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Abstract

Silk fibroin (SF) has been successfully used for medical devices due to its biodegradability with non-toxic end
products, high tensile strength and mechanical robustness, but also because of its high flexibility potential. Although
natural silk fibers have excellent strength and flexibility, regenerated silk materials generally become brittle in the dry
state. For this reason, researchers have studied the effects that manufacturing and post-treatment parameters have on
their mechanical properties, but they have also studied the impact on other factors such as biodegradability on the
environment. This work presents an optimized process for direct ink write a regenerated SF bioink and its possible
post-treatments. A simple method to concentrate the aqueous SF has been reported. The technique was then employed
to 3D print test specimens for multiple mechanical analysis to characterize the resulting parameters of the processed
silk. The effect of post-treating the material with different processes (no-treatment, immersion in ethanol for 24h, and
subsequently immersion in methanol for 30, 60 or 120 min) was explored. The different post-treatments resulted in
distinct effects on the silk properties, suggesting that SF molecular structure could be controlled by the post-treatment
process. The results showed a transition to phosphate-buffered saline (PBS)-insoluble silk when the silk was treated
with alcohols. This resulted in a more brittle material than the untreated group, with a lower strain at break.
Nevertheless, the post-treatments enhanced the stability of silk in water, as they reported greater insolubility in PBS
than the untreated group. This study characterizes and discusses the mechanical properties of SF processed with a

novel additive manufacturing method intended for customization of medical devices.



1. Introduction

Silk fibroin (SF) has been successfully implemented in the biomedical field. Wound healing, drug release or bio-
electronics are some of the many applications that SF has been used in the recent years [1]-[3]. This wide range of
applicability within the human body is due to its biodegradability with non-toxic end products, high tensile strength
and mechanical robustness, but also because of its high flexibility potential [4]. The trend towards customized medical
devices makes interesting the ability to 3D print this material to fabricate patient-specific implants [5]. Therefore, a
system to 3D print SF opens new opportunities for personalized health care systems. For instance it could be utilized
to fabricate bioresorbable cardiovascular stents. Some studies have attempted to manufacture stents through tubular
3D printing with biodegradable materials such as PCL [6]. However, polymeric stents offer bulkier designs as they
have weaker mechanical properties than metallic stents. Bigger designs can cause in-stent restenosis [7] and
difficulties accessing small vessels [8]. Therefore, the mechanical properties that silk offers could represent a good
alternative to address this challenge [9]. Moreover, silk has been assessed in vivo in terms of thrombogenicity and

vascular cell responses [20]. Hence, cardiovascular applications are a perfectly suitable scenario for this material.

SF has two types of molecular structures, silk I and silk I1. Silk I is a metastable structure with a-helix and random
coil bonds. Solubility in water and mechanical properties lower than the silk Il are the main characteristics of silk 1.
Type 11 of silk has a molecular structure in the form of R-sheet, stronger and more stable bonds. Aforementioned
features make it insoluble in water and potentially more resilient to mechanical stress. [10]. These states of SF make
it customizable to the type of application required. Controlling the state in which silk fibroin is encountered in the
final application has been a case of study in the recent past. The molecular structure of SF could be controlled by
various physicochemical processes. The transition of SF to secondary structures has been studied by chemical post-
treatments, typically with alcohols. Studies showed that both vaporization and immersion treatments with ethanol
(EtOH) and methanol (MeOH) increase the 3-sheet content. Therefore, as the modified structure is more stable,
parameters such as glass transition temperature (Tg) and water insolubility also increase [11], [12]. Further, among
the alcohols, MeOH is the best precursor for the reaction. Thus, it causes a greater effect on all the listed characteristics,
with immersion being the strategy that has the greatest impact [11]. Nevertheless, EtOH post-treatments also induce
silk 11 conformations and has been employed for biomedical applications [13], [14]. Finally, glutaraldehyde has also
been used as a chemical crosslinker to increase the stability of the silk molecular structure, thus promoting the

formation of the R-sheet structures [15].



Additionally, physical parameters could be controlled during the post-treatment such as the temperature, humidity or
pH to influence both the molecular structure and properties of the silk [16]. Wang et al. tested the relationship between
temperature, humidity and silk molecular structure during the water annealing process and found that the higher the
humidity and the temperature the higher the increase in the silk Il content [17]. Furthermore, the water content
entangled within the chains of the silk fibroin could act as plasticizers of the material [18], [19]. In this way, a flexible
and stable silk structure was achieved. Finally, to promote the reaction of silk I to silk Il while maintaining the flexible
properties of the silk, mechanical stretching of the silk in the wet state could be performed. The SF post-treated with
this technique had an increase in the structural formation of the R-sheet maintaining higher levels of elasticity than the

regenerated silk post-treated with MeOH reagent [19].

3D printing or Direct Ink Writing (DIW) SF requires an ink with a certain viscosity which in the past has been achieved
with the addition of other reagents, such as laponite, gelatin, or hyaluronic acid [21], [22]. Alternative methods can be
found in literature, including crystallization enhancement with MeOH treatment or photo-crosslinking [23], [24].
However, the addition of these compounds hinders the printing process. Our previous study validated the feasibility
of printing pure SF at high concentrations, ensuring print quality with 500 pum wide filaments [25]. The system was
based on the gelation of high concentrated SF by heating the nozzle and the deposition bed which catalyzed the
evaporation of water from the solution. Nevertheless, the fabricated material showed unstable mechanical properties,
as they were influenced by the ambient humidity. A high silk I content was found in the Fourier transform infrared

(FTIR) test, so it was hypothesized that the affinity for water of this structure varied the mechanical properties.

For stent application, the silk should degrade within the body gradually after being completely dissolved. In order to
tune the rate of silk degradation the present study proposes a partial transition from silk 1 to silk Il with the post-
treatment of alcohols, which are catalysts for this structural transition [11]. The hypothesis was that increasing the silk
Il content of the printed structures would provide more stability in aqueous solutions and increased and more stable
mechanical properties of the printed material. More specifically, it was intended to achieve different printed structures
with different silk 11 contents by treating them with different exposure times in MeOH. In order to manufacture test
specimens made of concentrated pure SF, the present study analyzes for the first time (to the authors' knowledge) the
possibility of concentrating SF up to 56.69 - 60.09 % (w/w) to increase its viscosity and printing it via DIW. Thus,
meeting the rheological properties to make the DIW process of the bioink feasible, so that the bioink did not scatter

after its deposition.



Therefore, this study has evaluated the mechanical properties of silk, as well as its molecular structure and degradation
rate to estimate its potential in medical device customization. The objective is to find a successful procedure to post-

treat SF so that its mechanical properties are consistent as well as its degradation rates.
2. Methodology
2.1. Preparation of the ink

Bombyx mori cocoons were kindly supplied by the association to preserve the silk worm in Spain (AERCEGSA) and
the Granja de la seda institution for the development of the sericulture. Then, the SF was extracted according to the
method previously described [26]. Briefly, to remove sericin from the silk, cocoons were immersed in 0.08 w/v %
Na,COs (Sigma Aldrich, USA) solution at boiling temperature for 30 min. Then, they were washed with distilled
water, and dried at room temperature overnight. Dried SF fibers were then dissolved in 9.3 M LiBr (Sigma Aldrich,
USA) solution and dialyzed against MiliQ water using a SnakeSkin™ dialysis membrane of 3.5K MWCO (Live
Technologies, USA) for 2 days at 4 °C to remove the salt. The aqueous solution was subsequently filtered with
Miracloth (Merck, USA). The resulting SF solution was approximately 5 — 7 w/w %. This aqueous solution was then
dialyzed against 20 w/v % polyethylene glycol (PEG) (8000 g/mol , Sigma Aldrich, USA), 1 M CaCl, (Anhydrous >
93 %, Sigma Aldrich, USA) and 50 mM Trizma® base (Sigma Aldrich, USA) at 4 °C using the SnakeSkinTM dialysis
membrane of 3.5K MWCO. The solution was adjusted at pH =8. After 24 h the concentrated SF solution was 56.69 -
60.09 w/w %. It was removed from the dialysis membrane and stored at 4 °C before use. All the concentrations of SF

were determined by comparing the weight of 0.5 mL of solution to the mass of silk after drying at 70 °C for 12 h.
2.2. Printing the test specimens

Tensile tests specimens were printed using a three-axis micropositioning stage controlled by customized software
(gcode, Processing) following the ASTM D882-02 norm. The concentrated SF solution was housed in a discardit 11 5
mL syringe (BD, USA) mounted on the ink extruder which was connected with a PVC tube (1.6 mm inner diameter
and 200 mm length) to an x-y-z stage. The SF ink was extruded through a G25 gauge needle (Nordson, USA) onto a
crystal bed with a flat surface which had stack a polypropylene adhesive tape. The bed was previously heated at 45 °C
and maintained during the entire process. The rotation of the motor ensured a constant deposition speed of 10.9
pL/mm. As the ink exited the nozzle, a continuous filament was printed. It retained the deposited shape due to ink

viscosity and the reduced gelation time resulting of the applied heat.



The shape of the test specimen consisted of depositing 80 mm lines 0.5 mm apart, with a total of 30 lines per test
specimen. At the end of each line the piston was retracted 1.1 mm to release residual pressure in the system and ensure
a constant impression. The displacement speed of the nozzle was 500 mm/min. All test specimens were dried 48 h at

25 °C and 70 % of relative humidity.
2.3. Post-treatments

Five different post-treatments were conducted to characterize the mechanical properties of the deposited SF (Figure

1):

Intermittent heat and humidity (NT): The tests specimens were subjected to 5 min of dry heat at 75 °C and, cooled at

25 °C and 70 % of humidity for 1 hour. Then, the test pieces were subjected to a humidity test with a dry heat of 75
°C and a dew point of 65 °C during 15 min. At that point they were disassembled from the adhesive tape and, dried

under the hood. Therefore, this samples were no treated (NT) with any chemical reagent.

EtOH: The tests specimens were immersed with EtOH 96 % for 24 hours.

Methanol (Me30 — Me60 — Me120): The tests specimens were immersed with EtOH 24 hours. Then, they were dried

under the hood and immersed with MeOH > 99.8 % (labkem, Spain) for 30 min, 60 min or 120 min.
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Figure 1 Diagram of the methodology employed throughout the different post-treatments for the acquisition of the test
specimens. I-a) Raw cocoons. I-b) SF washed after boiling step. I-c) Dialysis against MiliQ water. 1-d) Dialysis against 20

w/v % PEG. I-e) Resulting SF ink. 11-a) SF solution housed in a syringe. 11-b) Printing test specimens. I1-c) Resulting test
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specimens. 111) Post-treatment scheme of the experimental specimens.

2.4. Characterization

To comply with the ASTM D882-02 standards 5 replicates were fabricated for each of the five described post-

treatments. Each one of them was subjected to the following characterization tests.



Figure 2 Measurements taken during the tensile test. a) Width of specimen. b) Thickness of specimen. c) ASTM D882-

02 tensile test.

Mechanical properties of the DIW SF were evaluated using tensile test under control conditions of 50 % relative
humidity at room temperature, Figure 2. The printed rectangle specimens of SF (80 x 15 mm) were tested under tensile
stress, without extensometer, in a Hounsfield Universal Testing Machine (Shakopee, USA) equipped with a load cell
of 2.5 kN. These parameters were set according to ASTM D 882-02 standard specifications. Data of five specimens

were collected to obtain the statistical standard deviation for each sample.
2.5. Fourier Transform Infrared (FTIR) Spectroscopy

After testing, the test specimens were collected. IR spectra (4000-350 cm-1) was taken in an infrared spectrometer

(Alpha Bruker FT-IR, USA) using a single reflection ATR system.
2.6. Degradation Assay

Test specimens of 20 x 5 mm were fabricated. The samples were weighed by a Sartorius ED224S analytical balance
(Sartorius, Gottingen, Germany), and transferred to non-adherent cell culture 12-well plates (Sarstedt, Germany). 2
mL of PBS was added into each well and kept in the incubator for 15 min, 30 min, 4 hours, 1 day or 5 days, Figure 3-
a. Water absorption and weight loss were evaluated by weighing the samples on a weighting scale(Mettler Toledo
Sartorius 2MP Scale, USA), taking into account the sample’s original weight after the post-treatment process (Wo),
weight of the wet/dry sample (w/w), and residual weight after degradation once it had been completely dried (W) in

an oven for 24 h at 75 °C. The water absorption rate, W;%, was evaluated with equation 1:



W, % = WTd * 100
Weight loss percentage, W %, was estimated using equation 2:
Wy — W,
W% = —>——%+100 Eq.2
0

b)

Figure 3 a) Degradation test. A sample was placed in each well and was filled with 2 mL of PBS. b) Representative

image of the specimens after 1 hour of degradation.
2.7. Dynamic Mechanic Analysis (DMA)
A Mettler Toledo DMA/SDTA 861 equipped with dual cantilever tools was used to perform the DMA analysis. The

test was run with a preload of 1 N and a frequency of 1 Hz. The samples (N=2) were heated from 0 to 230 °C or

specimen rupture at 5 °C/min in an air atmosphere.



2.8. Differential scanning Calorimetry (DSC)

The thermal properties of the obtained specimens were assessed by means of differential scanning calorimetry using
a TA Instruments DSC Q2000 in order to evaluate the influence of the post-treatments on the thermal transitions.
Scans were run from 30 to 305 °C at a heating rate of 10 °C/min. The test was performed in an inert atmosphere with

a nitrogen flow rate of 50 ml/min.

2.9. Thermal gravimetric analysis (TGA)

A Mettler-Toledo TGA/DSC 1 thermobalance was used to analyze the weight loss while heating. The samples were
heated from 30 to 700 C with a heating rate of 10 -C/min. The test was performed in an inert atmosphere with a

nitrogen flow rate of 50 ml/min.

2.10. SDS PAGE - Molecular weight (Mw) determination

The Mw of fibroin was estimated using SDS PAGE Electrophoresis as follows: 10 pg of SF was added into a 1: 1
buffer sample containing reducing agent and heated at 85°C for 30 seconds. Then 20ul of the sample were loaded on
10% (w/v) acrylamide gel. Electrophoresis was carried out using the Mini-PROTEAN Tetra Cell-BIO RAD. After

electrophoresis, the gel was stained with Coomassie blue (ThermoFischer, USA).

2.11. Viscosity

The viscosity of the ink was measured with a Myr Serie VR 3000 rotatory viscometer (Viscotech Hispania S.L.,

Spain).

3. RESULTS

3.1. Mw of regenerated SF before DIW

A parameter that impacts on the mechanical and physical parameters such as the storage modulus (E’) or the
degradation rate of the regenerated SF is the My,. For this reason, this parameter was characterized at the beginning of

the tests.
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Figure 4 Acrylamide gel loaded with 10pg of fibroin after electrophoresis (N=3)

The My of the SF chains found in the material before printing were in the range between 250 kDa and 50 kDa and
weak bands were observed at 25 kDa. It is worth noting that these findings are in concordance with the current
literature. Silk degummed during 30 min in a concentration of 0.05 w/v% Na,CQOs, as approximately conducted in this
work (0.08 w/v %), should exhibit a broad distribution centered at 100 kDa [27], [28]. Therefore, a small degradation

of the SF chains occurred due to heat and alkaline hydrolysis under the Na,COj3 action.
3.2. Determination of molecular structure

In order to determine the silk I and silk 11 structure, the FTIR spectra was obtained in the spectral region 350-4000
cml. The bands at 1230, 1540, and 1640 cm™ are assigned to a-helix/random coil conformation (related to silk 1),
while the bands at 1261, 1620, and 1696 cm* are assigned to the B-sheet structures (silk I1) [29]-[31]. Therefore, the
absorption in these bands indicated the molecular structure of the ink and it was used to evaluate the following

outcomes of the material.
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Figure 5 FTIR spectra of 3D printed SF tensile specimens’ groups. The red-dashed vertical lines corresponds to the
absorption bands associated to random coil and a-helix conformation. The black-dashed vertical lines corresponds to the

absorption bands characteristic to the 3-structure.

The test specimens treated with MeOH presented silk 11 characteristic peaks. Specifically, the peak at the 1620 cm™
wavenumber was observed in all the MeOH-treated test specimens. In contrast, NT silk displayed peaks at the
absorbance bands corresponding to silk | (Figure 5). For instance, it presented a peak shifted at 1640 cm™ which
corresponded to silk I. In between, EtOH-treated silk exhibited a combination of the two different types. These samples
showed an absorbance level equally high between these frequencies (1620-1640 cm™). This might indicate that the

silk treated with this method contained both silk I/11 conformations.

Moreover, a curve deformation was observed in the 1261 and 1696 cm absorption bands corresponding to the R-
sheet structure, supporting the presence of silk 11 molecular structure within the MeOH post-treated silk. These signal
perturbations were more pronounced the higher the exposure to the MeOH reagent. Interestingly, the reported results
for Me60 and Me120 showed similar outcomes, whereby there might be a threshold at which all silk shifted to its type
Il structure and no further changes were found in the FTIR spectra. This trend change was hardly observed in the

group of specimens treated with EtOH.



Finally, all groups presented absorbance peaks corresponding at the silk I molecular structure, indicating that the o-
helix conformation was present in all the silk subtypes. A remarkable absorbance on the 1230 cm™ peak could be
observed throughout all the post-treated groups, indicating that these groups also presented silk I molecular structure.

The NT group also presented a-helix specific point at 1540 cm,
3.3. Thermal analysis

Table 1: Parameters of interest for the description of the thermal tests

EtOH Me30’ Me60’ Mel20’
TGA
Water content (%) 14.86 11.15 10.33 10.25
Twi (°C) 216.00 200.50 189.67 211.33
Tonset (°C) 297.11 283.20 278.39 276.88
DSC
T: (°C) 208.02 170.95 193.96 185.82
AHw (J/g) 380.5 256.6 3255 305.9
Tmaxwi (°C) 89.12 78.38 98.13 92.34

Thermal assays were performed to the post-processed materials to describe their behavior with an increasing
temperature. Two events were described with the TGA and DSC tests, the water loss event and the SF degradation
event, Figure 6. The water loss event indicated the water content of the initial material (Table 1). Furthermore, the
temperature at which the SF began its degradation was calculated. To calculate the water content of the samples, it
was hypothesized that the water loss event comprised the temperatures from the beginning of the test to the point on
the curve depicting the lowest slope, temperature of water loss (Tw), before entering the fibroin degradation event.

Thus, the mass lost up to this point was considered water. Figure 6-a shows that NT group had the highest water



content (18.3 %), among all conditions. Also, it was highlighted that silk post-treated only with EtOH presented a

higher water content than the MeOH treated groups.

The temperature at which fibroin began its degradation was defined as the onset temperature (Tonset). This was
calculated at intersection point between the tangent line to the baseline before mass loss and the tangent line to the
inflection point during mass loss. The silk types treated with longer exposures to MeOH degraded at lower

temperatures than the subgroup only treated with EtOH (Figure 6).
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Figure 6 Thermal behavior of DIW SF. a) Thermal gravimetric analysis (TGA) of 5 mg of the sample treated with the
different post-treatments. b) Heat flow vs temperature during Differential Scanning Calorimetry (DSC) of regenerated

SF.

The DSC test confirmed the events seen by the TGA assay, Figure 6-b. For instance, the water loss event was reported
as an endothermic reaction (AHwi). Table 1 reports the temperature at which the endothermic reaction’s derivative
reached its maximum absolute slope (Tmaxwi). The temperature of transition (T:) between the water loss event and the
silk degradation was described as the smaller slope baseline, calculated with the derivative. As described with the
TGA test the content of water was higher at the samples only treated with EtOH, since its enthalpy score during the

water loss event was described as the highest throughout the studied groups.



3.4. Mechanical properties

Results of the tensile test according to the ASTM D882-02 norm can be encountered in Table 2. Data revealed a
reduction of the elasticity of the material under post-treatments with alcohols and a transition to a brittle fracture. On
one hand, the silk treated only with EtOH maintained its structure and could be tested, showing a 54.00 % reduction
in Young’s modulus (E) and 51.70 % reduction in the ultimate tensile strength (UTS) compared to NT silk. On the
other hand, MeOH treated tensile specimens were subjected to morphological alterations, Figure 71. This event caused
the specimens to lose their consistency. As a direct consequence, the material performed poorly in terms of tensile
strength, with an average UTS 74.55 % lower, in the best case scenario, Figure 7. The test specimens were very fragile

due to the folds, which sometimes cracked before they were tested during placement.
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Figure 7 Data of mechanic analysis. a) Represents the raw data of a representative tensile test replicate for each
post-treatment. b) Depicts the mean values and standard deviation (SD) of the storage modulus with their

respective temperature extracted from the DMA test (N=2).

Figure 7-b presents the storage modulus (E”) for each respective temperature. Therefore, the behavior of the E” with
increasing temperature. Consistently, the E” at room temperature had similar values to the E. Furthermore, the data
depicted a stiffening of the material during the water loss event as an increase in the E’. This subtle increase in the E’
with increasing temperature was mainly observed with the NT and EtOH-treated silk subgroup. This trend appeared
to be less pronounced, but was still present in the group treated with Me30 and was no present for the Me60 and

Me120 subgroups. At the end of this event, the test specimens decreased their E' coinciding with the degradation



phase, except for the NT subgroup which started earlier. Finally, the exposure time with MeOH in post-treatment
seemed to show a reduction of the E’. This was reflected in Figure 7-b, where, on average, the samples treated with

Me30 showed a higher modulus than those treated with Me60 and these with Me120, respectively.

It should be noted that, although the DMA is not described as a destructive test, since the material is subjected to small
stresses to study the elastic behavior, some of the samples collapsed during the test. This would explain, for instance,
the high SD exhibited by the EtOH group at 139.1 °C, as a breakage of the test piece occurred. Similarly, the test
pieces of the Me60 and the NT group all split. For this reason, only data up to this breakage temperature were

presented. These events were evidence of the fragility of the regenerated SF material.

Table 2: Mechanical properties obtained from tensile test under the ASTM D882-02 standards. Last

row depicts the storage modulus at room temperature of the DMA test.

Post treatments No treated EtOH 30’ 60’ 120°
Young’s Modulus
637 = 300 293 + 151 354+ 298 363 + 320 286 +178
(MPa)

Ultimate stress (MPa) 8.84 +3.73 4.27 +2.68 0.98 +1.08 2.25+2.33 1.83+1.57

Yield point (MPa) 8.74 £ 3.82 3.69 £ 2.88 0.82£1.16 2.16 +2.40 0.46 + 0.37

Elongation at Break
5.87+281 2.56 + 0.96 2.89+2.42 1.70 £ 1.59 1.01+0.18
(%)

E’atrt (MPa) 1697.3 £ 39 13254 £96 | 225.34+86 | 214.66 +27 21064 +1

3.5. Solubility and degradation in PBS

The degradation assay confirmed the hypothesis provided by the literature on the documented molecular structure of
the silk [10], [32]. A fast degradation of the samples was observed in the NT silk. This is in agreement with the
literature, since more peaks were found in the FTIR curve in the NT group, corresponding to water-soluble silk 1.
Moreover, the present study offers for the first time the possibility of concentrating SF to high concentrations without

gelation. The resulting NT degradation sample presented a high content of silk I. When the specimen was immersed



in PBS, it was partially redissolved, as if it were a lower % w/w solution. Only one replicate showed weak resistance

to degradation in water, represented in the SD of Figure 8-a of this group.

Furthermore, the degradation assay confirmed the presence of the coexistence of both types of silk especially in the
EtOH specimens. The degradation of the EtOH samples showed a lower early degradation than NT silk in contact
with PBS. However, its degradation was faster than the MeOH-treated samples (Figure 8-a). EtOH experienced a
mean Wy of 41.72 % of the W, one hour from the beginning of the test. While for Me30, Me60 and Me120, a 10.02,
9.79 and 6.79 % were described respectively. Thus, the MeOH treated samples depicted the lowest degradation rates.
As observed from the FTIR results, the MeOH subgroups exhibited a response corresponding to a high content of

water-insoluble silk structure I1.
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Figure 8 Representation of the degradation test data. a) The percentage of degradation of the specimen after 20', 1h,

4h, 24h and 7 days with their corresponding SD. b) The water absorption after the selected times and SD.

Finally, although W, had high SD values, they represent a similar trend than W,. The NT samples had more affinity
to water due to their molecular structure. Nevertheless, as most of the NT samples dissolved during the experimental
test W, was equal to 0. That is why, NT showed the lowest values compared to the other groups, Figure 8-b. The
EtOH samples presented the highest W, values. As indicated by the W\ test, they were partially hydrosoluble as

opposed to the samples treated with MeOH that were insoluble in water.



4. DISCUSSION

The purpose of the study of silk post-treatments was to obtain a versatile material that can be customized according
to the intended biomedical application. The main technical problem in 3D printing pure SF was to concentrate the silk
into an ink viscous enough to maintain the shape after deposition. Commonly, silk was concentrated by PEG (Mw >
20000 Da) solutions [33]. For example, Ghosh et al. attempted to concentrate silk to 28-30 w/v % to DIW. However,
in their study they needed a MeOH reservoir to print the ink to enhance a rapid coagulation of the silk, as it was
essential to maintain the silk deposited morphology [23]. Nevertheless, this study overcame this hurdle by increasing
the pH of the PEG solution. Studies have demonstrated that the SF greatly decreases its gelation time in basic pH
mediums [34]. Therefore, in this work, gelation of the SF during concentration was avoided by adjusting the pH of
the PEG solution to 8. This novel approach has yielded concentrations (56.69 - 60.09 % w/w) of SF with a viscosity

within the range of 1490 + 370 mPa-s to be printed via DIW while avoiding gelation of the material.
4.1. Silk as a tunable material

The My is a key parameter as it affects the degradation rate and mechanical properties. The Mw could be tuned by
altering the degumming time or the Na,COj3 concentration. The longer the degumming step or the higher the Na,CO3
concentration, the lower the My, would be [35]. Therefore, the ability to control this feature adds another customizable
characteristic in the development of potential medical devices made from silk. The 3D printed applications would not
only be unique in morphology, but they could also be designed for a specific My. The higher the My, of the SF the
higher the mechanical properties, such as the UTS, and the longer the time required for its complete degradation [36].

Therefore, it could be considered as a 4™ dimension over which the additive manufacturing system has control.
4.2. Temperature effect

Both thermal tests (DSC and TGA) have defined the same events in the 3D printed silk in a test with increasing
temperature. The first event was encountered in the span of temperatures ranging from the start of the test and Tu.
TGA and DSC tests described the weight loss related to the absorbed water. [37]. The EtOH subgroup presented a
higher water content than the groups treated with MeOH. Moreover, the results seemed to follow a trend between the
exposure time to MeOH and the water absorbed by the material, since the longer the exposition to MeOH treatment,

the lower the water content was. This is consistent with MeOH inducing the molecular structure silk 11, which is



hydrophobic, whereas silk I is a hydrated structure. The second event describes bond cleavage and degradation of the

silk, which appeared to occur at higher temperatures for the EtOH-treated silk than for the MeOH-treated subgroups.

The literature also describes two other events that can be found in the DSC test as the Ty and the silk | to silk 11
transition [38]. However, Tqwas not visible in the results of this study. This event should be found around 180 °C,
which in the presented results the test is still depicting the endothermic reaction of water loss. Therefore, as this event
has a greater influence on the enthalpy score of the DSC curve, it could be masking Tg. Reducing the rate at which the
test temperature increases would be a solution to further investigate this issue. Finally, the enthalpy change
corresponding to the transition from silk 1 to silk 11 was not met, possibly because the transition from silk I to silk 11
was induced in the post-treatments prior to the test. Hence, most of the silk had started the trial with the B-sheet
structure. Therefore, the possible content which remained in silk I structure was not sufficient to stand out this reaction,

as this event was also not very prominent in the test results [38].
4.3. Mechanical characterization

The treatment of silk with alcohols is known to increase its crystallinity, mechanical properties and water stability
[39]. Nevertheless, although researches have attempted to achieve flexible regenerated SF films, silk becomes brittle
after treatment with alcohol-based reagents [19]. This study endeavored to investigate the effects of these post-
treatments on SF printed via DIW. The results found describe a trend that is opposite to what was expected, as an
increase in E and UTS was hypothesized based on the literature [39]. However, what was observed was a decrease in
E modulus the longer the exposure with alcohols compared to untreated fibroin. Specifically, a large reduction of
about half of the E modulus was observed in the EtOH-treated subgroup. Furthermore, the MeOH-treated groups
exhibited an order of magnitude reduction in the UTS feature compared to NT silk. These unexpected results could
be explained by the change of molecular structure during the post-treatment technics. Test specimens bent once treated
with alcohols, especially in contact with MeOH (Figure 1). These molecular changes generated morphology
alterations. These pleats may have caused stress concentration points in the test specimen that led to earlier fragile
rupture. In addition, treatments with alcohols induced a more brittle material, as expected and observed by the strain
at break [39], [40]. This lack of flexibility aggravated the stress concentration, since the slightest failure of any of the

folds resulted in the rupture of the test specimen. For this reason, this reduction of the E modulus and UTS might be



observed instead of an increase. These folds were not observed in other studies, such as Kaewpirom et al. film study,

as they mixed the alcohols with the blend and then it was let dry [39].

Moreover, this work has 3D printed the test specimens. The addition of subsequent filaments to produce the desired
structure has a lower ability to bond the material than other methods such as injection molds [41]. Therefore, each of
these filament bonds can create a defect or a point that causes a stress concentration point. It is for this reason that 3D
printed SF like other materials after being 3D printed exhibit a reduction in mechanical properties compared to those

that have been manufactured in molds.

4.4. Degradation

The degradation test in PBS showed differences in the degradation of the silk samples according to their post-
treatment. An early degradation of silk | of the samples at the beginning of the test was described, as a large percentage
of the weight was lost during this phase of the experiment in all the groups. Nevertheless, the NT silk presented a
higher soluble silk content than the rest of the subtypes, as hypothesized by the FTIR test. Therefore, a higher W was
represented in this group (W, = 78.96 %, 20 minutes). Then, a constant degradation rate was observed. Moreover, all
groups described the same behavior; a fast Wy, corresponding to the dissolution of silk type I, on PBS solution.
Followed by a constant degradation rate of the remaining structure. However, the alcohol-treated samples presented a
lower proportion of silk | than the NT samples, as they were exposed to reagents which catalyzed the B-sheet structure.
This fact shows that the longer the exposure to these treatments after DIW of the silk the higher the water insolubility
was. However, the exposures at MeOH of 60 and 120 minutes did not present changes in this parameter. Therefore,
there could be a threshold at which leaving the reagent for longer does not catalyze more silk Il structure in the
samples. This is in agreement with the results of the molecular structure reported by FTIR, where almost no changes

were observed between the Me60 and Me120 spectra.

4.5. DIW silk perspectives in the biomedical field

Silk has already proven to be a potentially successful material to be in contact with living tissue, in cell culture or used
in biomedical applications. Furthermore, there is a growing tendency in the biomedical field towards the
personalization of both medical devices and treatments to treat diseases. This work brings these two concepts together
and attempted to bring SF closer to the customization of these applications. In addition to providing the vast potential

of 3D printing with regenerated SF, this work has investigated the possibility of controlling other process parameters



to maximize customization. Silk has already demonstrated its efficacy in cardiovascular biomedical applications [20].
Therefore, this system offers the potential to fabricate customized silk-based cardiovascular stents, such as those
proposed by Guerra et al. [6]. In addition, silk has already been used for drug delivery applications [42]. This system
would also allow the customization of the geometry, which in turn allows a more localized release as well as the
control of its degradation time. These are merely a small fraction of the many examples that this system potentially

offers and is capable of producing, with their respective optimizations.
5. CONCLUSIONS

This work presents for the first time a system to 3D print a highly concentrated SF ink using the DIW technique on a
flat polypropylene surface. For this purpose, the silk has been concentrated to obtain a paste viscous enough to
maintain its shape once deposited on the bed. In addition, the possibility of obtaining different properties of the final
material by means of five different post-treatments was studied. We were able to describe and characterize a transition
from silk | to silk 1l due to post-treatments, although mechanical properties of the final product did not improve with
respect to the untreated fibroin. Post-treatment with MeOH did not provide satisfactory results, as it alters the
morphology of the 3D printed structure. Nevertheless, the post-treatment with EtOH could be a good compromise
between acceptable mechanical properties and a transition to a hydrophobic material. Further optimization of this

system could lead to medical devices with great potential and personalization in 4 dimensions.
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Highlights

¢ Silk fibroin can be concentrated in an aqueous medium into a solution viscous enough to be
3D printed as an ink.

o Post-treatment of silk fibroin-based inks with alcohols improves their mechanical properties
and catalyzes a water-insoluble product.

e The post treatment of silk fibroin with ethanol at 24 hours provides a good compromise
between mechanical properties, flexibility and degradation in phosphate-buffered saline.
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