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Abstract Natural biomaterials are more and more used for the development of
high technology solutions, setting the scene for a bio-based material economy that
responds to the increasing demand of environmentally friendly products. Among nat-
ural biomaterials, silk fibre protein called silk fibroin (SF) produced by the Bombyx
mori L. insect, recently found a broad range of applications in biomedical field. SF
substrates display remarkable properties like controlled biodegradability, flexibility,
mechanical resistance and optical transparency, solution processability. These prop-
erties combined with the water-based extraction and purification process make SF a
promising material for sustainable manufacturing enabling to partially replace syn-
thetic, plastic-based and non-biodegradable material use. The use of SF interfaces in
biocompatible electronic or photonic devices for advanced biomedical applications
has been recently highlighted. However, the use of a natural biomaterial is challeng-
ing due to the complex nature of the biological molecule, and it requires to tightly
control biomaterial properties during all the manufacturing steps. In this work, we
show the results obtained by in loco production of raw-material, defining the best
condition for silkworm selection and growth. The assessment and standardization of
extraction/purificationmethodology are reportedwith reference to the high purity and
remarkable performance in terms of chemo-physical property and biocompatibility
of the obtained SF products. Finally, we demonstrate the fabrication, characterization
and validation of microfluidic and photonic components of a lab-on-a-chip device
for biodiagnostic based on biomanufactured SF.
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19.1 Scientific and Industrial Motivations

A major challenge toward bio-based economy consists in the replacement of fos-
sil fuels on a broad scale, not only for energy applications, but also for material,
clothing and plastic application. In this view, the worldwide trend to a low-carbon
economy and sustainable primary production stimulates the use of naturally derived
raw materials as alternative resource to oil-based plastics for manufacturing. How-
ever, natural materials must be renewable, available, recyclable, and biodegradable to
be competitive and they need to be processed by green and sustainable approaches.
Moreover, natural biomaterial products should provide a higher technical perfor-
mance for selected application in comparison to synthetic and plastic based coun-
terpart. In this context, the manufacturing of biomedical devices for diagnostic or
therapeutics offers a potential market opportunity for the use of natural biomaterials.
Indeed, natural biomaterials due to their well-known intrinsic characteristics such
as biodegradability, and high biocompatibility are ideally suited to develop inno-
vative biomedical products such as those for tissue engineering and also medical
sensing. Indeed, during the last three decades, the use of natural biomaterials in tis-
sue engineering is rapidly evolving and innovative devices are able to support and
recover the structure and the functionalities of injured hosting tissues [1, 2]. Sev-
eral evidences have consolidated the use of biomacromolecules for development of
scaffold devices that enable the regeneration of different tissues (i.e. nerve, cartilage,
bone) [1, 2]. Natural biopolymers mainly includes proteins (i.e. collagens, gelatine,
zein, silk fibroin, elastin), polysaccharides (i.e. chitin, alginates, chitosan, cellulose
derivate), and amides (i.e. starch). Silks are natural proteins polymers produced by
different species of insects, such as spiders, scorpions, silkworms [3]. Among silks,
Silk fibroin (SF) produced by Bombyx mori cocoon have been used clinically as
sutures for centuries [3]. Nonetheless, in recent years, SF-based materials have been
extensively studied in tissue engineering and drug delivery due to their biocompat-
ibility, slow degradability and remarkable mechanical and optical properties [1–3].
Notably, through a process of reverse engineering Rockwood et al. [4] have defined a
water-based and sustainable process that enable to obtain an aqueous-based SF solu-
tion, called regenerated silk fibroin (RSF), from the cocoon fibre. The use of the RSF
solution is particularly interesting in the context of biomedical application [1–4]
because it can be processed in various formats (films, fibres, nets, meshes, mem-
branes, gels, sponges) retaining exceptional chemo-physical and biological proper-
ties. In this context, SF displays the potential to be exploited as a raw material to
become a technological material platform [3, 5] for eco-sustainable manufacturing.
However, some chemical and physical post-processing treatments of SF could dam-
age/denature the protein and completely modifying its primary structure properties,
thus altering the properties of the obtained substrates. Nonetheless, when dealing
with naturally derived products and biomedical application it is highly desirable to
establish and control the whole product lifecycle: from the raw material production
to substrate preparation to technology validation. In this view, the goal of our work is
to define and control the whole silk chain by in loco production of the raw-material,
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the assessment and standardization of extraction/purification methodology the char-
acterization of the chemo-physical and biocompatibility properties of the obtained
SF products. Herein, we report on state of the art methods and protocols to use SF
as new material for advanced bio-technological application and sustainable manu-
facturing (Sect. 19.2). The proposed approach is presented in Sect. 19.3 and further
detailed in Sect. 19.4, whereas the experiments are reported in Sect. 19.5. In partic-
ular, we demonstrate the importance of the definition and control of the whole chain
for biomanufacturing underpinning the silk fibroin-based technology. Furthermore,
we demonstrate and report the results obtained on the fabrication, characterization
and validation of microfluidic and photonic components of a lab-on-a-chip device
for biodiagnostic based on biomanufactured SF.

19.2 State of the Art

The progress inmaterial science, biotechnology, photonics and electronics is promis-
ing for the development of novel technologies that will dominate the future of health-
care and improve the quality of life. Lab-on-a-Chip (LOC) devices have demonstrated
to be highly performing for analytical purposes in genetic sequencing, proteomics,
and drug discovery applications [6]. However, they are not yet compatible with
point-of-care diagnostics applications, where cost and portability are of primary
concern. Recent advance in plastic electronics revealed the promising future for
oil-based organic (plastic) material for on chip integration of optic, photonic and
microfluidic structure to fabricate portable, low-weight and low cost devices. How-
ever, global trends towards sustainable development stimulate the use of renewable
and biodegradable raw materials and innovative environmental friendly manufac-
turing of the technology of the future. Naturally occurring (bio-derived) materials
provide a compelling template to reinterpret modern manufacturing while render-
ing it sustainable and green. The challenge to make bio-derived materials a credi-
ble alternative to current plastic and synthetic materials and inorganic substrates is
to identify materials that, while being environmentally sustainable, display proper-
ties that combine chemo-physical, technological end economic need for sustainable
biomanufacturing. As an example, the material has to be widely available and cost-
competitive within the global supply chain and, at the same time it should maintain
adequate chemo-physical and biocompatibility properties to successfully interface
with technology intended for biomedical application [1–3, 5]. In this context, nat-
ural fibres can provide several benefits such as low cost, green origin, abundant
and renewable, carbon dioxide neutral, lower densities, recyclability, biodegradabil-
ity, moderate mechanical properties. Moreover, their mechanical and technological
performance shows high potentials in their applications [1–3, 5].

Among natural fibres, SF produced by the silkworm Bombyx mori L. has high
potentials for a wide range of innovative, green and high-tech applications [3]. Silk
fibroin solution, extracted from the cocoon by a water based eco-friendly method
[4], could be solution-processed (by spin coating, ink-jet printing, spray draying) in
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different forms and substrates with exceptional properties in terms of mechanical
flexibility, dielectric properties, biocompatibility, optical transparency and possi-
bility of functionalization with optically/biologically active molecule (drugs, dye,
nanoparticles). Thus, silk fibroin offers a unique possibility to enable multiple and
complementary approaches for technological and biomedical application.

Among different forms of SF-based biomaterials, SF films can be obtained from
regenerated solution RSF with defined thickness (with a range spanning from hun-
dreds nanometers to tens micrometres) by means of liquid processing such as spin
coating, inject printing, doctor blade that are suitable for industrial manufacturing.
SF films can be also nanostructured by soft lithography, contact printing or nanoim-
printing. Nonetheless, silk fibroin can be doped, blended and functionalized to obtain
a numerous amount of substrates for advanced technological applications in the
biomedical field, such as organic electronic sensors based on field effect transistors
[5, 7] for electrophysiological recording of neural cells or optical device such as
photonic sensors and optoelectronic devices [8]. In particular, optical and biological
properties of silk fibroin films can be enhanced thanks to several processes that are
able to functionalize and modify SF with optically active dyes, doping molecules,
growth factors and/or chemicals or nanoparticles [9–11]. Among the others, a green
and sustainable method to produce innovative modified silk substrates is feeding
cocoon with a diet characterised by the addition of doping molecules that enable
the biological incorporation of dopant into SF [12–14]. The approach indeed avoids
the need of an additional chemical process, and post-treatments associated with it
[12–14]. A series of fluorescent dyes have been successfully incorporated in silk
fibre by addition of colorant compounds to the mulberry diet [12–14].

The feasibility of using SF materials has been demonstrated in vitro and in vivo
for opto-electronic biomedical applications and for the use in peripheral nerve tissues
repair [7, 8, 15–21]. It has been shown that optically transparent, ultrathin and flat
silk films can be integrated as dielectric in organic field effect transistor (OFET)
and organic light emitting transistor (OLET) architectures [7], also used to stimulate
and record cells functional properties [20, 21]. Also, it was demonstrated that silk
films can be nano- and micro-patterned to obtain mechanically robust structures
with desired optical wavelength size [8]. Organic lasing from a stilbene-doped silk
film spin-coated onto a one-dimensional distributed feedback grating (DFB) was
demonstrated, with the lasing threshold lower than that of others organic DFB lasers
based on the same active dye.

19.3 Problem Statement and Approach

The industrial scale development of silk fibroin based technologies requires the opti-
mization and control of all the silk-fibroin production steps, from the raw material
to the technological application. The lack of such control hampers the use of SF at
industrial scale and limited the demonstration of silk-based devices at a lab-scale.
The aim of our work to establish and control the whole-chain underpinning the fabri-
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Fig. 19.1 Schematic picture of the biomanufacturing approach to obtain SF based technological
substrates

cation of the silk fibroin based technology (Fig. 19.1).The technology of interest is a
SF-based innovative lab-on-a-chip (LOC) device for high throughput bio-diagnostic.
In particular, the optical based LOC is intended for fluorescence optofluidic detection
and sorting of tumour cells.

The design of the proposed biomanufacturing approach consists of the following
steps:

(1) Diet preparation (Fig. 19.1a) and optimization of silkworm breeding (see
Fig. 19.1b) to obtain a reproducible, controlled and high quality functional-
ized silk fibroin. Notably, the production of the raw-material described in this
work includes the standardization of a novel process that enables direct func-
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tionalization of SF fibres by feeding the cocoon with a diet doped with optically
active molecule of interest (Sect. 19.4.1).

(2) Standardization of the extraction, purification, and characterization of function-
alized silk fibroin (native and regenerated) from different races of B. mori (see
Fig. 19.1c; Sect. 19.4.2).

(3) Protocols to obtain regenerated silk fibroin (RSF) solutions and then produce
RSF films (top of Fig. 19.1d; Sect. 19.4.3).

(4) Fabrication, characterization and validation of a silk-based photonic and
microfluidic component of LOC device (see bottom of Fig. 19.1d; Sect. 19.4.4).
Optical and photonics components of the silk based device have been fabri-
cated by using in loco produced and extracted silk fibroin, characterized and
validated for the use in optofluidic lab-on-a-chip. Soft lithography and nano-
imprinting approaches have been developed for the fabrication. Also, results on
AFM topography, optical transparency of the obtained substrate are reported.
Biological properties in terms of cell adhesion growth and alignment have been
evaluated [22].

19.4 Developed Technologies, Methodologies and Tools

19.4.1 Protocols for Optimized Silk Production and Fibroin
Biodoping

In order to obtain a reproducible, controlled and high quality functionalized silk
fibroin for the production of opto-fluidic devices, optimization of conventional silk-
worm breeding was performed. By feeding the silkworm larvae with a diet added
with a fluorescent dye molecule, Rhodamine B, a biological functionalization of
the silk fibroin was promoted. White polyhybrid strains of silkworm coming from
germplasm collection of the CRA-API (CRA, Honey bee and Silkworm Research
Unit, Padua seat) were reared in plastic boxes (different in size according to the larvae
age) placed in a room under controlled conditions (relative humidity >85%; 12:12
L:D photoperiod). During the whole larval stages the insects were fed ad libitum
with artificial diet provided by CRA-API and prepared avoiding as much as possible
the alteration of nutrients contained in it [23].

For protocol definition, the silkworm survival and length of the larval cycle (time
between the incubation of the eggs and the cocoons spinning) were monitored at
three different breeding temperature conditions (24 °C±1; 26 °C±1; 28 °C±1).
A total number of 185, 408 and 295 larvae were tested at 24 °C±1, 26 °C±1 and
28 °C±1, respectively.

Starting from the 3rd day of the 5th instar, the Rhodamine B has been added to
the artificial diet at two different concentrations: 0.05, 0.03 g in 100 g of powder diet.
Three groups of ten larvae were used for each concentration against 30 larvae fed
with artificial diet without any dyes representing the blank control treatment [23].
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Fig. 19.2 Biomanufacturing of Rhodamine biodoped silk fibroin solution

19.4.2 Protocol for Native Fibroin Extraction

Among different methodologies for fibroin extraction of silk fibroin from B. mori
cocoon, the reverse engineering methods, developed by Rockwood et al., enable to
produce an aqueous regenerated silk fibroin solution, avoiding the use of strong and
toxic organic solvent [4]. However, the process is optimized for a lab-scale produc-
tion and not for extraction of silk containing xenobiotics. The current protocol was
modified and optimized to promote up-scaling and to gain the highest concentration
of xenobiotic in the silk extracted protein. Methods for extraction of native fibroin
from silk glands of a mature 5th instar larvae of silkworm have been reported by
Tansil et al. [12, 13]. This method of extraction applied to functionalized silk fibroin
cocoons promises to maintain the naturally existing properties of protein and, more-
over, allows to investigate the distribution of the dye into silk gland. Suitable revision
of the methodology of extraction are reported, that have been carried out in order to
optimize and adapt the procedure of protein functionalization and to obtain a high
quality fibroin for the production of advanced optical devices (Fig. 19.2).

The whole silk glands were extracted from 5th instar larvae one day before they
started to spin. The silkwormwas anesthetized by using chloroform.Adorsal incision
was carried from the head to sacral side of the larva. After gut removal whole silk
glandswere pulled out from the abdominal side of theworm. The glandwas separated
in two parts, the middle part and the posterior part that were treated separately [23].

Two pairs of posterior silk glands (coming from two larvae) was placed into a
baker containing 3 ml of distilled water, cut in small pieces, gently shaken for 1 h
and then kept in refrigerator overnight. The day after, the protein released into the
water by the glandular tissue was collected and stored in refrigerator.

The middle gland was washed in deionized water and individually placed into a
glass Petri dish. After the epithelium removal, the proteins were left for 2 h in 3 ml
of distilled to dissolve the most soluble sericin. After sericin removal, the remaining
protein, was added with 3 ml of distilled water and the solution was kept at ambient
temperature for one day until the total dissolution of fibroin. The latter was defined
as native silk fibroin solution (NSF).
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19.4.3 Protocols to Obtain Regenerated Silk Fibroin (RSF)
Solutions and Films

Theprotein extractionwas performed testing twodifferentmethodologies: the extrac-
tion directly from the silkworm silk gland (Native Silk Fibroin, NSF) and the extrac-
tion of the protein from silkworm cocoons (Regenerated Silk Fibroin, RSF). The
cocoons obtained as described abovewere processed to obtainRSF, optimizingRock-
wood et al., protocol [4]. Cocoonwere degummed in boiling 0.02MNa2CO3 (Sigma-
Aldrich, St Louis,Mo) solution for 45min. The SF fibres were then rinsed three times
inMilli-Qwater and dissolved in a 9.3MLiBr solution at 60 °C for 6 h. Subsequently,
the SFwater-solutionswere dialyzed (dialysismembranes,MWCO3500) against dis-
tilled water for 48 h and centrifuged to obtain pure regenerated SF solutions (ca. 6–7
w/v %). The SF water-solutions were stored at 4 °C [23].

The films were fabricated as follows to characterize chemophysical and biolog-
ical properties of SF films: a 160 μL aliquot of RSF or Native Silk Fibroin (NSF)
dropped on 19 mm diameter glass coverslips and successively dried for 4 h in a
sterile hood generating films with a thickness of around 20 μm. A support/mould of
polydimethylsiloxane (PDMS) was used as a substrate to obtain free-standing films.
The resulting RSF films were used for transmittance test [23].

According to the adopted approach for the realization of a silk-based optofluidic
Lab-on-a-Chip device, the microfluidic structures have to accommodate photonic
components such as diffraction gratings and optical filters. Thus, the dye-doped
regenerated silk fibroin thin-films that are implemented in themicromoulding process
have to show the proper characteristics in terms of optical features. In particular, a
process protocol was optimized to obtain free-standing fibroin films with the suitable
thickness and superficial smoothness in order to guarantee high optical gain and
efficient waveguide effect.

A detailed studywas performed to fabricatemicrometre-thick films of regenerated
silk fibroin doped with lasing dye Rhodamine B (RhB) by varying the drop-cast
process conditions, substrates (size andmaterial) and post-process thermal treatment.
Indeed, it was observed that the drying process of the films has to be performed at
50 °C in a vacuum oven overnight at a pressure ranging from 600 to 800 mbar
when using silk fibroin water solution at 5–10% w/v concentration regardless the
dye concentration.

Figure 19.3a, b show the images of the film that were obtained from drop-casting
RhB-doped regenerated silk fibroin (SF) water-solution at 5% w/v concentration
onto high-quality quartz. By preserving the dimensions of the templating substrates
(~4 cm2), it was possible to control the film thickness by varying the volume of
RhB-doped SF solution. Indeed, films of 20 μm (in Fig. 19.3a) and 50 μm (in
Fig. 19.3b) thickness were obtained by implementing solution volumes of 0.6 and
1.3 mL, respectively.

Even though it was chosen to use the thicker films with lower dye concentration
for the following fabrication steps because of the expected high gain in the optical
amplification characterization, it was observed that the glass substrate enables the
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Fig. 19.3 SF films that are obtained by drop-casting a different amount of solution on various
substrates and slow drying

realization of homogenous, defect-free and smooth free-standing silk-fibroin films
regardless the deposition conditions.

On the other hand, it was observed that the use of different templating substrates
did not guarantee the expected quality in silk filmability. Figure 19.3c, d show the
images of RhB-doped free standing films obtained by drop-casting 2 mL of SF
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water-solution at 5% w/v onto 6 cm2-wide patterned PDMS (Polydimethylsiloxane)
(in Fig. 19.3c) and polycarbonate (in Fig. 19.3d) substrates. Indeed, the deposition
onto PDMS results into heterogeneous films where millimetre-size air bubbles are
clearly visible; the deposition onto polycarbonate results in a very thin film which
cracks into pieces due structural rigidity.

Finally, it was demonstrated that themodification of the silkworm diet by artificial
doping with dye-laser molecules did not deteriorate the structural properties and
processability features of the silk fibroin thin-films. Figure 19.3e, f show that the
best performing substrate for drop-casting silk fibroin water-solution is high-quality
quartz (in Fig. 19.3e), while the use of PDMS substrate results in fabrication of
non-homogeneous and porous thin films as expected (in Fig. 19.3f).

19.4.4 Fabrication of Silk Fibroin Microfluidic Structures

After having optimized the protocol for drop-casting silk fibroin water solutions onto
technologically relevant flat substrates with different adhesion properties, a protocol
was developed to fabricate microchannels into silk fibroin films for engineering
complex microfluidic devices.

The implemented lamination strategy is based on drop-casting silk fibroin water
solution to bond replica-moulded water-insoluble silk films. Replica-moulded silk
fibroin films cast on PDMS negative moulds could be produced in rapid succession
while maintaining a high degree of feature fidelity. Indeed, it is reported in literature
that features as small as 400 nm could be produced using this method.

It was demonstrated that the adhesion properties and, thus, the consequent delam-
ination efficiency are strictly dependant on the substrate features. Indeed, unsat-
isfactory results were obtained by implementing PDMS substrates. Moreover, the
accuracy of the replica-moulding technique with patterned substrates is mainly cor-
related to the specific quality of the substrate surface in terms of roughness and
grade of purity. Thus, in collaboration with Laboratory of Industrial Research and
Technology Transfer of the High Technology Network of Emilia-Romagna (MIST-
ER), high-quality PDMS patterned substrates were produced. The micromoulds for
PDMS were realized using xurography, a rapid prototyping technique for creating
microstructures in various films with a cutting plotter. A cutting plotter with a resolu-
tion of 100μmwas used. This technique has the advantage of being inexpensive and
permits rapid prototyping of microfluidic devices. This microfabrication technique
uses the cutting plotter to directly create microstructures in vinyl films, without pho-
tolithographic processes or chemicals. Then, positive and negative microstructures
in vinyl films were fabricated, with channels width ranging from 150 to 250 μm.
After cutting, unnecessary parts are peeled off the release liner. An application tape
is used to hold structures in place while transferring into a petri dish. PDMS was
moulded on positive and negative microstructures cut in vinyl. PDMS pre-polymer
was mixed with a curing agent (SYLGARD 184, Dow Corning) at a 5:1 weight ratio
and then poured into the petri dish. The PDMS mixture was degassed to remove
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Fig. 19.4 Fabrication procedure for silk fibroin microfluidic channels: a drop casting of SF on
micropatterned PDMS mould, b slow drying and film self-assembly, c peal-off of micropatterned
silk film

air bubbles and cured at 70 °C. The cured PDMS was then peeled away from the
moulds. Finally, micro-patterns were realized on the dye-doped films of silk fibroin
according to the process flow that is sketches in Fig. 19.4.

Samples were fabricated from dye-doped and blank regenerated silk fibroin water
solutions at 5%w/v. The previously-optimized deposition protocol was implemented
in order to obtain films with approximately 100 microns in thickness by controlling
the volume to surface area ratio during casting.

Silk solutions were cast on both micromoulded PDMS negative moulds and flat
PDMS substrates through water evaporation that was obtained by introducing the
films in a vacuum oven overnight at temperature of 50 °C and pressure which is
regulated in the range between 600–800 mbar. In this way it is possible to produce
water-stable films, which are easily delaminated without any treatments. Differently
from what previously reported in literature, it was not necessary to use any solu-
tions for modifying the hydrosolubility of silk-fibroin films or for increasing the
delamination efficiency.

Figure 19.5 shows the images of the micromoulded RhB-doped and blank films
of silk fibroin after delamination. As it is evident, the fidelity in the reproduction of
the features of the negative moulds is very high onto cm2-wide area. Though, further
improvements in the procedure have to be achieved in order to avoid the trapping of
water bubbles in the films during the evaporation in the oven.

The dye-doped microfluidic device has been characterized in order to verify if the
photonic properties of the blend are preserved in channel regions where the optical
stimulation and detection are located in the final optofluidic Lab-on-a-Chip.

The silk microfluidic devices were further characterized by performing imaging
onto moulded microchannels by implementing optical microscopy in transmission
mode in the case of the white silk fibroin sample so that the signal collected is
the photoluminescence of the RhB dye molecules dispersed in the silk fibroin film
(Fig. 19.5e–f).

The geometrical features of the negative mould are preserved in the laminated
films. In fact, a channel width of 70 μm was measured as expected. The walls of
the channels are sharply defined for all the samples fabricated even though some
material removed from the channel is still deposited onto the wall borders (darker
areas in Fig. 19.5e).

Therefore, it was possible to engineer and optimize: (i) a drop-cast deposition
technique for obtaining optically high-quality,water-insoluble and free-standing dye-
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Fig. 19.5 Images of the negative moulds in PDMS. Images of the micromoulded silk fibroin films
obtained from RhB-doped (c) and white (d) silk fibroin water solutions. e Optical microphotograph
of the channel moulded into the blank (reference) sample. f Confocal Laser Scanning Microscope
image of the channel moulded into the RhB-doped sample

doped silk fibroin films and (ii) a device component fabrication approach capable for
the rapid and scalable production of silk-fibroin-based microfluidic devices for cell-
seeding without the need for harsh processing conditions or cytotoxic compounds.
The techniques employed in this experimental approach are scalable by designing
systems with increased surface area and lamination of multiple layers.

19.5 Testing and Validation

19.5.1 Validation of Protocols for Fibroin Production
and Functionalization

The first step of our study was to optimize the protocols to rear the B. mori worm
for the production of raw material for high technological purposes (see Sect. 19.4.1).
In particular, each step of breeding was monitored and the best breeding condition
were selected [23]. Among different parameters monitored (humidity, temperature,
amount of feed, light/dark exposure), we verified that temperature is the most impor-
tant parameter to be controlled for successful and high yield breeding. In particular,
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Table 19.1 Data on larval mortality (%) and on duration of the larval stage (gg)

Temperature (°C) Mortality (%) Mortality in 5th instar
(%)

Length cycle (gg)

24 29.3 0 45

26 13.2 0 35

28 69.6 34.9 32

Table 19.2 Data on mortality
in 5th instar larvae feed with
diet added with different
Rhodamine B concentration

Concentration (%) Mortality in 5th instar (%)

0.03 3.33

0.05 30

our results demonstrated that the optimal temperature for B. mori L. breeding is
26 °C±1 [23]. From the experiments carried out, it resulted that the higher larval
survival percentage was indeed at 26 °C. With temperature of 28 °C the percentage
of dead resulted almost of 70%, with a 34% of dead occurring during the 5th instar.
At 28 °C the duration of the larval cycle was minimum, while at 24 °C cycle duration
was too long to be acceptable (Table 19.1). These data demonstrate that length cycle
was correlated with the temperature of breeding.

Our results suggested that 26 °C±1, even if determinate a little longer larval cycle
duration respect to 28 °C, is an optimal temperature for an efficient and scalable
silkworm breeding.

The results about the association between the larvae mortality and the concentra-
tion of the Rhodamine B are shown in Table 19.2.

The dye was administrated to the larvae only during the last larval instar (5th),
when the greatest synthesis of fibroin and sericin into the silk glands occurs. Admin-
istrated at 0.05% Rhodamine B caused a mortality of 30% in larvae of 5th instar.
An acceptable percentage of dead (3.3%) was recorded using lower dye concen-
tration. So, the protocol for production of biologically functionalized fibroin with
Rhodamine B has been set up at the concentration of 0.03%.

19.5.1.1 Chemo-Physical Properties of Regenerated and Native Silk
Fibroin Solution and Film Obtained from SILK.IT Fab

Chemo-physical properties of Regenerated and Native Silk Fibroin solution and film
obtained from in loco produced rawmaterial (B.mori cocoon)were analysed.Nuclear
Magnetic Resonance (NMR) and FourierTransformed-InfraRed spectroscopy (FT-
IR) have been performed to define the composition and the conformational structure
of silk fibroin extracted from RSF and NSF.

In particular, the 1HNMR spectrum of RSF in deuterated water (Fig. 19.6a),
recorded at room temperature, confirmed that the sample obtained by our procedure
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Fig. 19.6 Chemo-physical properties of in loco produced RSF and NSF solution and films [23]

is pure and that the aminoacids composition is in accordance with previous literature
report [23, 24].

SF conformation influences the biodegradation, mechanical and optical proper-
ties of the SF films. In particular, it is known that a conformational structure with
dominance of random coils and alpha-helices (called silk I structure) is highly water
soluble and highly biodegradable with respects to the silk II structure, characterized
by elevated presence of secondary structures and crystalline formats such as β-sheet.

In order to get further insight on the conformational structure of SF protein in
SF films obtained from NSF and RSF, we performed comparative analyses of FT-IR
spectra on films prepared from NSF and RSF (Fig. 19.6b). The results reported in
Fig. 19.6, revealed that NSF, together with the bands assigned to silk I conformation,
display peaks generally attributed to silk II structure. These results indicated that a
β-sheet structure is present in NSF (Fig. 19.6b). In this view, it is expected that the
biodegradability of NSF is slower that the one of RSF, and that optical properties
can be modified. Accordingly, analyses of transmittance of regenerated and native
SF films in the UV-visible range, revealed that the regenerated SF film is transparent
in the visible region (300−800 nm). Silk fibroin Aromatic aminoacid Tyrosine (Tyr)
and Tryptophan absorbance at 274–277 nm account for the decrease observed at the
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corresponding wavelength. The transparency of native SF within the same region
was 70–90%, thus lower than regenerated SF film (Fig. 19.6c).

19.5.1.2 Properties of Biodoped Silk Films

We next demonstrated that the cocoons of Bombyx mori fed with a Rhodamine B
(RhB) added diet were coloured and enabled the extraction and purification of RSF
and SF films containing RhB [13]. Films were optically transparent and fluorescent
with UV-Vis properties typical of RhodamineB added to white natural RSF. Compar-
ative analyses of optical and vibrational features of RhB biodoped SF solution and
films with those of white SF blended with RhB were performed, revealing signifi-
cant difference, suggesting that silkworms’ metabolism could be involved in binding
mechanism of SF with RhB (for details see [14]).

19.5.1.3 Biological Properties of Silk Films Prepared by Different
Methods

The control of the chemo-physical properties of SF films plays a key role in the
preparation of tailored SF-based biomaterials and composites targeting optoelec-
tronic devices and photonics technologies intended for biomedical applications such
as cell phenotyping. We have then demonstrated that the application of different fab-
rication methods to prepare SF films influences the chemo-physical properties of SF
films and their interaction with neural cells. In particular, we found that hydrophobic
surfaces induce proliferation of astrocytes and neuron adhesion, whereas hydrophilic
surfaces promote a remarkable neurite outgrowth [24].

Interestingly, surface properties such as roughness and wettability, mechanical
resistance, dissolution anddegradation profiles canbe affected by fabricationmethod.
These properties drive the interaction of SF films with primary neural cells, namely
astrocytes and neurons [24]. Also we studied the effect of micro and nanopatterning
on cell growth. Notably, micropatterned silk films promoted strong alignment of pri-
mary astrocytes with a high dependence from the grove depth and width (Fig. 19.7).

19.5.1.4 Integration of Silk-Based Photonic Structures
into Microfluidic Devices and Validation

We aim at estimating quantitatively the amount of laser dye molecules present in the
silk fibroin thin-films naturally functionalized with Rhodamine B (RhB), which is
necessary for allowing optical amplification process. As we have already discussed
in the previous section, we succeeded in demonstrating the feasibility of the process
of directly feeding larvae of B. mori with specific dye molecules in order to achieve
optically active silk fibroin substrates.
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Fig. 19.7 a SEM image of micropatterned SF substrate. bMicrograph of astrocytes aligned on the
substrate of silk micropatterned substrate

After having discriminated which is the most efficient protocol for doping silk
fibroin substrates, we demonstrated the maintenance of the photonic features of the
most performing dye-doped silk fibroin substrate once structured into a microfluidic
device.

We report on the amplified stimulated emission (ASE) characterization per-
formed on silk-fibrin films obtained from blending the regenerated silk fibroin water-
solutions at 5% w/v with RhB at different concentrations (i.e. 10−6, 5×10−6, 10−5

M): we compared the extrapolated figures of merit with the ones obtained by charac-
terizing the naturally-doped silk fibroin substrates. By means of this comparison we
are able to estimate empirically the amount of RhB dyemolecules in naturally-doped
samples. The ASE characterization was carried out as follows. The samples were
measured under vacuum to prevent photo-degradation upon irradiation. The laser
beam of a Q-switched Nd:Yag laser was focused onto the sample using a cylindrical
lens in order to obtain a rectangular stripe of about 100 μm width. The light excita-
tion was the 532 nm frequency-doubled line of the laser with temporal pulse width
of 4 ns and 10 Hz of repetition rate. The ASE signal is collected in fibre at 90° with
respect the impinging laser by using an optical multichannel analyser. The samples
were cut into strips of 4 mm width and about 10 mm length. Moreover, the DIO
Board was set to generate the trigger signal to start the spectral acquisition once the
excitation pulse was delivered. Thus, the ASE signal is excited by laser single-shot
and collected in an automated mode, thus avoiding any possible degradation of the
sample.

Figure 19.8 shows the curves displaying the functional dependence from energy
per pulse of the full-width-at-the-halfmaximum(FWHM)values of theRhBemission
peak for the three different doped silk-based films. In particular, a silk fibroin film
doped at 10−5 M with RhB (a), a RhB naturally-doped silk fibroin film obtained
from regenerating white polyhybrid strain silkworm (b) and RhB naturally-doped
silk fibroin films obtained from regenerating Nistari silkworm (c). In the case of the
10−5 M RhB doped silk fibroin film the expected threshold-like behaviour is evident
with an abrupt onset of the ASE process at around 70 μJ/pulse.

Indeed, we performed the ASE characterization protocol on different doped silk
fibroin films by varying the dopant concentration (after having verified that the film
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Fig. 19.8 Full-Width-at-the-Half-Maximum (right) versus the impinging energy per pulse graphs
in the case of a silk fibroin sample doped at 10−5 M with RhB b RhB naturally-doped silk fibroin
films obtained from regenerating white polyhybrid strain silkworm and c RhB naturally-doped silk
fibroin films obtained from regenerating Nistari silkworm

Table 19.3 ASE threshold
values in doped silk fibroin
films as a function of the RhB
dye concentration

Concentration M Threshold energy
(μJ)

FWHM (nm)

10−6 >4000 16

5×10−6 700 7.5

10−5 71 5.5

thickness for the different samples is comparable). In Table 19.3 we report the ASE
threshold values we estimated as a function of the RhB dye concentration.

We have to mention that in the case of the 10−6 M sample a clear threshold of
ASE process cannot be identified, given that the FWHM decreases from an initial
45 nm value to about 15 nm almost linearly as the input energy/pulse increases.
On the other hand, for samples with concentration at 5×10−6 M the beginning of
amplification process is observed for energies above 700 μJ. Also in this case, the
onset is not abrupt and the samples tend to degrade quickly upon further measure-
ments. Then we compared the ASE threshold values of the blended films with ones
of the naturally functionalized films. In particular, we implemented the regenerated
silk fibroin solution extracted from the silkworm of two different races: the standard
worm (white polyhybrid strain) and the Nistari race.

Figure 19.8b, c show the curves of FWHM as a function of the input energy/per
pulse for the standard-worm and the Nistari naturally-doped silk fibroin thin-films,
respectively. As it can be observed, no ASE threshold is achieved even at the highest
possible fluences with the available laser pump; only in the case of regenerated silk
fibroin obtained from the standard-race silkworm an incipient peak narrowing up
to 30 nm is detectable before the sample is severely damaged. This result suggests
that the amount of Rhodamine B molecules present in the naturally-functionalized
silk fibroin films is at least less than 10−6 M, possibly as low as 10−7 M from the
empirical estimation reported in Fig. 19.9.
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Fig. 19.9 Estimation of the
RhB dye concentration in
naturally-functionalized silk
fibroin inferred from the
measured ASE threshold
trend (red squares in the
graph)
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From these results, considered that a minimum concentration of about 5×10−6

M is necessary for the blended sample to be operated in population inversion, we
can infer that the naturally-functionalized silk fibroin substrates cannot be efficiently
implemented ad gain material in biocompatible nanostructured organic lasers. Thus,
we implemented RhB-doped silk fibroin substrate obtained from blending regener-
ated silk fibroin water solution with RhB water solution at 10−5 M in the micro-
moulded fabrication protocol for achieving microfluidic devices. Indeed, in the Lab-
on-a-Chip (LOC) scheme that we propose the microfluidic device component is
endowed with the optimized photonic structure for allowing higher degree of minia-
turization. For this purpose, we decided to implement in the fabrication of the LOC
the best performing silk fibroin substrate in terms of photonic characteristics.

As a final validation of the entire fabrication protocol, we checked the preservation
of the photonic characteristics of the RhB-doped silk fibrin material in the channel
region of the microfluidic device. Indeed, by using a 100 μm-width laser spot it is
assured to probe only the region where the micromoulding is present.

As expected, we observed that the efficiency of ASE process is preserved in the
channels of the microfluidic device as it is evidenced by the maintenance of the
threshold values with respect to unmoulded samples (data not reported), regardless
the location of the channels in the device.Only a variation in themaximumachievable
output intensity is observed from region to region but this spot-location dependence
is expected within the fabricated devices variability. Thus, we can conclude that the
micromoulding process that we engineered did not increase the photon losses or
degrade waveguiding properties inherent to the optimized RhB-doped silk fibroin
substrate.



19 Silk Fibroin Based Technology for Industrial Biomanufacturing 427

19.6 Conclusions and Future Research

In this work we addressed the assessment of whole chain production and validation
of SF-based substrates and technology for biomedical applications. Our goal was
to standardize and optimize methods and protocols to use this silk fibroin as new
material for advanced bio-technological application and sustainable manufacturing.

A protocol was developed for fibroin cocoon breeding and feeding for function-
alization via bio-doping [23]. The biological incorporation of doping dye molecules
into SF by means of feeding cocoon avoid the need for an external chemical process
associated with the use of toxic solvents, thus it is an eco-friendly and innovative
method to produce doped silk substrates. Tansil et al. [12, 13] demonstrated the abil-
ity to include several xenobiotics in the silk fibre by feeding the cocoon with died
modified by addition of selected molecule. We reported results showing the effect of
xenobiotic addition to the diet on the larval survival as well as on modification and
optimization of breeding conditions [23].

Protocols were defined for the extraction, purification and chemophysical charac-
terization of regenerated fibroin from standard and biodoped cocoon [14, 25]. In this
work we saw that adequate extraction and preparation of the RSF and NSF solution
coming from the diet doped cocoon results in colour solutions and films [14, 25]. The
incorporation by doping and blending of organic dyes in water based silk fibroin [26]
might be problematic due to lipophilic nature of the majority of these high quantum
yield optically active molecules. In this view, analyses and comparison of samples
obtained by blending and addition to SF solution of the selected compound with
samples obtained by doping diet method revealed that the sample obtained by dop-
ing diet method displays a similar efficiency of functionalization of the substrates.
Moreover the method does not affect SF structural, chemophysical and biological
property [14, 24, 27, 28].

We have previously shown that DFB and multilayer photonic crystal can be fab-
ricated by silk fibroin doping with stilbene. Herein, we have shown that the same
structure can be obtained by using doped and biodoped silk fibroin obtained by in
loco produced, extracted and purified rawmaterial. Also soft lithography procedures
can be applied to biodoped SF film, to obtain microfluidic chip [25, 29, 30] and his
open the view for industrial scale up of biomanufacturing of SF.

An important issue when dealing with biomedical applications is achieving a
true biocompatibility. In this view, we have reported here that plating neural cells,
called astrocytes, on micro-nanostructured SF enables their alignment and growth.
For biomedical application targeting direct interaction of biological samples with the
biomaterials, it is fundamental to study and to understand the effect of chemophysical
properties of the biomaterial on cell adhesion, growth, differentiation and behaviour
[24]. To reach the goal of integrating SF in a LOC optofluidic device for single
cell analyses, it was fundamental to observe if the analysed astroglial cell could be
driven to a specific position by following the patterned structure. The feasibility of
the proposed approach indicated by the observation reported in Fig. 19.7, complete
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the picture to validate the use of nanopatterned SF, fabricated in loco with controlled
condition in advanced technological device for cell biosensing.

Studies to integrate optofluidic component in one LOC for diagnosis of brain
pathologies such brain tumours are under investigation. Moreover, we are exploring
the possibility of exploitation of a direct application in biomaterials and biomedical
field of coloured silk fibroin extracted from coloured cocoons [31, 32]. The results
reported here were the basis for application for national, private sector supported
projects, for the development of silk-based anti-counterfeiting technologies and for
European initiatives regarding biomedical use of silk fibroin.
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