
Electrospun silk fibroin–gelatin composite tubular matrices as scaffolds 
for small diameter blood vessel regeneration

Chiara Marcolin1 
● Lorenza Draghi1,2 

● MariaCristina Tanzi2 
● Silvia Faré1,2

Abstract In this work an innovative method to obtain natural and biocompatible small diameter tubular structures is 
proposed. The biocompatibility and good mechanical properties of electrospun silk fibroin tubular matrices (SFts), 
extensively studied for tissue engineering applications, have been coupled with the excellent cell interaction properties of 
gelatin. In fact, an innovative non-cytotoxic gelatin gel, crosslinked in mild conditions via a Michael-type addition reaction, 
has been used to coat SFt matrices and obtain SFt/gel structures (I.D. = 6 mm). SFts/gel exhibited homo-geneous gelatin 
coating on the electrospun fibrous tubular structure. Circumferential tensile tests performed on SFts/gel showed mechanical 
properties comparable to those of natural blood vessels in terms of UTS, compliance and viscoelastic behavior. Finally, SFt/
gel in vitro cytocompat-ibility was confirmed by the good viability and spread morphology of L929 fibroblasts up to 7 days. 
These results demonstrated that SFt/gel is a promising off-the-shelf graft for small diameter blood vessel regeneration.

1 Introduction

Because of the increasing incidence of both peripheral 
arterial occlusive diseases and coronary heart diseases, there 
is a tremendous need for small diameter vascular grafts [1, 
2]. Synthetic grafts (i.e. Dacron®, Goretex®) represent a 
successful and consolidated solution for the replacement of 
large and medium diameter vessels (I.D. > 6 mm), but their 
application as small diameter vessel substitutes presents 
some limitations such as thrombosis, compliance mis-
matches and intimal hyperplasia thus limiting their effec-
tiveness in clinics [1–5]. In this regard, the clinical gold 
standard for small diameter vessel replacement is the use of 
autologous vessels, such as saphenous vein or internal 
mammary artery. However, the possible damaged condi-
tions of these vessels, due to the presence of cardiovascular
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disease, and the need for repeated surgery procedures limit 
the use of autologous grafts [6, 7].

To overcome these limitations, vascular tissue engi-
neering represents a promising approach by developing 
functional grafts with morphological, mechanical and bio-
logical properties similar to those of native vessels [8]. In 
particular, all the limitations encountered by both synthetic 
and autologous grafts have to be addressed to propose a 
new strategy for small diameter vascular grafts, where 
another major requirement is the capability to mimic the 
natural tissue in terms of structure and function.

The host-material response is mainly related to the kind of 
the building blocks (i.e., material) and their architecture (i.e., 
morphology). Concerning the choice of the material, natural 
polymers are advantageous because of their reduced cyto-
toxicity and inflammatory host response [9]. In this class, silk 
fibroin (SF) and gelatin have been shown promising as 
scaffolding materials [10–13]. In particular, silk from silk-
worm Bombyx mori has been widely studied and char-
acterized for biomedical applications [14–16]. Bombyx mori 
silk fibers are composed by two proteins, fibroin and sericin; 
as sericin can cause possible non-physiological inflammatory 
reaction, it is necessary its removal by a degumming process. 
SF after degumming maintains good mechanical properties, 
biocompatibility, slow in vivo degradation rate, and versatile 
processability [3]. SF can be processed by different techni-
ques [17–20], where electrospinning (ES) is of particular 
interest because it allows the production of fibrous structures 
which can provide a nanofibrous biomimetic architecture for 
cells. Furthermore, electrospun matrices have a high surface 
to volume ratio, that offers a large surface area for cell 
attachment [21]. Finally, ES is a versatile and simple fabri-
cation method, and also tubular scaffolds with desirable 
diameters may be produced [1, 2, 22]. ES-SF tubes have 
shown mechanical and biological properties very promising 
for their possible application as vascular grafts [1, 7, 23]. In 
fact, their compliance value is close to physiological values 
reported for Goretex® and Dacron® [2, 24, 25], and the burst 
pressure of the electrospun SF tubes is higher than in vivo 
systolic pressure up to pathological values (220 mmHg), even 
if it is still lower than the typical value of human saphenous 
vein (1600 mmHg) [26]. Recently, Enomoto et al.[27] 
demonstrated that a small caliber graft woven from silk fibroin 
shows in vivo long-term patency and the SF matrix results 
colonized by endothelial cells and smooth muscle cells. 
Cattaneo et al. [10] reported the formation of new vascular 
tissue, with elastin layer in the inner lumen, at 7 days after 
implantation into rat abdominal aorta.

To further improve the mechanical and biocompatibility 
properties of SF structures, Marelli et al. [9] proposed an 
innovative vascular graft by hybridization of electrospun SF 
tubes with collagen gel. The obtained structure demonstrated 
compliance value similar to the one of saphenous vein, and

good in vitro cell interaction. However, collagen is potentially 
immunogenic because of its animal origin, and it presents high 
costs [11]. To overcome these limitations, gelatin can be used as 
an alternative. Gelatin is a natural polymer obtained from 
denaturation and partial hydrolysis of collagen [12]; it repre-
sents an excellent and promising material for biomedical 
applications, as it is biocompatible, biodegradable, non-
immunogenic, easy to process and inexpensive. Furthermore, 
gelatin does not activate or bind to platelets [28], which is an 
important characteristic for a material envisioned for vas-
cular tissue engineering applications. Gelatin gels are cur-
rently studied as sealant for vascular prostheses [29] and in 
many drug delivery systems and tissue engineering appli-
cations [13, 30]. However, these gels present two important 
limitations: the inherent weakness and their solubility at 
physiological pH and temperature [11]. For this reason, 
thermal and mechanical stability of gelatin hydrogels has to 
be improved by physical or chemical crosslinking. Physical 
methods (e.g. UV-irradiation and dehydrothermal treatment) 
present some limitations, such as the low efficiency and the 
difficulty of control the crosslink density. On the contrary, 
gelatin hydrogels obtained by chemical crosslinking show 
higher thermal and mechanical stability [13, 29]. However, 
the crosslinkers (e.g. glutaraldehyde) may induce cytotoxic 
effects or immunological responses from the host [31]. The 
combined use of SF and gelatin has been proposed to join the 
advantages of the two materials and minimize their 
drawbacks [32–35]. In particular, blends of the two natural 
polymers have been electrospun to produce scaffolds for 
vascular tissue engineering or drug delivery systems. Even if 
preliminary results are promising, this approach has some 
intrinsic limitations, as crosslinking reaction with 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC) post-

electrospinning results in fiber morphology alteration [33] or 
in inadequate thermal stability [34].

In the present work, an innovative chemical reaction to 
crosslink gelatin onto the SF tubular surface is reported. 
This method occurs in mild conditions and has already 
proven to allow the production of cytocompatible gels with 
thermal stability at 37 °C [36]. Crosslinked gelatin gel is 
used as coating of ES-SF tubular matrices (I.D. = 6 mm) to 
obtain an innovative small diameter vascular graft. The gel 
coating is promising to enhance cell interaction and also 
offers the possibility to be loaded with drugs or growth 
factors for promoting new tissue formation.

2 Materials and methods

2.1 Materials

Silk fibroin (SF) films were kindly supplied by INNOVHUB
—SSI, Div. Stazione Sperimentale per la Seta, Milan, Italy.



Poly(ethylene oxide) (PEO) with a nominal molecular 
weight of 2 × 105 Da, gelatin type A from porcine skin, 
triethylamine (TEA), methylenebisacrylamide (MBA), and 
all basic chemicals were obtained from Sigma Aldrich 
(Germany).

In vitro cell tests were performed with L929 murine 
fibroblast cell line (ECACC n° 85011425). Dulbecco’s 
Modified Eagle Medium (DMEM), fetal bovine serum 
(FBS), dimethyl sulfoxide (DMSO), MTT assay and Ala-
mar Blue® assay were purchased from Sigma Aldrich.

2.2 Electrospun SF tubular matrices (SFts)

Electrospun silk fibroin tubular matrices (SFts, internal 
diameter, I.D. = 6 mm, length = 20 cm) were obtained from 
silk fibroin films as previously described [2]. Briefly, SF 
films were dissolved in formic acid (≈98%) at room tem-
perature under mild stirring at a concentration of 7.5% w/v. 
Then fibroin solution was perfused by a syringe-pump in an 
electrospinning equipment. SFts were produced using as 
collector a stainless steel rotating mandrel (Ø = 6 mm, 2000 
rpm) and moving the spinneret along the tube axis (spinneret 
speed = 140 mm/s) [2].

For an easier removal of the electrospun SFts from the 
mandrel, a solution of PEO in distilled water (7.5% w/v) 
was prepared and electrospun on the tubular collector 
before SF electrospinning. The process parameters used 
for the two polymeric solutions were 1.1 ml/h flow rate, 
10 cm electrode distance, 24 kV voltage and the deposi-
tion time was 5 and 180 min for PEO and SF solutions, 
respectively.

After SF nanofiber deposition, complete solvent eva-
poration from tubular matrices was achieved by overnight 
drying at room temperature. Tubes were treated with 
methanol (>99.9%) for 15 min to induce SF crystallization 
[2] and PEO was then removed by washing the tubular 
structures in distilled water at 37 °C under mild stirring for 
48 h; at the end, tubular matrices were dried under hood at 
room temperature till complete water evaporation.

2.3 Electrospun SFts/gelatin composite matrices

(SFts/gel)

Electrospun SF tubes were coated with a gelatin gel
crosslinked via a Michael-type addition reaction. The gel
was prepared by dissolving 1 g of type A gelatin in 6 ml of
distilled water at 50 °C; then, 20 μl of TEA were added to
increase the pH up to 10 to facilitate the deprotonation of
lysine amino groups, that in this way can bind to the
crosslinking agent (MBA) methylene groups by breaking
the double bond. Finally, MBA was added to the reaction
mixture, under stirring. For the crosslinking reaction to

1: rotating battery motor
2: polymeric connections 
3: glass rotating mandrel 

for SFt

4: Falcon tube
5: ball bearing

Fig. 1 SFts coating device. a System developed for the gelatin gel 
coating: the glass mandrel is inserted in the Falcon tube and coupled 
with a DC motor rotating at 5 rpm. b SF electrospun tube mounted on 
the glass mandrel

occur, the reaction solution has to remain at 50 °C for 24 h 
[36].

In order to achieve a homogeneous coating on the SF 
tubular structure, it was necessary to maintain SFt structures 
in mechanical rotation during the gelatin crosslinking. For 
this purpose, a home-made system was designed and fab-
ricated (Fig. 1a). SFt samples (length = 4 cm) were moun-
ted on a rotating glass mandrel (Fig. 1b) and dipped in 
gelatin/MBA water solution. The mandrel was then moun-
ted inside a 50 ml Falcon tube and coupled with a motor 
rotating at 5 rpm. All the components of the system were 
pre-heated at 50 °C, and the coating was carried out in an 
oven at 50 °C so to avoid gelatin gelification due to a 
decrease in temperature before the SFt coating procedure. 
The system (Fig. 1) was maintained in the oven in order to 
allow the crosslinking reaction (50 °C, 24 h).

SFt/gel structures thus obtained were purified to elim-
inate possible unreacted MBA by a washing process, con-
sisting of consecutive steps in pure ethanol and distilled 
water [36]. The samples were then dehydrated by dipping in 
ethanol solutions and stored at room temperature under 
reduced pressure.

2.4 Morphological characterization

The wall thickness of SFt and SFt/gel samples (n = 7) after 
swelling in water was measured with a micrometer (Somet). 

The morphology of electrospun fibers was evaluated by 
scanning electron microscopy (SEM, StereoScan 360, Cam-

bridge Instruments). The average fiber diameter was calcu-
lated from SEM images acquired on five different SFt 

samples. For each sample, 20 measurements were acquired



by using ImageJ v.1.42q software (US National Institute of 
Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/).

The distribution of the gelatin coating on SFts was 
evaluated by SEM analysis. SFt/gel samples were prepared 
through dehydration of the samples in two concentrations of 
ethanol solutions (50% for 2 h, and 100% for 2 h). Samples 
were dried under hood at room temperature, sputter-coated 
with gold (Edwards Sputter Coater 5150B) and observed 
with a 10 kV accelerating voltage at different magnifications 
(500x, 1500x, 5000x).

2.5 Swelling and weight loss analysis

The water absorption and the kinetics of degradation of the 
gelatin coating were determined by swelling SFt/gel samples in 
2 mL distilled water at 37 °C. SFt samples were used as 
control. Five samples (cylinders, length = 5 mm) for each 
material were used. Wet sample weight at different time-
points up to 25 days was determined by blotting the sample 
surface with filter paper to remove the water in excess and 
then weighed immediately. The percentage of water absorp-
tion or weight loss of the samples was calculated as follows:

Weight variation ¼ wi � wo

wo
� 100%; ð1Þ

where wi represents the wet weight of the samples at the time 
point i and w0 is the initial dry weight of the samples.

2.6 Mechanical characterization

The mechanical characterization of SFt/gel structures was 
performed using a dynamic-mechanical analyzer (DMA, 
Q800, TA Instruments) with tension film grips modified ad 
hoc. The tubular structure was cut into 5 mm length to 
prepare o-ring-shaped specimens. The samples (n = 5 for 
each test and material) were soaked in distilled water for 10 
min before testing and hooked by two stainless steel L-
shaped wrenches (0.5 mm diameter, Fig. 2). The obtained 
results were compared with the ones of SFt. The following 
tensile tests were performed at 37 °C: circumferential, cyclic, 
stress relaxation and recovery.

2.6.1 Circumferential tensile tests

Circumferential tensile tests were performed with a preload 
of 0.005 N and a force ramp of 0.5 N/min up to sample 
break. The results are reported as stress/strain curves. 
Mechanical parameters for both the structures were calcu-
lated: elastic modulus (E), ultimate tensile stress (σb) and 
strain at break (εb).

In accordance with Catto et al. [1], theoretical burst 
pressure (Pb) values of the two structures were calculated by

rearranging the Laplace’s law for a pressurized thin-walled
hollow cylinder:

Pb ¼ S� σb
r

; ð2Þ

where r and S represent the internal radius of the sample and
the wall thickness, respectively.

2.6.2 Cyclic tests and calculation of compliance

For cyclic uniaxial tensile tests, samples were subjected to a
preload of 0.05 N prior to undergoing 50 cycles of loading/
unloading between 0.3 and 0.6 N at a frequency of 1 Hz.

The applied load values were defined upon the trans-
mural pressures that act on a thin wall deformable tubular
structure [37, 38]. In fact, the ring-shaped samples were
considered as sections of a vessel with homogeneous
internal pressure; the circumferential stress σ applied to the
wall can be considered homogeneous and calculated again
according to Laplace’s law (3):

σ ¼ r � P

S
ð3Þ

Fig. 2 Set-up used for mechanical tests; detail of the modified tension
film grips

http://rsb.info.nih.gov/ij/


where P is the pressure across the wall, r and S represent the
internal radius of the sample and the wall thickness,
respectively. Being σ related to the force (F) applied to the
tubular sample of thickness S and length L by (4):

F ¼ 2� S� L� σ ð4Þ

it is possible to relate the transmural pressure P to F. In
particular, force values used during the test correspond to
physiological pressure values of 80 and 140 mmHg. The
results, in terms of elongation in time, were used to
calculate the theoretical values of compliance for the two
structures in accordance with the standard ISO/TC 150/SC
2/WG 3 N42:

Compliance ¼
Δr
r1
� 100
ΔP
100

; ð5Þ

with Δr = r2–r1, where r2 and r1 are the sample radius 
dimensions corresponding to the pressure values P2 and P1 
(140 and 80 mmHg), and ΔP = P2–P1.

2.6.3 Viscoelastic behavior

For stress relaxation analysis, samples were subjected to 
four cycles of relaxation and recovery. The duration of both 
the stress relaxation and the recovery phases was 2 min. The 
strain value applied was set to 10% according to previous 
work [37] and, as in previous procedures, preload was 0.05 
N. The applied strain value belongs to the elastic range of σ/ε 
curves of the two structures.

2.7 In vitro cell tests

For cell experiment, flat circular samples (Ø = 6 mm) were 
punched from SFt and SFt/gel conduits, and disinfected 
with 70% ethanol solution for 1 h and by UV exposure for 
15 min. Five disks for each material were seeded with 200
μl of L929 cell suspension (cell density = 104 cells/sample) 
in complete DMEM. Tissue culture polystyrene (TCPS) 
wells seeded with cells were used as control. After 1, 3 and 
7 days, cell viability was evaluated by Alamar Blue® assay 
by reading the absorbance values at 570 nm using a spec-
trophotometer (TECAN, Genios Plus). For each time point, 
cell morphology was analyzed by SEM on samples fixed 
with 1.5% v/v glutaraldehyde in 0.1 M sodium cacodylate, 
dehydrated in a graded ethanol series and sputter-coated 
with gold (Edwards Sputter Coater 5150B).

2.8 Statistical analysis

Data, where applicable, were expressed as mean ± standard 
deviation and statistically compared by two-tailed t-Test (n 
= 5, significance level = 0.05).

3 Results

3.1 Morphological characterization

3.1.1 SFt structures

Tubular silk fibroin structures with 6 mm internal diameter 
were successfully obtained by electrospinning process (Fig. 
3). The wall thickness of SFt was 212 ± 43 µm. SEM 
analysis showed homogeneous electrospun fibers (Fig. 3b) 
with random distribution despite the relatively high rotation 
speed of the mandrel (2000 rpm). Diameter values of the 
fibers were in the range 400–1200 nm following a bell-
shaped distribution, with curve peak at about 650–700 nm 
(Fig. 3c).

3.1.2 SFt/gel structures

The coating of SFts with crosslinked gelatin gel (Fig. 4a) 
caused, as expected, an increase of the wall thickness. In fact, 
wall thickness of hydrated SFts/gel was 307 ± 45 µm, 
showing an increase about 44% compared to the SFt one.

Fig. 3 a Macrograph of the electrospun SFt; b SEM image of the
random distribution of SFt fibers (scale bar= 20 µm); c fiber diameter
distribution of SFt obtained by ImageJ



The gel reached the internal surface of the tubular 
structure, without causing occlusion of the tubular sample 
lumen.

SEM images were used to evaluate the distribution of 
gelatin gel on tubular samples both on the internal and the 
external walls of the structure. Figure 4c of the external 
surface of a SFt/gel sample showed the presence of gelatin 
coating with a homogeneous distribution on an electrospun 
matrix whose fibrous structure was still visible. Gelatin was 
extensively present also on the internal surface of the tub-
ular construct (Fig. 4d), suggesting the homogeneity of 
coating within the wall thickness of the tube, as shown also 
in the cross-section of SFt/gel samples (Fig. 4b).

3.2 Swelling and weight loss test

The stability of the gelatin coating was evaluated in water at 
37 °C up to 25 days. SFt samples, used as control, reached

the plateau in few days (about 50 h), with a mean weight 
variation of 1100% (Fig. 5).

SFt/gel samples showed greater water absorption with 
mean weight variation values up to 1600%. The significant 
difference between SFt and SFt/gel (+45%) is due to the 
presence of the gelatin gel that has a high ability to swell in 
water [36]. SFt/gel behavior showed that gelatin coating is 
stable up to 300 h (about 13 days), then gel degradation 
occurred, with a slow rate.

3.3 Mechanical characterization

3.3.1 Circumferential tensile tests

The mechanical behavior of SFt and SFt/gel was assessed 
by circumferential tensile tests. Representative stress-strain 
curves of the two materials are reported in Fig. 6.

Fig. 4 Morphological
characterization of SFt/gel. a
Macrograph of an as made SFt/
gel sample. SEM micrographs of
the cross-section b (scale bar=
20 μm), the external c and the
internal d surfaces of SFt/gel:
crosslinked gelatin gel is
homogenous on both sides and
fiber morphology is still visible
(scale bar= 10 μm)



Fig. 5 Swelling behavior and weight loss for SFt and SFt/gel up to day
25 (600 h)

Fig. 6 Representative stress–strain curves for SFt and SFt/gel obtained 
in circumferential tensile tests

The burst pressure (BP) of the two structures was cal-
culated according with the Laplace’s law from the UTS 
values obtained in the tensile circumferential tests. Even if 
the burst pressure is higher for SFt (1279 ± 317 mmHg) 
compared to SFt/gel (1075 ± 444 mmHg), these values are 
not statistically different (p = 0.17, Fig. 7).

3.3.2 Cyclic tests

The results of cyclic tests, in terms of elongation in time, 
have been used to calculate the compliance between 80 and 
140 mmHg for the two structures. SFt/gel has a similar 
compliance value than SFt (5.48 ± 0.13 and 4.59 ± 0.10 
respectively, p = 0.19).

3.3.3 Viscoelastic behavior

The representative stress relaxation/recovery behavior of 
SFt and SFt/gel is illustrated in Fig. 8. Trends showed the 
typical viscoelastic response, but due to the lower stiffness, 
SFt/gel structures reached lower stress values than SFt (see 
Table 1).

Fig. 7 Estimated burst pressure values of SFt and SFt/gel compared to
that of human saphenous vein

Fig. 8 Stress relaxation a and recovery b curves of SFt and SFt/gel

3.4 In vitro cell tests

Alamar Blue® assay on cells cultured on SFt and SFt/gel 
samples revealed a linear increase of L929 cell viability 
with culture time for both materials (Fig. 9a). In general, 
there was no statistical difference in cell metabolic activity 
on the two structures (p = 0.36) and, at day 7, cell viability 
on SFt and SFt/gel was comparable (p = 0.51) to control 
(TCPS).



SEM micrographs showed L929 cells well adhered to SFt 
and SFt/gel fibers already 24 h after seeding (Fig. 9b and e). 
For increasing culture time (i.e., day 3 and day 7), a more 
flattening and spreading cell morphology was observed (Fig. 
9c, f and d, g). 7 days after seeding, the surface of SFt/gel 
structures was almost entirely covered by flattened 
fibroblasts, and above them numerous rounded cells were 
also found probably due to an intense cell proliferation.

4 Discussion

Concerning the morphological characterization, the random 
nanofiber orientation and morphology obtained has been 
previously demonstrated to be adequate for the regeneration 
of small caliber blood vessels in vivo [10]. The diameter of 
fibers measured is consistent with those reported in previous 
works [1, 2] for ES-SF tubular structure obtained with the 
same SF solution concentration and process parameters. 
Therefore, SF electrospinning proves once again to be a very 
reproducible process.

The observed swelling behavior for SFts is due to the 
porous structure of the electrospun matrix, which therefore is 
able to hold water among the nanofibrous mesh. Results of 
swelling and weight loss tests for SFt/gel samples proved 
that the crosslinking method used for gelatin has a positive 
effect on gel stability, especially if compared to gelatin gels 
crosslinked with standard methods, i.e. genipin and EDC, 
which generally are stable up to few days [39, 40]. Such a 
good stability is an important feature for the application 
envisioned; in fact, gelatin coating offers both a high 
cytocompatible substrate, promoting cell adhesion and 
proliferation, and causes a low platelet adhesion, which are 
key factors particularly in the early stages of vascular 
regeneration.

Regarding the mechanical characterization, for each 
stress-strain curve reported in Fig. 6, three regions have been 
defined: region I, where low stress values cause high 
deformations, probably due to the fiber rearrangement 
towards the direction of the external force applied; region II, 
with an almost linear response, and region III where a 
decrease of the slope of the curve for the yielding of 
nanofibers is observed until break. In particular, although

the region I is qualitative similar for SFt and SFt/gel, in 
region II a higher increase in the stress values (i.e. a higher 
stiffness, p = 0.038) is evidenced for SFt compared to the 
gelatin coated one. In region III, SFt/gel behavior is slightly 
different compared to region II; in fact, there is no statistical 
difference between the stiffness values of the last two 
regions (p > 0.073), whereas for SFt the curve slope 
decreases significantly compared to region II (p = 0.042). 
Comparing SFt with SFt/gel samples (Table 1), the values of 
elastic modulus and UTS were significantly different (p = 
0.045 and p = 0.042, respectively). In fact, SFt/gel has lower 
mechanical properties than SFt due to the presence of gelatin 
coating, which balances the higher mechanical properties of 
SF alone. Ultimate tensile stress (UTS) value for SFt 
confirms the results found by Soffer et al. [22] for SF 
electrospun tubular structures. Concerning SFt/gel matrices, 
as expected, the UTS value is higher than those obtained for 
other natural polymer vascular grafts [41, 42], but lower than 
synthetic polymer grafts [43, 44] also when coated with 
collagen [45]. Hence, SF confirms to have excellent 
mechanical properties among natural polymers. Moreover, 
UTS value for SFt/gel is very close to that of native aorta 
(UTS = 1.2 MPa) [43]. SFt/gel elastic modulus is similar to 
that obtained for ES-SF tubular matrices with smaller 
diameter (i.e. 1.5 mm) [1], which have been suc-cessfully 
implanted in rat abdominal aorta [10]. As for UTS value, 
SFt/gel elastic modulus is higher than that found for natural 
grafts [42], but lower than synthetic grafts [46]; furthermore, 
it is in the range of the stiffness of natural blood vessels (E = 
0.26–14.5 MPa) [47, 48].

The estimated burst pressure values of the two structures 
are lower than the burst pressure of the human saphenous 
vein, considered the gold standard for vascular bypasses; 
anyway they are much higher than physiological and 
pathological hemodynamic pressures, so potentially SFt and 
SFt/gel are able to resist to in vivo stresses caused by blood 
flow even in pathological condition. Furthermore, after 
implantation, the graft is intended to be colonized and 
remodeled by surrounding cells, hence helping it to sustain 
physiological loading. The estimated BP value for SFt is 
higher than those reported in other works for ES-SF tubular 
matrices [1, 2, 9, 22]. This difference can be explained not 
only by the different method used, but also by the wall 
thickness which is greater for SFt (ca. 210 µm) compared to

Table 1 Values of the
considered mechanical
parameters obtained by
circumferential tensile tests for
SFt and SFt/gel scaffolds

Elastic modulus
[MPa] (*)

Strain at break (%) UTS [MPa]
(*)

Stiffness region II
[MPa] (*)

Stiffness region III
[MPa] (*)

SFt 1.82 ± 0.49 141.53± 24.40 2.41± 0.69 3.01± 0.73 1.56± 0.19

SFt/gel 0.58 ± 0.25 152.72± 41.73 1.17± 0.48 0.88± 0.30 0.70± 0.23

Values are expressed as mean and standard deviation

(*)= p< 0.05



Fig. 9 Biocompatibility
characterization of SFt and SFt/
gel. a Alamar Blue assay
showed good cytocompatibility
of the two structures, when
compared to the control (TCPS).
In fact, fibroblasts viability
increases with culture time.
SEM micrographs of fibroblasts
cultured on SFt b–d and SFt/gel
e–g samples at day 1, 3 and 7
respectively. Cells were found
spread and flatten out already
after 1 day of culture. At day 7,
there is a greater number of cells
on SFt/gel compared to SFt.
Scale bar= 50 μm, micrographs
taken at 10 kV



SFt and SFt/gel structures demonstrated very good in vitro 
cytocompatibility, in accordance with previous studies 
focusing on in vitro interactions of different cell types with 
ES-SF [1, 2, 9]. Despite the low difference observed in vitro, 
gelatin coating still remains an important feature for 
successful graft application, as it can act as a sealant for the 
first stages after implantation and also induces low platelet 
adhesion [28].

5 Conclusion

The innovative method evaluated here for coating ES-SF 
tubular scaffold with crosslinked gelatin gel, appears as an 
effective strategy to overcome the several limitations 
encountered by standard small diameter blood vessel grafts. 
To the best of the authors’ knowledge, gelatin gel has never 
been used as coating of small diameter vascular grafts before. 
Due to its biocompatibility, gelatin is used as sealant of large 
caliber synthetic vascular prostheses, where it has 
demonstrated to improve cell interaction [55]. Compared to 
other natural proteins (i.e. collagen, elastin, fibrin, fibro-
nectin) investigated as coating for decellularized or syn-thetic 
vascular grafts to improve their cytocompatibility [45, 56, 57] 
or to decrease platelet adhesion (elastin, fibrin) [58–60] 
gelatin not only possesses excellent cytocompatibility, but it 
also causes low platelet adhesion. Furthermore, gelatin is less 
expensive than all the other biomolecules and more easily 
available.
The crosslinking method developed overcomes gelatin 
limited stability at 37 °C, as the gel coating proved to be 
stable up to 13 days while maintaining good cell compat-

ibility, which is therefore not significantly affected by the 
crosslinking reaction. In addition, for the first time, a gelatin 
coating has been used on a natural polymer vascular graft. 
The use of SF for graft structure allows to overcome many 
problems related to both decellularized matrices (i.e. 
thrombosis, calcification and immune response against donor 
cell remnants) [57] and synthetic polymers (i.e. thrombosis 
and anastomotic intimal hyperplasia) [58–61] in  small 
caliber vessel replacement or regeneration. Electro-spun 
fibroin grafts have already demonstrated excellent properties 
for vascular regeneration in an in vivo study [10]. The 
innovative SFt/gel structure developed in this work not only 
demonstrated adequate morphological properties (to support 
cell colonization), but also suitable structure degradation 
kinetics, and burst pressure and mechanical compliance close 
to saphenous and umbilical veins, the gold standard for small 
caliber vascular replacement. The per se remarkable 
biocompatibility of SF is here combined with a coating that 
acts as a sealant and is capable to pro-mote cell adhesion and 
proliferation in the first days after implantation and, most of 
all, induces low platelet adhesion,

Fig. 10 Estimated compliance values of SFt and SFt/gel compared to 
those of natural vessels and synthetic material (i.e. Dacron®) used as 
vascular grafts. (*) = p < 0.05

the structures characterized in literature (ca 150–180 µm). 
SFt/gel structures showed a BP value lower than synthetic 
grafts [49–53], but higher than other vascular grafts made of 
natural polymers, such as recombinant tropoelastin elec-
trospun tubular matrices [42] and ES-SF tubes coated with 
collagen gel [9].

SFt compliance value is similar to that obtained by 
pre-vious experimental measurements on ES-SF tubular 
structure [2]. SFt/gel compliance is similar to the 
experimental one found by Marelli et al. [9] for ES-SF 
tubes coated with collagen gel. SFt/gel structures showed 
compliance values close to those of autografts and higher 
than both synthetic vascular prostheses (i.e. ePTFE, 
PET) used for vascular replacement and synthetic grafts 
studied in literature [52](Fig. 10). Therefore, SFt/gel 
demonstrated appropriate mechanical properties in terms 
of mechanical strength and elasticity for application as 
small diameter blood vessel graft.

Finally, stress relaxation and recovery behavior suggests 
that when SFt/gel undergoes deformation in vivo, its 
structure will be subjected to a lower stress relaxation then 
the uncoated one. Peak stress values reached by the two 
materials were found to increase by increasing the number of 
cycles. At the end of the first recovery phase, residual 
deformation (Fig. 8b) is observed as fibers do not have 
enough time to recover their initial conformation and remain 
partially aligned. Therefore, during the following cycles, as 
fibers are partially aligned along the loading direction, 
deformation requires higher forces. Deformation imposed in 
subsequent cycles stretches aligned fibers, whose mechanical 
response is more elastic, causing the residual deformation to 
be smaller. For stress relaxation studies there are no standard 
specifications about test parameters, and therefore it is 
difficult to make a compar-ison with other studies. However, 
the viscoelastic response of SFt/gel structures is similar to 
that found for other vas-cular grafts and typical of 
physiological arteries [54].



which both are critical issues in early stages of vascular
regeneration. Hence, the SFt/gel structure represents a
promising alternative to overcome the current graft draw-
backs and obtain a vascular graft with adequate stability as
well as morphological, mechanical and biological properties
for in vivo tissue engineering of small diameter blood
vessel.
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