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In this study, we report the fabrication of two different three-dimensional (3D) architectures of regenerated silk
(RS) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)with embedded functionalities. 3Dprinted cyl-
inders with an internal layer of PHBV and an external of calcium ions (Ca++) or potassium nitrate (KNO3) mod-
ified RS were designed to control the radial shrinkage, water uptake and compression strength. Such cylinders
were then used as sutureless thermoresponsive clips, measuring the bursting resistance once applied on an
anastomized porcine intestine. Experimental data are supported by finite element simulations that model the
tube contraction, demonstrating the possibility to program the shape-changing behavior of 3D printed struc-
tures. Printing RS on PHBV, we obtained responsive 3D grids to external force with self-powering properties.
The synergic effect obtained by combiningmaterials on appropriate architectures paves theway to potential clin-
ical applications ranging from monitoring of vital signs to sutureless sealant patches.
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1. Introduction

Silk fibroin is an advanced biopolymer used for biomedical applica-
tions [1,2] that has thermoplastic properties [3]. Extracted from Bombyx
mori (B. mori) cocoons, the dissolution methods of fibroin proteins reg-
ulate the regenerated silk (RS) assembly and thus the possibility to con-
trol its mechanical behavior, as reported in literature [4–10].

Silk polymorphismhas been used to generate 3D bulkmaterials [11]
and to generate interfaceswith other polymers to obtain compositema-
terials with stimulus-responsive behavior [12].Water, methanol and ul-
traviolet (UV) external stimuli have been used to create micro-
patterned surfaces [13] and water absorption fromwet tissue substrate
generates a compressive strain on hybrid RS films, used as a sealant in
an surgical anastomosis [14].

Bio-based polymers, that can be considered very promising for bio-
medical applications, include polyhydroxyalkanoates (PHAs) [15,16].
In particular, Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
has generatedmuch interest in the PHA family due to its biocompatibil-
ity and mechanical properties. PHBV has demonstrated good process-
ability and has been extensively used to fabricate complex three-
dimensional (3D) geometries for applications in tissue regeneration
and clinical implementation [17–19].

RS and PHBV as individual materials have been studied and
employed as biomaterial inks for 3D printing [20,21]. Their assembly
inmultifunctional composites are usually obtainedwithmulti-step pro-
cedures (i.e. spin coating, nano lithography, dip coating etc) which are
not selective and difficult to apply to complex geometries [13].

The use of additive manufacturing technologies, commonly referred
as 3Dprinting, is extremely useful. 3D printing allows to control the spa-
tial heterogeneity of chemical and physical properties of a 3D structure,
through the precise and predetermined deposition ofmultiplematerials
during the same printing run, starting from a digital model [22,23].

3D printing permits both above mentionedmaterials to be placed in
a specific and designed manner to fabricate complex architectures and
to study the synergy of their properties, an issue that has not been yet
investigated.

RS and PHBV are piezoelectricmaterials with potential clinical appli-
cations in the field of continuous monitoring of vital signs in hospital
setting [24]. RS is also a sealant thermo-responsive material. In this
study, we hypothesized their matching within multilayer 3D geome-
tries, thus developing two multi-material devices of clinical interest. A
3D printed bilayer hollow tubular structure to be used as a sutureless
clip for intestine anastomosis was developed. Anastomosis is the accu-
rate union of two viable structures avoiding tension [25]. Sutureless
anastomosis are deemed to be safe and can be achieved in various
ways [26–28].

The strategy for the activation of our innovative 3D printed system,
relies on the different thermal coefficients of expansion of the RS layer
printed over the PHBV substrate. Thus, the ability of RS to contract
over a tissue once the system is implanted into the human body is com-
bined with the stability of PHBV to seal an anastomosis without the aid
of mechanical sutures. Additionally the piezoelectric effect, that we pre-
viously observed on thermally coupled PHBV and RS bulkmaterials [12]
was increased, by fabricating bilayer grids through extrusion-based 3D
printing.

2. Experimental and methods

2.1. Materials

Sodium hydrogen carbonate (NaHCO3), calcium chloride (CaCl2),
potassium nitrate (KNO3), formic acid (FA), chloroform (CHCl3) and
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV, Mn
2

232,100 g mol−1, Mw 684,700 g mol−1, 23 mol% 3 HV units, custom
grade) were supplied by Sigma-Aldrich. Prior to 3D fabrication, PHBV
was purified according to the procedure described [29] in order to re-
move either production impurities or additives. The characterization
of the purified polymer by proton nuclear magnetic resonance (1H
NMR) and gel permeation chromatography (GPC) has been previously
reported in reference [12]. Purified PHBV was then dissolved in chloro-
form at different concentrations (50, 100 and 150 mg ml−1) to obtain
inks to use in the fabrication step.

B. mori cocoons were degummed in NaHCO3 solution at 100 °C for
30 min to remove the sericin and isolate the fibroin component. Then,
at 100 °C for 30 min; silk fibers were rinsed in deionized water to re-
move residual NaHCO3. The complete treatmentwas repeated to assure
the complete removal of sericin. Wet fibers were left to completely dry
in air at room temperature.

The dry degummed silk fibers were dissolved in CaCl2/FA solution
(0.65 g of silk fibers in 5 ml of FA) to produce a silk solution with silk/
CaCl2 weight ratio 80:20 according to the following procedure. The cal-
culated CaCl2 amountwas previously dissolved in 5ml of FA usingmag-
netic stirring, then the degummed silk fibers were added to the solution
and stirred at room temperature for 5 min to obtain their complete sol-
ubilization. The samples obtainedwith this solution are identified in this
work as RS + CaCl2.

To prepare the silk/CaCl2/KNO3 solution, KNO3 was added to the
silk+CaCl2 solution after silk fiber dissolution and it was stirred for
5 min at room temperature in an uncovered beaker. The KNO3 amount
was calculated as 3.5 wt% of the total weight of the solution. The sam-
ples obtained with this solution are identified in the present work as
RS + KNO3.
2.2. 3D printing of bilayer cylindrical structures

Hollow bilayer cylindrical structures (Fig. 1(a)) were 3D printed
using a piston-driven extrusion-based 3D printer (Fig. 1(b)), featuring
a rotating spindle (spindle diameter = 5 mm, spindle speed =
15 rpm, needle diameter = 0.8 mm) (inset of Fig. 1(b)). The inner
layer was obtained extruding a 150 mg ml−1 PHBV solution in chloro-
form over the rotating spindle, whereas the external layer was made
of silk compound using the same strategy. Two silk compounds were
used (i.e. RS + CaCl2 and RS + KNO3). A tubular monolayer structure
made of PHBV was fabricated as control. The cylinders were first cre-
ated, then measured in diameter, and finally placed vertically on a
petri dish and then placed in a desiccator (RH ≈ 60%, T ≈ 22 °C). To
monitor the variation of the cylinder diameters without creating a sig-
nificant distortion of the measurements, we acquired digital photos be-
fore and after conditioning and uploaded them into AUTOCAD 2012
software. Each image was scaled, taking as reference a graduated ruler
and then four measurements of the diameter were made.
2.3. Materials characterization

The weight variation due to the water absorption of PHBV,
RS + CaCl2/PHBV and RS + KNO3/PHBV tubes was monitored during
the six days of exposure at 37 °C and 90% RH in climatic chamber
(ACS DM1000C15ESS). Weight was recorded daily on three samples
for each composition.

Fourier transform infrared (FTIR, Jasco FT/IR 615) analysis was per-
formed in ATRmode from 1750 to 1450 cm−1 (amide I band). The anal-
ysis was repeated before and after sample conditioning in the climatic
chamber (six days at 37 °C and 90% RH) to evaluate the changes in β-
sheet fraction induced by the treatment. The spectrawere deconvoluted
byfirst smoothing the signalwith a polynomial functionwith a 15-point



Fig. 1. (a) Top- and side-view of the fabricated PHBV (monolayer), RS+CaCl2/PHBV and RS+KNO3/PHBVcylindrical structures. Scale bar indicates 1 cm. (b) 3Dprinting equipment based
on an extrusion system featuring a rotating spindle (highlighted in the inset) that was used for the fabrication of bilayer hollow cylindrical structures. (c) FESEM images demonstrating
laminar structure and sidewall of RS/PHBV bilayer tube. Scale bars indicate 200 μm. (d) FTIR spectra of amide I wavenumber range (1580–1720 cm−1) before and after the treatment in a
climatic chamber for 6 days at 37 °C and90% RH. (e)β-sheet fraction before and (*) after conditioning in the climatic chamber of RS+CaCl2/PHBV (red colons) and RS+KNO3/PHBV (blue
colons) tubes, respectively. (f) Measurements of weight variation due to thewater uptake of the fabricated cylindrical samples, during 6 days at 37 °C and 90% RH in the climatic chamber.
(g) Compression tests equipment andused geometry. (h) Collapse force of PHBV, RS+CaCl2/PHBV and RS+KNO3/PHBV tubes. (For interpretation of the references to colour in thisfigure
legend, the reader is referred to the web version of this article.)
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Savitski—Golay smoothing function, subtracting a linear baseline and
applying a Gaussian deconvolution of the curves by Origin 9 software.

Compressive mechanical properties were determined at a rate of
1 mm min−1 with a tensile testing machine (Lloyd Instr. LR30K)
3

equipped with a 50 N static load cell. A minimum of three load curves
were recorded for each sample.

The surfacemorphologywas investigated by field emission scanning
electron microscopy (FESEM, Zeiss Supra 25).



S. Bittolo Bon, I. Chiesa, D. Morselli et al. Materials and Design 201 (2021) 109492
2.4. Finite element analysis of bilayer cylindrical structure activation

Finite element (FE) models were implemented in Comsol
Multiphysics (Comsol Inc., 5.3) to analyze the contractile capability of
the 3D printed cylindrical structures, due to the negative thermal ex-
pansion coefficient of the RS [30]. In all simulations, the SolidMechanics
application mode in stationary condition was used. 2D plane-strain
models were designed with an out-of-plane thickness of 0.01 m. A
total of 5 differentmodels were implemented, with increased complex-
ity and completeness: i) PHBV; ii) RS; iii) PHBV and RS; iv) PHBV+ in-
testine wall; v) PHBV, RS and intestine wall (i.e. complete model)
(Fig. S1). When RS was included, both RS compounds were simulated.
In all subdomains, a linear elastic material model was used, with the ad-
dition of the thermal expansionmodel for the PHBV and RS; thermal ex-
pansion of the intestine wall was neglected. The strain reference
temperature was set as 20 °C, whereas the working temperature was
set at 37 °C (i.e. physiological temperature). Subdomain parameters
are reported in Table S1. Boundary conditions of the complete model
are reported in Fig. S1. Boundary conditions of the others model are
not reported but can be easily deduced. The internal pressure of the in-
testinewas introduced as boundary condition, equal to 2 kPa [36]. A tri-
angularmesh, controlled by the physics, was used in all the simulations.
Mesh statistics are shown in Table S2. For all the implemented models,
the displacement in the point A and B (Fig. S1) was evaluated, and, in
addition, in themodels that included the intestinewall, the stress tensor
along the r component in the point A and B was also analyzed.
2.5. Sutureless clip characterization

A customized system consisting of a peristaltic pump was used, to-
gether with a digital manometer, to measure and record the bursting
pressure of the anastomosis, both the reference one without presence
of the tube and the anastomosis treated with PHBV or RS/PHBV tubes.
The bursting pressure is defined as the maximum pressure reached
followed by a sharp loss in pressure. A porcine intestine was used to
measure the bursting pressure; a polymeric coupler was placed inside
the two portions of intestine and used to maintain them in contact in
the correct position. For the experiment with PHBV/RS tubes, two
tubeswere positioned externally on the intestine portion. Zero pressure
valuewas set when thewaterfilled the entire line before the anastomo-
sis; it was then inflated with water until the bursting. The intestine sec-
tion was clamped at both ends and filled with water at a flow rate of
50mlmin−1. Five testswere carried out. For comparison purpose, a por-
cine intestine loop was sectioned with a scalpel, the two loop cuts cre-
ated were then anastomosed with 5/0 absorbable interrupted full
thickness sutures using a synthetic absorbable monofilament made of
the polyester (p-dioxanone).
2.6. 3D printing of bilayer grid structures

Bilayer grid structures were 3D printed on a glass microscope slide
employing the piston-driven extrusion-based 3D printer used for cylin-
drical structures but equipped with two extruders and cylindrical
needles. The gcode of the structure was generated by Slic3r® starting
from a 1.5 cm cube and applying the following printing parameters:
infill = 15%; print speed=7.5mm s−1; flow=1.1; needle diameter=
0.21 mm. The first layer of the structure was fabricated using the previ-
ously prepared PHBV-based ink, whereas the second one was obtained
depositing silk fibroin ink. Three concentrations of PHBV and two silk
compounds were used (six combinations). Monolayer grid structures
made of PHBV were also fabricated as control. For each PHBV-silk com-
bination, 10 images of the grid lines and pores were acquired with a
brightfield microscope (Olympus AX70) and the width of the lines
and pores was measured by ImageJ® (Table S3).
4

2.7. Piezoelectric force sensor assembling and testing

A piezoelectric device was fabricated as described in Scheme S1. The
piezoelectric output of the bilayer grid device was measured applying
an external force of 5 N at a frequency of 0.05 Hz. The open circuit volt-
age values were monitored using a computer controlled Keithley 4200
SourceMeasure Unit. The forcewas calculatedwith thefinger imparting
method [31]: when an object falls, first it touches the surface, and sec-
ondly, completely acts on thefilm surface. The object increases its veloc-
ity to a maximum value and then it decreases the velocity to zero. Thus,
the force is calculated by using the momentum and kinetic energy the-
orem, as it follows:

m⁎g⁎h ¼ 1=2ð Þm⁎v2 ð1Þ

F−m⁎gð Þ=Dt ¼ m⁎v ð2Þ

where in (1,2)m is themass of the falling object (expressed in [kg]), h is
the falling height [m], v is the maximum falling velocity [m/s], F is the
contact force [N], and Dt is the time variation [s] between the two con-
secutive voltage peaks. The average falling height (h) is ≈ 0.16 m and
g = 9.80 N/kg. The applied force was calculated based on the above
equations and mass data.

3. Results and discussions

3.1. Sutureless clips

The tubes, shown in Fig. 1(a), were fabricated by the extrusion-
based 3Dprinter presented in Fig. 1(b) equippedwith a rotating spindle
(inset of Fig. 1(b)). Tubes are composed of two parts: the inner part,
which is a cylindrical PHBV tube (5 mm diameter) and an outer part
that is a tubular layer made of RS and fabricated by the same technique
with a thickness of approx. 50 μm, as revealed by the morphological
analysis of the tubes (Fig. 1(c)).

The laminar structure of the tube as well as the outer diameter and
the sidewall thickness were confirmed by FESEM images reported in
Fig. 1(c).

Silk fibroin is a protein basedmaterial that undergoes a sol–gel tran-
sition induced by the presence of salts [32,33]. The addition of CaCl2 into
a silk fibroin solution in FA leads to a β-sheet content of 20% that further
reduces approximately to 7% after water absorption due to a treatment
at 90% RH and 37 °C for six days. On the contrary, the addition of KNO3

promotes the formation of theβ-sheet intermolecular structures (Figs. 1
(d) and 1(e)) and stable structures after aging in the same conditions.
This result is in accordance with the observation of liquid-gel transition
in silk fibroin that is generally promoted by salts, such as KNO3, that be-
haves as cross-linking agent, i.e. the presence of a more cross-linked
structure hinders permeation of water molecules (Fig. 1(f)) [34]. How-
ever, it is well known that the addition of CaCl2 induces a chelation of
the silk protein [35], leading to the adsorption of the water molecules
from the environment; hence, the calcium ions (Ca++) act as plasti-
cizers, resulting in a lower content of β-sheets.

The radial strength of the cylinder was then investigated by com-
pression tests (see Fig. 1(g)) in order to verify the maintaining radial
tension during insertion of a vessel or portion of intestine. The collapse
resistance of the PHBV and RS/PHBVwas dependent on RS composition
as shown in Fig. 1(h). The maximum load of 2 N was achieved by the
RS + KNO3/PHBV tubes, which is more than double the load found for
the RS + CaCl2/PHBV tubes. This increase in the collapsing resistance
agrees with the β-sheet content calculated from the prepared samples
and an increase of the β-sheet content results in an enhancement of
the tube's resistance to collapse.

Manual suturing is the current gold standard for closure of intestinal
anastomoses. Reconstitution of intestinal portionswith anastomosis re-
mains a technically challenging and time-consuming procedure, which
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requires a learning path challenging for surgeons. Suturing errors can
lead to anastomotic leaks, prolonged hospital stays and in some cases
even death. The first step is the evaluation of the tightness of the 3D
printed tubes in a highly realistic situation. To this aim, the tube was
inserted over a portion of an animal-origin intestine and was forced to
resist the pressures that characterize the peristaltic movements of this
organ in vivo.

Fig. 2(a), (b) and (c) illustrate how the cylinders for sutureless anas-
tomosiswere assembled;first two cylinderswere inserted over the por-
cine intestine followed by inserting the coupler into the intestine.
Finally, the device was put in a climatic chamber at 37 °C for 24 h in
order to induce the shrinkage of the tubes and thus to obtain the desired
sealing effect. For this proof of concept,we usedRS+KNO3/PHBV tubes,
which have shown to be the most stable system. The resistance of the
anastomotic seal was evaluated by measuring the bursting pressure
(Fig. 2(d)). Intestinal anastomosis with mechanical sutures withstands
low pressure before bursting (i.e. 37 mmHg) in accordance with our
previous observations [14]. The use of the device presented here signif-
icantly improves the burst pressure. In particular, the use of the
RS + KNO3/PHBV tube increases the burst pressure to approximately
90 mmHg, an increment of over 140% in comparison to the value re-
corded for sutured intestine. Thismay be in part to the experimental ob-
servation that when the RS is included on the tubes they contract
radially (negative displacement along radius), compressing the intes-
tine. The compression is more pronounced when the RS + KNO3 com-
pound was used (Fig. 2(e) and Fig. S2).

Experimental data is supported by FE simulations that offer deeper
insight into the mechanisms that lead to the observed shrinkage
(Fig. 3(a), (b), (c) and Fig. S1). In detail, five different FE models were
implemented, with increased complexity and completeness: i) PHBV;
ii) RS; iii) PHBV and RS; iv) PHBV + intestine wall; v) PHBV, RS and
Fig. 2. Assembly of the fabricated device: (a) a silicone-based coupler was inserted into the p
(c) finally a second RS + KNO3/PHBV tube is used to seal the system. (d) Measured values of
RS + KNO3/PHBV tube, respectively. (e) Measured values of the displacement of the cylinder r
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intestine wall (complete model) to analyze the contractive behavior of
the cylindrical structures. The displacement and stress tensors at the in-
terfaces between the tube layers and the intestinal wall (point A and B
in Fig. S1) showed thatwhen the RS is included, the tubes contract radi-
ally at 37 °C, compressing the intestine wall with a stress tensor of the
order of magnitude of kPa (Fig. 3(a) and (c)). The most pronounced
compression is observed when the RS + KNO3 compound is imple-
mented, involving a radial displacement of the intestine wall–PHBV in-
terface (point A) of 10 μm (Fig. 3(b)). FE analysis also highlighted that
bothmaterial properties (e.g. elasticmodulus) aswell as structure prop-
erties (e.g. layer thickness) are the key parameters that can induce a ra-
dial contraction. For RS + KNO3/PHBV and RS + CaCl2/PHBV tubes the
thermal expansion coefficient and layer thickness can be assumed the
same, however RS+ KNO3/PHBV has a significantly higher elastic mod-
ulus (values summarized in Table S1), which mainly affects the ob-
served radial compression.
3.2. Piezoelectric 3D grids

Several studies have recently reported the potentialities of 3D
printed scaffolds with controllable pore size [36] and substrate piezo-
electricity [37] to promote cell attachment and differentiation. We 3D
printed bilayer grid structures, where the PHBV solution was extruded
first, followed by the silk compound. PHBV monolayer grid structures
were fabricated as control.

Exploiting 3D printing allowed a precise deposition of material as
well as easy fabrication of aligned bilayer structures with no sign of de-
tachment. The absence of detachment is due to the FA contained in the
RS ink. When RS is extruded on the PHBV grid, the FA superficially dis-
solves the PHBV, thus ensuring a strong adhesion between PHBV and RS
layers without damaging the PHBV grid.
orcine intestine; (b) the RS + KNO3/PHBV tube was then inserted over the intestine and
bursting pressure for the pristine intestine, sutured intestine and sutureless anastomosis
adii of the prepared samples.
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Fig. 4. (a) Piston-driven extrusion-based 3D printer used for the monolayer and bilayer grid fabrication. (b) Monolayer grid structures composed of PHBV. Scale bar indicates 5 mm.
(c) Bilayer grid structures, composed of PHBV as lower layer and silk fibroin as upper layer. Scale bar indicates 5 mm. (d) Brightfield microscope images of the monolayer and bilayer
3D printed grid structures. Pores and silk grids are highlighted in white in the bilayer structures. Scale bars indicate 500 μm. (e) Photograph of the fabricated piezoelectric device (the
scale bar indicates 2.5 cm). Generated open circuit voltage (VOC) of (f) PHBV, (g) RS + CaCl2/PHBV and (h) RS + KNO3/PHBV piezoelectric devices as a function of the time.
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This was also observed in the cylindrical 3D structures described in
the previous section, where no detachment occurred between the two
layers.

Images of the grid lines and pores were acquired by brightfield mi-
croscopy (Fig. 4(a), (b) and (c)) and their dimensions were evaluated
using ImageJ®. Average dimensions and standard deviations of lines
and pores shown in Fig. 4(d) are reported in Table S3 for monolayer
and bilayer structures, respectively.

The line width is influenced by the nozzle size and rheology of the
biomaterial ink [38]. It is noteworthy that by increasing the concentra-
tion of PHBV solution, the die swell of thematerial is extremely reduced,
as the chloroform quickly evaporates before the ink spreads onto the
deposition plane, leading to a significant increase in line resolution
[39,40]. However, no significant differences can be observed in line
and pore dimension when the different RS compounds are extruded.
In addition, FA has a lower vapor pressure respect to chloroform, reduc-
ing the shape retention capability of the ink, leading to a final linewidth
which triples the nozzle size.

After printing RS on PHBV we fabricated a piezoelectric force sensor
by inserting the active bilayers grid (RS/PHBV) between two carbon
tape electrodes and encapsulated the device with a top layer (Fig. 4
(e) and Scheme S1).

Fig. 4(f), (g) and (h) show open-circuit voltage signals of PHBV, RS-
CaCl2/PHBV and RS-KNO3/PHBV grids respectively. The output voltages
reported in Fig. 4(f), (g) and (h) were obtained by applying a constant
load every 10 s and recording the signal. With consideration of the out-
puts generated from different RS/PHBV samples, the device with the
RS + KNO3 ink shows on average the largest difference between the
maximum (press) and minimum (release) values. Furthermore, when
Fig. 3. Results from FE simulations. (a) Surfaces plot of complete models highlighting the con
model with RS + KNO3 = 10). The model includes (b) the displacement along the r compone
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we compare the difference between the press and release output signals
of the samples reported in Fig. 4(g) and (h) with the respective RS β-
sheet content reported in Fig. 1(e), in general there was an increase of
the piezoelectric performance with an increase of the β-sheet content
(i.e. the RS + KNO3 based grid, Fig. 4(h)). These findings open a novel
scenario for the employment of such materials for on-skin electronic
monitoring of vital signs. These vital signs are important for monitoring
of the patients' progress. Changing trends in patients' vital signs can in-
dicate clinical deterioration, which, without identification and interven-
tion, can lead to adverse consequences or death. In comparison to a
recent study of Xu et al. [41] the output of our devices shows values
that are similar to that obtained with Ag nanowires integrated on po-
rous elastomer for electrocardiograms and electromyograms signals
monitoring.

The origin of the piezoelectricity of the B. mori silk fibroin is related
to the content of β-sheet crystallinity. In order to explain such effect
we performed ab-initio computation of the Born Effective Charges
(BECs) (details of calculation are reported in the Supporting Informa-
tion section) of the model for the silk fibroin as suggested by Asakura
et al. [42]. BECs (or dynamic effective charges) are quantities of para-
mount relevance that account for the coupling between lattice displace-
ments and electrostatic field. BECs can be associated either to the
change in polarization induced by the periodic displacement or to the
force induced on each atom by an electric field. The optimized structure
(Z = 4) reported in Fig. 5 (a) has the following lattice parameters, a =
9.19 Å b = 8.68 Å and c = 7.01 Å, in good agreement with previously
reported data [42,43]. BEC variations between the isolated molecule
(inset in Fig. 5(b)) and the bulk are reported in Table S4 along with
the comparison of the nominal charge (calculated by means of a Bader
traction of the structure (Scale factor: complete model with RS + CaCl2 = 100; complete
nt and (c) the stress tensor along the r component in the point A and B (see Fig. S1).



Fig. 5. (a) Lateral and (b) top viewof the optimized structure of Silk Fibroinmodel [42]. The tetragonal solid line in (a) and (b) describes the unit cell. Inset in (b): isolatedmolecule (Red: O;
Cyan: N; Brown: C; White: H atoms). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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charge partition, see Supporting Information for details) of atoms of in-
terest. Differences from those obtained for the isolated molecule are
clearly observable. The latter feature is expected, being ascribed to the
presence of the crystalline structure, testifying that the van der Waals
interactions dominate the dielectric features of this system.

4. Conclusions

In this study, we innovatively combined RS and PHBV by 3D printing
two different smart architectures of biomedical interest. We have dem-
onstrated the applications in 1) sutureless clip for intestine anastomosis
and 2) a piezoelectric force sensor with self-powering properties. RS
formulation with increased β-sheet content, was found to be stable in
environmental conditions similar to those of the human body, thus
opening novel scenarios for in vivo applications. Exploiting the
advantaged of extrusion-based 3D printing, innovative and complex
RS deposition patterns (i.e. honeycomb, helix) can be used to physically
program the compressive properties of the sutureless clips. In contrast
the infill density and pattern (e.g. honeycomb, gyroid, triangles, Hilbert
curve) of the grid structure can be changed to improve the piezoelectric
properties of the force sensor. In conclusion, this study has demon-
strated the potential biomedical applications that arise from combining
biomaterial smart properties and 3D printing technologies to rapid pro-
totype bio-devices.
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