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ABSTRACT: Cardiovascular disease is a worldwide main cause of morbidity and mortality. Treatment alternatives in-
clude the use of cardiovascular implants that have generated a constant search for materials, and transformation processes 
that provide structures similar to those that need to be replaced. Among the biomaterials available for vascular implants, 
silk fibroin (SF) is of great interest because it is a natural, biodegradable, biocompatible protein. In addition, SF has out-
standing mechanical properties and can be easily processed by various techniques. This article presents a general review 
of SF, its potential use as a biomaterial for vascular applications, and modifications that improve its hemocompatibility. 
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I. INTRODUCTION

According to the World Health Organization (WHO), 
cardiovascular diseases are the leading cause of mor-
tality in the world. The prevalence of cardiovascular 
diseases has increased in recent years, generating a 
public health problem.1–4 In a study presented by the 
American Heart Association in 2017, cardiovascular 
diseases accounted for 31% of all deaths in the world.5

A cardiocirculatory disease affects the vascular 
structures. Many of these cardiocirculatory patholo-
gies reside etiologically in alterations of the vascu-
lar structures. These alterations induce obstruction 
in blood vessels and deficit of blood perfusion, re-
sulting in failure of the organs and tissues depen-
dent on cardiac pumping. Vascular diseases produce 
blood flow decrease or obstruction that may dam-
age organs, such as the brain, kidneys, and even the 
heart,6,7 and other body structures. Since there is a 
potential for the prevention or decrease of heart at-
tacks, stroke, and kidney failure, the focus of medi-
cal management of vascular disease is concentrated 
on these conditions. It is thus a complex problem 
whose timely treatment is necessary to reduce mor-
tality and complications on target organs.8,9

These vascular disease conditions can be as-
sociated with the same etiology, atherosclerosis, a 

build-up of plaque, and are all linked to the same risk 
factors. Atherosclerosis is a systemic, progressive, 
chronic vascular disease process that frequently af-
fects the carotid, coronary, and peripheral arteries.10

In this context, these pathologies can be related 
to aneurysms and disorders in the vessel wall. Pa-
thologies may be due to congenital diseases, trauma, 
and inflammatory processes, which affect the vas-
cular structures and limit their function of driving 
the blood flow through a segment and damping 
pressure waves.11 Several of these vascular pathol-
ogies can be treated surgically through homografts. 
Unfortunately, the availability of homografts that 
allow opportune treatment of these diseases is very 
low. This situation generates large waiting lists with 
much valuable time before intervention with correc-
tive surgery. Thus, alternatives such as xenografts 
and synthetic implants, are emerging options for the 
treatment of vascular anomalies. These alternatives 
will be successful if they describe the histology and 
the anatomy of vessels, as well as hydromechanical 
behavior.12,13

The walls of veins have three layers: tunica in-
tima (innermost layer), tunica media (muscular mid-
dle layer), and tunica adventitia (outermost layer). 
The tunica intima is in contact with blood and 
serves as a thrombi resistant barrier. This tunica is 
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composed of a single layer of endothelial cells and a 
subendothelial layer of collagen type IV, and elastin. 
The tunica media gives mechanical resistance and 
elastic ability, due to layers of smooth muscle cells 
in a matrix of collagen types I and III, elastin, and 
proteoglycans. The tunica adventitia serves as a pro-
tective sheet and consists of soft connective tissue 
that contains collagen type I mixed with elastin, and 
fibroblasts. The collagen and elastin prevent the rup-
ture and pulsatile deformation of vessels.14–16

Several studies on the mechanical properties 
and biological responses of current implants pro-
vide new concepts in the area of cardiovascular 
prosthesis. Techniques that include hydraulic test 
rigs have been used in experimental models in vitro 
and in vivo, in order to determine the properties of 
the tissues available for clinical uses.17,18 In the new 
science of tissue engineering new materials are stud-
ied in the design of functional biological structures 
to replace or repair affected anatomical components.

This review presents recent studies of the bio-
mechanical and biological aspects of the new func-
tional materials from SF for vascular prostheses 
that are intended to use biomimicry in the important 
function of blood perfusion. Given the relevance of 
the response to flows, frequencies and internal pres-
sures generated by the flow as well as the biointegra-
tion of the implant, will validate its use in humans.

II. FUNCTIONAL MATERIALS

When replacing a segment of blood vessel with 
an implant, the replacement must be functionally 
as similar as possible to the native vessel. This 
means that it must present an adequate behavior to 
the blood flow, in order to avoid thrombogenic and 
stress responses that arise when the normal endo-
thelial structure is lost. Also, the implants need to 
have an adequate compliance before pressure shock 
waves and specific properties like elastic modulus, 
ultimate stress, burst strength for each type of ves-
sel,19 resistance to degradation, as well as permeabil-
ity that allows the molecular exchange between the 
enclosed graft and the exterior blood environment.20 
The specific values of these properties vary accord-
ing to each kind of native vessel. Reports include 
ultimate tensile strength around 1.95 ± 0.60 MPa 

and tensile modulus 0.04 ± 0.9 MPa for thoracic 
aorta and carotid artery; the circumferential ultimate 
strength and strain of natural human blood vessels 
varied from 0.8 to 3.3 MPa and 49% to 105%, re-
spectively; and for coronary arteries and saphenous 
veins have toe region between 18% and 38%, and 
23% and 36%, respectively.21,22 It is necessary to use 
materials that comply with the appropriate proper-
ties to achieve this functionality.23

Among the materials most commonly used in 
vascular prostheses are implants manufactured of 
synthetic polymeric materials such as polytetra-
fluoroethylene (PTFE) or Teflon®, polyethylene 
terephthalate (PET) or Dacron®, poly (ε-caprolac-
tone) (PCL), polyglycolic acid (PGA), and polyure-
thane (PU).2,3 These implants present advantages 
such as availability, softness and pliability, excel-
lent biocompatibility, and do not require preclotting 
prior to implantation. However, the implants fabri-
cated with these polymeric materials are associated 
with various complications such as lack of potential 
cell growth after repairing congenital heart disease, 
the need for lifelong anticoagulation or antithrom-
botic therapy, and increased risk of infection, throm-
boembolization, and calcium deposition.24,25

An example of commercial use of synthetic im-
plants in large and medium diameter blood vesselsis 
Goretex®, which is used biomedical devices based 
on expanded polytetrafluoroethylene. Specifically, 
the GORE® EXCLUDER® Iliac Branch Endopros-
thesis is the only off-the-shelf, United States Food 
and Drug Administration (FDA)-approved aortic 
branch implant indicated for the endovascular treat-
ment of common iliac artery aneurysms or aortoil-
iac aneurysms. This system has exceeded more than 
10,000 implants since receiving CE Mark in 2013 and 
FDA approval in 2016.26 Other commercial brands 
offer synthetic implants in large and medium diam-
eter blood vessels as: FUSION BIOLINE®, HE-
MASHIELD®, VASCUTEK®, E-VITA™, among 
others.27

Limitations of these implants include inade-
quate cell growth and wall nutrient disposal, due to 
the fact that the morphology is not similar to a native 
vessel.25 Implantation of synthetic vascular implants 
for vessels of small diameter (< 6 mm) presents prob-
lems related to hyperplasia and low permeability,28 
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which lead to the formation of thrombi and subse-
quent obstruction.29–31 

Implants for small vessels involve materials 
from natural sources or the implementation of new 
manufacturing technologies, that have adequate 
physicochemical, biocompatible, and functional 
properties for surgical use. Some natural polymers 
used for the fabrication of vascular implants are: 
cellulose, hemicellulose,32 starch, chitin, and chi-
tosan,33 as well as numerous proteins such as SF, 
keratin, collagen, and elastin.34 Extraction, purifica-
tion and modification of the properties of proteins 
are often required.35,36 

Among the materials of natural origin is the 
SF, which is a protein extracted from the fiber pro-
duced by silkworms. The SF has biocompatibility 
properties,37 biodegradability, excellent mechanical 
performance,38 thermal tolerance, and resistance to 
UV rays. This last property is important since one of 
the methods used for the sterilization of implantable 
medical devices are UV rays.37 SF has the potential 
to be used in vascular applications, due to its ability 
to promote cell growth and interaction,39 its hemo-
compatibility and cytocompatibility properties.37,38 
Also, it has been recognized by the FDA as a bioma-
terial since 1993.40 These properties make the SF a 
material of interest for its potential uses in medical 
applications, including vascular implants.41–43

The development of vascular implants is fa-
vored by the advent of techniques such as electro-
spinning, use of molds, and braiding of filaments. 
These methods allow the development of tubular 
geometries, which emulate the suitable 3D environ-
ment for tissue growth. In addition, these techniques 
generate fibrillar structures of the native extracellu-
lar matrix, which favor cell adhesion, proliferation, 
and function.2

III. GENERAL PROPERTIES OF SILK FIBROIN

Silk refers to the protein fibers produced by species 
of the phylum Arthropoda. Several insects and spi-
ders have the ability to spin silk.44 In this study, the 
focus is on the silk produced by the Bombyx mori 
silkworm. Silk proteins can be obtained from the 
glands or cocoons of silkworms. The silkworm’s life 
cycle has 4 stages. The first stage is the egg, which 

has an incubation period of 12–14 days. Laid eggs 
are yellow, and a fertile live egg is gray. The second 
stage lasts 27 days and consists of larva/ant, 5 instars 
where the silkworm goes through five growths. The 
third stage is the pupae, where the silkworm traps it-
self inside a cocoon for metamorphosis. In this stage, 
which has a period of 14 days, the cycle is suspended, 
and the silk fibers are used for textile products or ex-
traction of its proteins. The final stage is the moth, its 
purpose is finding a mate for reproduction.45 Figure 1 
shows a silkworm’s life cycle.

The silk of cocoon is composed mainly of two 
proteins, sericin and fibroin. The SF is of interest in 
vascular applications due to properties such as bio-
compatibility, hemocompatibility, and degradabil-
ity. The SF also has secondary structures that can 
be manipulated to modify the mechanical proper-
ties.46,47 Figure 2 shows a summary of the general-
ities of the silk fibroin.

A. Chemical and Structural Composition

The SF has a series of amino acids in its compo-
sition, among which glycine (43%), alanine (30%), 
and serine (12%) are highlighted. The SF amino 
acids are organized in a light polypeptide chain (L) 
and one heavy chain (H), joined by a disulfide bond 
at the C-terminus of the H chain, forming a HL com-
plex. The glycoprotein known as P25 is linked to 
this complex by means of noncovalent bonds.48,49 
The H chain has hydrophobic domains, which con-
tain a repetitive hexapeptide sequence of glycine-al-
anine-glycine-alanine-glycine-serine and repeats 
of glycinealanine/serine/tyrosine dipeptides. The 
amino acid sequences can form β-sheet antiparallel 
crystals, whereas the amino acid sequence of the L 
chain is nonrepetitive, making it is more hydrophilic 
and relatively elastic.40

The secondary structures of SF have amorphous 
side chains, random spirals, α helices, turns and 
bends, and crystalline structures called β-turns and 
β-sheets.50 In addition, several crystalline polymor-
phisms may be present: Silk I, rich in β-turn struc-
ture and found in the glandular state; Silk II, rich in 
β-sheet structure of spun silk; and Silk III, rich in 
helical structures which exist in the air-water inter-
face of the regenerated fibroin solution.40,51,52
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B. Mechanical Properties

Silk fiber produced naturally by the silkworm has 
a tensile strength between 300 and 740 MPa, and a 
high tenacity, which exceeds that of Kevlar synthetic 
fiber used as a reference standard in high perfor-
mance fiber technology. SF vascular scaffolds have 
a reported tensile strength of 2.42 ± 0.48 MPa and 
linear modulus of 2.45 ± 0.47 MPa, which are supe-
rior to the native thoracic aorta or carotid artery.53 
Nevertheless, using SF for vascular implants has 
some disadvantages, such as brittleness, tendency 
to fragmentation, and difficulty to produce uniform 
thickness, which could be solved by making blends 
with other biopolymers.54 

Some materials developed from the SF solution 
have weaknesses, due to the intermolecular organi-
zation of the resulting structure of protein, which is 
composed of some arrays of β-sheet crystals. The 

SF’s molecular network may be weakened when 
the low content of the previously mentioned ar-
rangements is presented, producing dots where me-
chanical breakage of the material may occur. This 
suggests that the mechanical properties of silk are 
closely related to the amount of β-sheets in the SF 
structure. Studies focused on improving the proper-
ties of SF through the manipulation of its secondary 
structure have been carried out, obtaining promising 
results in the enrichment of the β-sheets.42,55

C. Biocompatibility

SF, in the absence of sericin protein, has shown a 
minimal inflammatory response of the native tissue. 
SF causes a decrease in the rate of activation of mac-
rophages and the infiltration of fibroblastlike cells, 
which favors the biocompatibility of this material 
before the interaction with biological models.56,57 

FIG. 1: Silkworm’s life cycle
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However, as it is a nonautologous material, it can 
trigger adverse immunological events derived from 
the interaction of the organism with the SF matrix. 
Some fractions of silk fibers are able to induce the 
production of proinflammatory cytokines and in-
creased phagocytosis.58 The products of degradation 
of the SF material can also cause amyloidogenesis.59 
Inflammatory cascades are a matter of long-term 
concern because SF can initiate local inflammatory 
reactions that often lead to implant failure.55,60

D. Biodegradability

SF is biodegradable, with a degradation rate de-
pendent on its structure.55,56 The biodegradability 
of SF is studied by the loss of mass, changes in 
the morphology of the protein biomaterial, and 
the analysis of degraded products, both in vitro or 
in vivo. The degradation occurs by biological re-
actions, where the immune system response is in-
cluded, among other histochemical reactions and 
factors released by host tissue. This property can 
be seen as positive or negative depending on the 
intended application.61 The in vitro degradation 

of electrospun SF scaffolds was studied by Zhou 
et al.,62 who determined that 65% of SF scaffold was 
degraded in 24 days in XIV protease, while almost 
no scaffolding was degraded in phosphate-buffered  
saline.

E.  Thrombogenicity and 
Hemocompatibility

Hemocompatibility and anti-thrombogenic proper-
ties of SF scaffolds were evaluated,63,64 confirming 
that this material performs better in vascular ap-
plications than existing alternatives manufactured 
with PTFE, PET, PCL, PGA, and PU.38,65,66 Studies 
of optimal hemocompatibility indicate that SF can 
be used with compounds such as heparin, fucoidan, 
and hirudin.67,68

IV.   POTENTIAL VASCULAR APPLICATIONS 
OF SILK FIBROIN

The incorporation of SF has been proposed to be a 
useful biomaterial for the development or modifica-
tion of 3D structures that could replace pathological 

FIG. 2: Generalities of the silk fibroin
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vascular portions. Requirements for synthetic grafts 
to be used in vascular applications include cellular 
adhesion, proliferation and diffusion, resistant to 
blood pressure, compliance, slow degradation rate, 
resistant to sterilization process, and hemocom-
patibility, (See Fig. 3).69–71 Vascular applications 
and evaluations in in vitro and in vivo models of 
SF, through different transformation methods and 
blends with natural or synthetic polymers, to obtain 
implants with improved properties are summarized 
in Table 1. 

Vascular implants prepared with SF are com-
pared with implants made with PTFE. Lovett et al.72 
manufactured pipes of small diameters with an 
aqueous solution of fibroin through a gel spinning 
technique that ejects a concentrated solution of SF 
through a needle on a rotating mandrel, followed 
by treatment with methanol or drying it with gas-
eous N2. The mechanical properties of the result-
ing materials were evaluated by tensile tests. The 
morphology was determined by scanning electron 
microscopy (SEM), the thrombogenic potential by 
observing the adsorption of thrombin and fibrino-
gen, and the platelet adhesion and cell proliferation 
were measured by in in vitro and in vivo models. 
The SF presented a better performance than PTFE 
with respect to the properties of antithrombogenicity 
and vascular cell growth in the developed structure. 
Figure 4 shows the morphology of tubular implants, 
observed through SEM.

Enomoto et al.73 conducted a study on the com-
bination of winding and plaiting silk fibers for the 
fabrication of tubular structures. The cell growth, 
biocompatibility, permeability, and biodegradabil-
ity were evaluated in an in vivo model, and were 
compared with PTFE implants as control. The re-
sults suggested that implants based on silk and SF 
presented excellent permeability when implanted in 
small vessels (< 6 mm). It was also observed that the 
implant gradually degraded as cell infiltration and 
cell growth were favored.

Knitted fabric as Raschel and braided fab-
rics are also used for the manufacture of vascular 
tubular implants of small diameters, due to those 
structures improve the mechanical properties of the 
implants. Aytemiz et al.74 and Yagi et al.75 manu-
factured vascular implants using Raschel woven to 
generate a tubular geometry with silk fibers. These 
tubes were coated with an aqueous solution of SF; 
polyethylene glycol diglycidyl ether (PGDE) was 
used as a porogen in the first study, and PGDE as 
a crosslinking agent in the second study. Those 
implants were evaluated in in vivo dog carotid ar-
teries and mouse abdominal aortas. The results 
showed that SF implants have greater permea-
bility than medical grade implants made with 
PTFE. The SF implants also showed a good be-
havior under hydrostatic pressure, low formation 
of thrombi, and the presence of endothelial cells, 
which help to regulate thrombogenesis or intimal  
hyperplasia.

Fukayama et al.38 manufactured four types of 
vascular implants by Raschel, using knitted of silk 
fibers coated with SF or with gel (G), and PET 
based with the same coatings. The four structures 
were implanted in mice to evaluate their behavior 
in vivo during periods of 2 weeks and 3 months. 
When the implants were removed, no thrombi, an-
eurysms, or infection were found. Implants manu-
factured using silk fibers and SF coating promoted 
the early growth of vascular cells and around 2.5 
times large infiltration of the tissue, compared 
with implants made with PET and those coated  
with G.

Nakazawa et al.76 used degummed silk fibers 
that were braided, rolled, and wound, after which 
they were coated with aqueous SF by immersion of 

FIG. 3: Scheme of vascular grafts and some require-
ments. (Reprinted with permission from Elsevier, Copy-
right 2018.).71
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TABLE 1: Summary of studies with vascular implants, in vitro and in vivo models
Materials Manufacturing 

method
Development level Main results Ref.

Silk fibroin Gel spinning In vitro (endothelial 
and smooth muscle 
cells)
In vivo (abdominal 
aorta implantation 
model in rats)

SF presents a better performance 
than PTFE with respect to the 
properties of antithrombogenicity 
and vascular cell growth in the 
developed structure

Lovett 
et al.72

Silk fibroin Combination of 
plaiting of silk fibers 
and winding of 
cocoon filaments was 
performed two or 
more times

In vivo (Male 
Sprague-Dawley 
rats, abdominal 
aorta) 

The implants based on silk and 
SF provide excellent permeability 
when implanted in small vessels 
(< 6 mm). The implant gradually 
degraded as cell infiltration and 
growth increased

Enomoto 
et al.73

SF, 
poly(ethylene) 
glycol 
diglycidyl ether 
(PGDE) 

Double-raschel 
knitted, coating

In vivo 
(Beagle dogs, 
bilateral end-to-end 
common carotid 
arteries)

The grafts exhibited a good scaffold 
with desirable mechanical properties 
essential to increased efficacy for 
revascularization and handling 
during surgical operation. The 
permeability can be controlled by a 
concentration of SF-mixed PGDE

Aytemiz 
et al.74

SF, 
poly(ethylene) 
glycol 
diglycidyl ether 
(PGDE)

Double-raschel 
knitted, coating

In vivo 
(Male Sprague–
Dawley rats, 
abdominal aorta)

The usefulness of the silk fibroin 
grafts was demonstrated, because 
of its elasticity, flexibility, and 
inhibition of intimal hyperplasia

Yagi et al.75

Silk fibroin, 
gelatin, PET

Double-raschel 
knitted, coating

In vivo 
(Female Sprague- 
Dawley rats, 
abdominal aorta)

Association between tissue 
infiltration and vascular cell 
remodeling. No thrombi, aneurysms, 
or infection were found

Fukayama 
et al.38

Silk fibroin Braiding, flattening 
and winding, coating

In vivo (Male 
Sprague–Dawley 
rats, abdominal 
aorta) 

Early migration of the cells to the 
implant and a permeability of 85% 
which are superior to that of the 
small diameter PTFE implants

Nakazawa 
et al.76

Silk fibroin, 
PEG-DE

Coatings, spraying Mechanical tests The best strength and elasticity 
characteristics are obtained when 
the concentration of SF was 
increased up to 6% in the coating

Yali et al.77

Silk fibroin, 
formic acid

Electrospinning In vivo
(Lewis rats, 
abdominal aorta)

Adhesion of circulating cells in 
the silk fibroin matrix, subsequent 
cell proliferation and vascular 
extracellular matrix production

Cattaneo 
et al.78

Silk fibroin, 
collagen

Electrospinning Mechanical tests Water uptake and tensile strength do 
not present significant changes with 
the variation of collagen content. 
The range of elongation decreases 
by adding 10% of collagen

Zhou 
et al.79
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the material in the solution. The tubular structures 
were implanted in mice and were removed after 1 
and 12 months. Results indicated an early migra-
tion of the cells to the implant and a permeability 
of 85%, which are higher than the small diameter 
PTFE implants, which occlude after approximately 
2 months.

There are different ways to make coatings 
of braided knitted silk, such as that used by Yali 
et al.77 who covered the matrix by spraying SF. In 
order to induce a change in the molecular confor-
mation of the SF, PGDE was used to enhance the 
formation of β-sheets. The mechanical perfor-
mance of the implant was evaluated by tensile tests 
to obtain stress and deformation curves, which 
revealed that the best strength and elasticity char-
acteristics were obtained when the concentration 
of SF was increased up to 6% in the coating. The 
performance obtained with that condition pres-
ents significantly better mechanical properties and 
compliance than commercial Dacron® implants  
tested. 

Other reports propose the development of vas-
cular implants by means of the electrospinning tech-
nique. Cattaneo et al.78 used this technique to study 
tubular implants for vascular application. Their 
electrospun SF tubular structures were implanted in 

TABLE 1: (continued)
Materials Manufacturing 

method
Development level Main results Ref.

Silk fibroin, 
PGDE

Electrospinning, 
coating 

Mechanical tests The implants with a coating had 
almost 3 times less compliance than 
the electrospinning graft without 
sponges

Sato et al.80

Silk fibroin Freeze drying In vivo Sprague-
Dawley rats

Physiological development of the 
regenerative vasculature is based 
on the collaborative updating 
between new capillaries and 
hierarchical vessels, and that the 
fractal characteristics of the vascular 
network are a sign of maturation of 
new vasculature

Zhan 
et al.81

Silk fibroin Freeze drying In vivo 
(male mice)

The channels promoted host vessel 
infiltration deep into the scaffolds 
and integration with in vitro 
prefabricated vascular structures

Zhang 
et al.82

FIG. 4: Structure of silk fibroin scaffolds. Sample manu-
facture by SKE Research Equipment®.
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mouse abdominal aorta. After 7 days, the implant 
was extracted, and morphological and immunohis-
tochemical analyses indicated growth and regenera-
tion of smooth muscle cells, elastin, and endothelial 
cells forming a new inner layer similar to the na-
tive internal vascular structure. The results were 
attributed to the use of the SF and the structure of 
the fibers obtained by the electrospinning technique, 
which generates a porous arrangement with fiber di-
ameters at micro and nanometric scale, also a large 
surface area that favors cell adhesion.

The electrospinning technique is also used to 
develop tubular scaffolds for vascular applications 
in the replacement of small diameter vessels. The 
SF and biopolymers generated homogeneous mix-
tures. Zhou et al.79 manufactured tubular implants of 
SF and collagen by this technique, varying the con-
centration of collagen. They reported that increasing 
the collagen content increases the diameter of the 
fibers and the crystallinity of the biomaterial. On the 
other hand, water uptake and tensile strength did not 
present significant changes with the variation of col-
lagen content. In addition, the range of elongation 
decreased by adding 10% of collagen, due to the in-
crease in the crystallinity of the SF.

Sato et al.80 performed a tubular SF electrospin-
ning implant reinforced with SF/PGDE sponges to 
improve its mechanical strength. The coating with 
the sponge improved the tensile strength and the 
elastic modulus circumferentially and longitudi-
nally, in comparison with the SF implant developed 
by electrospinning without the coating. However, 
the implants with a coating had almost three times 
less compliance than the electrospinning graft with-
out sponges. Both implants demonstrated superior 
mechanical properties than the commercial ones 
manufactured with PTFE.

Another aspect of great importance for bioma-
terials to be implanted is its porous structure, since 
it allows cell infiltration, cell growth and prolifer-
ation. Zhan et al.81 and Zhang et al.82 manufactu-
red SF scaffolds using tubular preforms and freeze 
drying to induce pore formation and create a mic-
ro-network. To evaluate micro vascularization, they 
conducted in vivo and in vitro studies of acellular 
and cellular implants. Results showed that the SF 
structures with interconnected pores and with a 

cellular pretreatment improved the biochemical re-
sponse and favored revascularization and cellular 
regeneration times.

V.  MODIFICATIONS OF SILK FIBROIN FOR 
VASCULAR APPLICATIONS

Efforts have been made to improve the SF’s hemo-
compatibilityby using anticoagulants. Wang et al.83 
performed a modification to the SF with hirudin, a 
direct inhibitor of thrombin, to enhance its antithrom-
bogenic properties. The in vitro study showed that 
the modified films had no cytotoxicity and promoted 
adhesion and proliferation of fibroblasts, endothelial 
cells, and smooth aortic muscle. Measurements of the 
extrinsic coagulation pathways between the activated 
partial thromboplastin time (APTT), prothrombin 
time (PT), and thrombin time (TT) demonstrated that 
functionalized SF films increased the times of the co-
agulation cascades compared to the unmodified films.

Gao et al.68 modified SF with fucoidan, an anti-
coagulant. For this biomaterial, the in vitro antico-
agulant response of APTT, PT, and TT films were 
studied. The proliferation and viability of endothe-
lial cells in interaction with the developed films were 
evaluated by the micropipette aspiration technique 
and the MTT test, respectively. The results indicated 
that the presence of fucoidan increased the rough-
ness and hydrophilicity of the material; likewise, it 
was determined that the sulfate component of the 
surface of the film did not interfere the formation 
of the β-sheet structure in the fibroin. Therefore, the 
presence of fucoidan improved anticoagulant activ-
ity and endothelial cell affinity.

Wang et al.84 modified SF through polymeriza-
tion with ferulic acid, a compound found in medic-
inal plants from China. Ferulic acid is also known 
as an antioxidant present in fruits such as oranges.85 
The anticoagulant activity of the modified SF was 
evaluated by measurements of in vitro coagulation 
cascades by detection of photooptical clots and with 
the LeeWhite test tube method. The results indi-
cated that anticoagulant activity improved signifi-
cantly compared to SF samples without treatment. 
The surface morphology of the SF changed due to 
the incorporation of ferulic acid, but did not gener-
ate alterations in the β-sheet conformation.
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Gu et al.86 reported modifications of the SF to 
obtain films’ superficial sulfonation by means of a 
plasma treatment of SO2 gas or by two-stage pro-
cess with NH3 gas plasma and 1,3-propane sultone. 
APTT, PT, and TT tests showed that the antithrom-
bogenic properties were remarkably increased as 
compared to the untreated films. This behavior 
was attributed to the superficial sulphonation of the  
films.

Liu et al.30 developed an electrospinning struc-
ture composed of sulfated SF nanofibers to evalu-
ate its anticoagulant and cytocompatible behavior. 
Fourier-transform infrared spectroscopy (FTIR) an-
alyzes verified the incorporation of the sulfate group 
in the SF’s structure. The sulfate groups in SF nano-
fibers provide anticoagulating function, which pro-
mote the adhesion and proliferation of endothelial 
and smooth muscle cells in the SF scaffold.

Wang et al.,88 Zhu et al.,89 and Zamani et al.90 

studied heparin-modified SF, finding that coagula-
tion time tests showed longer times compared to 
SF scaffolds without heparin. In addition, the hep-
arin-modified SF presented cell adhesion, cell pro-
liferation and reduction in the rate of activation of 
macrophages, causing decrease in the inflammation 
process. Seib et al.87 studied low molecular weight 
heparin to modify the SF, acting as a carrier of vas-
cular endothelial growth factor and improved hemo-
compatibility. The thrombogenic response was low 
and comparable to commercial PTFE implants.

VI. CONCLUSIONS

The state of the art detailed in this review shows 
that silk fibroin is a biomaterial with properties 
such as biocompatibility, biodegradability, hemo-
compatibility, in addition to promoting the adhesion 
and proliferation of endothelial and smooth muscle 
cells. This provides excellent functional and struc-
tural characteristics such as tolerance to fatigue, 
permeability, and porosity, making it a viable ma-
terial for the manufacture of vascular implants. Fur-
thermore, considering the different manufacturing 
methods, SF could open opportunities for new de-
velopments in vascular implants. Silk fibroin allows 
modifications to improve hemocompatibility, in-
creasing its potential use as a biomaterial in vascular 

applications. For this reason, silk fibroin should be 
considered as a promising material, given its facility 
to be transformed into a fibrous structure by differ-
ent techniques, which favors the integration with the 
native extracellular matrix of the vessel.

VII. FUTURE WORK

Some topics of interest in the SF’s field are the 
amount of each type of structure in the different 
types of materials, the prevention of the inflamma-
tory response when implanting the material, and the 
advantages and disadvantages of SF implants for 
clinical transition. There are few reports that present 
disadvantages of SF as an implantable material.

Few studies report the amount of β-sheets pre-
sented in the material since the content of crystal-
line structures leads to the mechanical performance 
of the material.77,91 However, studies with specific 
data are not presented because the structure of the 
SF varies depending on the raw material, the form 
of degumming and dissolution, and the method of 
manipulating the material.92 Immersion treatments 
and atmosphere saturated with organic solvents, 
such as methanol and ethanol, are used to enrich the 
percentage of crystalline structures,61,93 which can 
control the rate of degradation of the material, with 
which the degree of inflammation can be decreased 
by the response of the immune system.94,95
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