorded
as APTT (n = 3). Plasma recalcification experiments were performed as in
previous studies.[43] The material was placed in a 24-well plate, and 500 μL
of PPP was added to each well and incubated for 1 h. Then, 100 μL of PPP
was transferred from each well to be added to the 96-well plate, and 100 μL
of CaCl2 solution (0.025 m) was quickly added. The PPP-incubated blank
plate was added with CaCl2 solution as a negative control, and the CaCl2
solution without CaCl2 solution was used as a positive control. Finally, the
absorbance of the 96-well plate was measured at 405 nm every 30 s for 45
min (Control: no materials added).

Cytocompatibility of Embolic Scaffolds: The cytocompatibility of the
embolic scaffolds was evaluated in vitro. NIH-3T3 fibroblasts, Human
vascular smooth muscle cells (HVSMCs) and human umbilical vein en-
dothelial cells (HUVECs) were supplied by the Cell Bank of the Chinese
Academy of Sciences. Cells were maintained and expanded in DMEM
medium supplemented with 10% fetal bovine serum (FBS) and 1% peni-

cillin/streptomycin at 37 °C and 5% CO2 in an incubator. The medium was
changed every other day.

Embolic scaffolds (10 mm diameter, 1 mm thickness) were sterilized by
ultraviolet irradiation for 24 h and then seeded with cells on the surface at
a density of 2 × 104 cells cm−2. Cells were cultured in complete medium
and were changed every other day.

At days 1, 4, and 7, cell growth on embolic scaffolds was detected using
the Cell Counting Kit-8 (CCK-8) according to the manufacturer’s protocol.
Cells on scaffolds were stained with calcein-AM and propidium iodide to
visualize live and dead cells respectively, and imaged with a fluorescence
microscope (DMi 8, Leica, Germany). Cell-seeded scaffolds were fixed with
4% paraformaldehyde and dehydrated with gradient alcohol and were im-
aged with SEM to visualize cell adhesion.

The ability of the scaffolds to support cell migration was evaluated using
a transwell assay. In brief, the scaffold was placed in the lower transwell
chamber (Sigma–Aldrich), and cells (1 × 104 cells cm−2) were seeded on
the upper chamber. After incubation for 24 h, cells passing through the
transwell membrane were stained with 0.1% (w/v) crystal violet (Sigma–
Aldrich). The migrated cells were washed with PBS and observed by a light
microscopy. Cell migration was quantified using Image J (n = 3).

The morphology of HVSMCs and HUVECs on the embolic scaffolds was
observed by confocal laser microscopy. The scaffolds were collected and
fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100.
After rinsing with PBS, these scaffolds were incubated with rhodamine-
conjugated phalloidin for 20 min and with 40, 6 dimethyl diamidino-2-
phenylindole (DAPI) for 5 min. The samples were then imaged under a
laser confocal microscope (LSM 700, Carl Zeiss) to show the 3D distribu-
tion and the morphology of HVSMCs and HUVECs on the scaffolds.

In Vivo Assessments of Embolic Scaffolds: New Zealand rabbits (2-3 kg,
male) were used to evaluate in vivo embolic capacity assessment.[44] The
rabbit ears were first shaved, and the ears were sterilized with 75% ethanol.
Local anesthesia was then applied to the dorsum of the ear avoiding blood
vessels. An incision was made in the skin of the ear to identify the central
ear artery. Commercial (Alicn, China, 1.4–2 mm), PGL (diameter: 1.5 mm,
length: 2 mm), and PGPL-L (diameter: 1.5 mm, length: 2 mm) were mixed
with an aqueous solution of glycerol (glycerol: water = 1:1) and squeezed
into the injection needle and then slowly infused. Finally, the wound was
sutured after pressing the injection site until bleeding stopped. The status
of rabbit ear embolism was observed and photographed at weeks 0, 2, and
4. All materials and instruments used during the animal experiments were
sterilized.

The central ear artery tissues were harvested at the 2 and 4 weeks and
fixed in 4% paraformaldehyde. Then, five typical sections were selected
for histological sectioning from the starting area to the ending area of the
embolic site. Evaluate indicators such as thrombosis formation, deposi-
tion of new tissue and degree of vascular occlusion in the embolic area
by H&E and Masson staining. Finally, further evaluation of angiogenesis
and macrophage infiltration in the embolic regions of each group was per-
formed using CD31 and CD68 immunohistochemistry staining. All the an-
imal experiments were reviewed and approved by the Animal Experimental
Ethical Inspection Form Shanghai Songjiang Chedun Experimental Animal
Breeding Farm Co., Ltd. (No: 2023092001).

Statistical Analysis: Data were presented as mean ± standard devia-
tion and were analyzed by using one-way analysis of variance of Tukey’s
post hoc test. Comparison of the two groups was performed by t-test. Sta-
tistical significance was considered at p < 0.05, and * means p < 0.05, **

means p < 0.01, *** means p< 0.001 (GraphPad Prism 8.0 software, USA).
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