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The cosmos is within us. We are made of star-

stuff. We are a way for the universe to know 

itself. 

— Carl Sagan, Cosmos 
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Abbreviations 
 
RSF  Regenerated silk fibroin 

ThT  Thioflavin T 

ATR Attenuated total reflectance 

FT-IR  Fourier transform Infrared spectroscopy 

UV-vis Ultraviolet-visible spectroscopy 

IF Intrinsic fluorescence 

IFE Inner filter effect 

C–C bond Single carbon-carbon covalent bond 

ECM Extracellular matrix 

GDL Glucono-δ-lactone 

LiBr Lithium bromide 

ANOVA Analysis of variance 
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Popular Science summary 
 
Silks comprise one of the most fascinating group of natural materials. Spider silk, for instance, is the 

toughest natural fibre known to man. It is a very fine combination of stretchiness and strength that makes 

spider silks tougher than Kevlar, steel, and many other man-made polymers. Recently, an interest in using 

silks as biomedical materials has arisen, mostly due to the fact that they do not trigger an immune response, 

can degrade easily in the body, and that they provide a friendly environment for cells to grow. Despite all 

the hype in the biomedical field, only a few examples of Bombyx  mori derived fibroin-hydrogels were 

reported to be injectable. Of these, none are truly biomimetic and are instead comprised of blends with 

scarce amounts of silk. Such is of critical level, as it limits the extension of silks to regenerative applications, 

like 3D-bioprinting, localized drug delivery, and many others. Such technical challenge can be understood 

as the fact that, in nature, silks are designed to be pultruded and spun, and are the product of 400 million 

years of evolution and natural selection towards a very cost-efficient spinning system. Although technically 

challenging, up to this point, only a few have considered the natural progressive acidification to which silk 

proteins are exposed before spinning. Of those few, none has considered the physiological limitations of 

the active silk-spinners, nor even what is the definition of a suitable extrusion. When it comes to the design 

of artificial silk extrusion systems, we considered those to be essential. Throughout this project, the reader 

will understand that, by using a novel biomimetic acidification to formulate silk hydrogels, and by extruding 

them at speeds relevant for injection applications, we have been able to successfully achieve an artificial 

extrusion of purely-made silk hydrogels, which is within the physiological limitations of the active silk-

spinners (i.e.: provided silk spinning was an extrusion-dominated process, the animals would not die 

extruding our gels from their bodies). Adding to that, a silk concentration ideal for extrusion, called here 

the “silk’s sweet spot”, has also been discovered.  

 

Our findings have important effects in the field of regenerative medicine and biofabrication, as silk 

hydrogels and injectable systems should then be targeted to be formulated and optimized at this specific 

sweet spot concentration. With this project, a very critical step in using silks as the ultimate biomedical 

material has been taken. Hopefully, new injectables and studies using silk-based systems will start targeting 

this optimal concentration, and significant achievements in the biomedical field should thus be soon seen. 
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Chapter 1: Introduction 
 

Silk injectability: a continuous and unresolved problem 
 

Despite all the hype in the biomedical field, only a few examples of Bombyx mori derived fibroin-hydrogels 

were reported to be injectable. Of all these injectable systems, none of them are truly biomimetic and are 

instead comprised of blends with limited amounts of silk. 1–9 Although it is true that much has been made 

of silk’s remarkable properties to fabricate injectable gels, it is also true that only a few have considered 

the natural progressive acidification to which silk proteins are exposed before spinning. Of those few, none 

has considered the physiological limitations of the active silk-spinners, nor even what is the definition of a 

suitable extrusion. Contrarily, we consider those to be essential when designing extrusion systems 

artificially. Indeed, forced reeling of B. mori silkworms suggests that both the processing and the feedstock 

play a significant role in silk fibre properties. This notion provided the impetus for this work. We asked if 

those premises also extended to the design of bio-inspired artificial extrusion systems. We rationalized that, 

by mimicking the natural way silks are processed by the animal, and by optimizing gels for their best 

extrusion properties, we could obtain a biologically relevant artificial extrusion of silks. 

 

First and foremost, we asked how we could define the biological relevance of a bio-inspired extrusion 

process. The biologically-relevant extrusion domain is thus defined as the set of conditions in which the 

requirements for artificial silk extrusion are within the physiological limitations of natural silk producers, 

while extruding feedstock at adequate speeds that mimic the common speeds arbitrarily used by humans 

when applying injection systems (0,0803-1,9 mm/s) 5,10–17 (fig. 1). 

 

 
 

Fig. 1: Representation of the biological relevance for extrusion of silk gels at both natural spinning (green area) and 

common injection speeds (blue area) functionalized by the physiological limitations of the active-silk spinners. 

https://paperpile.com/c/e9eiYA/BSZw9+yxMUa+xxCnm+qLpWi+jPBi+uO3wt+MvgiP+PGoA4+3m6My
https://paperpile.com/c/e9eiYA/cZOS+7Jgx+No9k+jPBi+n6cc+03Wh+OgeP+33nt+j4ZL
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Fig. 2: Anatomical representation of the Bombyx mori silk gland and its silk-spinning apparatus. The gland (blue) 

surrounded by the haemocoel (green). The direction of silk flow during spinning is indicated by the blue arrows. 

Adapted from reference 74. 

 
 

The physiological properties of natural spinners need to be considered for testing the relevance of the 

hypothesis. Even though the haemocoelic rupture pressure of final instar B. mori entering pupation is 

registered at 5,88 KPa 18  (fig. 2), recent work has shown that the spinning ducts of both B.mori and 

N.clavipes are reinforced with chitin in a way they would be less prone to deformation than the initial part 

of the glands. However, the maximum sustained pressure by these structures as never been recorded. A 

relevant analysis of the requirements for artificial extrusion cannot, nonetheless, be compared with 

haemocoelic rupture pressures of B. mori, as the animal is likely able to sustain much higher pressures 

around the spinning duct, which is where the spinning happens. A better upper limit for a relevant biological 

extrusion is thus delineated by the maximum internal pressures recorded in the Insecta class. In this case, 

40 KPa for hard-bodied animals. 19–21 This is thus set as the limit in pressure the animals can sustain. Outside 

of this range, bio-inspired artificial extrusion has no biological meaning nor correlation to the natural 

spinning domain.  

 
The ideal injectable system 
 

An ideal extrudable matrix would require low force for the initial push, and a constant extrusion force (fig. 

3 and 4) during the injection phase. A low initial push, followed by an equal-in-magnitude constant and 

non-noisy extrusion force profile, are direct signs that the pressure applied to initially move the gel did not 

cause cracking of the polymeric network. The idea of gel quality before and after extrusion is of great 

importance, as this will guide us to understand the quality of the extrusion.  

 

https://paperpile.com/c/e9eiYA/T5oQY
https://paperpile.com/c/e9eiYA/bSl5R+WiCEk+rbDcT
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The extrusion of fully-formed gels is categorized as follows: 

 

(1) Ideal, where a constant, smooth and non-noisy flow of the gel is observed after the initial push.   

 

(2) Acceptable, where the compressive forces during the initial push lead to a small drop in force.  

 

 
Fig. 3: Simplistic representation of the various possible extrusion profiles.  

 

(3) Poor, where extrusion leads to complete fracture and prominent destruction of the gel network, either 

due to a high degree of water phase separation, or intensive gel fracturing. 

 

(4) Non-extrudable, where the force applied on the gel by the plunger, is not sufficient to push the gel out.  
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Fig. 4: Simplistic representation of the various dominating forces acting upon a non-extrudable (left), and extrudable 

gel (right). Fe represents the force exerted by the plunger to cause gel displacement (strain), and Gr is defined as the 

opposite resistance force to gel extrusion. 

 

Following these definitions, we now thus have the base to ask the question, can we reach a relevant 

artificial extrusion of silks by mimicking the way silk is processed and spun?  
 

 

Hypothesis statement 
 

We hypothesized that artificial extrusion of silks and the overall improvement of their extrusion quality 

could be achieved by mimicking the natural way silk is processed.  

 

Chapter 2: Theory 
 

2.1. Silk processing inside the glands  
 

Both spiders and silkworms produce silk inside designated structures named silk glands. These unique 

proteins are spun under ambient conditions with only water as their solvent 22–24. Unlike spiders, the 

domesticated silkworm Bombyx mori produces large amounts of silk, and this silk is destined for cocoon 

building before pupation and metamorphosis from larvae to moths 22,25. On the other hand, spiders spin 

different kinds of silk originating from different glands and part of their bodies, and they are destined for a 

variety of other different purposes than cocoon building in silkworms. 22–24,26. Although different in 

molecular structure, both spider and silkworm silks are very long, highly repetitive, and extremely soluble 

proteins at high pH 22. During silk production and spinning, a few peculiar notes can be made. Silk proteins 

are produced and stored at concentrations of about 30% wt. and then transported along a narrow tube where 

important secondary structural modifications occur (fig. 5), and which are mainly the response to a very 

mild pH gradient generated by proton pumps and carbonic anhydrase along the gland22. Indeed, this 

progressive acidification is responsible for protein refolding and beta-sheet transition from random coil 

https://paperpile.com/c/e9eiYA/ELpqP+P2f8E+5mPdt
https://paperpile.com/c/e9eiYA/ELpqP+biaG1
https://paperpile.com/c/e9eiYA/ELpqP+P2f8E+5mPdt+udQFF
https://paperpile.com/c/e9eiYA/ELpqP
https://paperpile.com/c/e9eiYA/ELpqP
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conformations, which is essential for spinning. 27,28 A great part of the evolutionary success of silks is hence 

related to these subtle natural treatments. In both insects 29,30 and spiders 31, the progressive acidification 

has been linked to dimerization of the silk proteins N-terminal domains; and, most likely yield an extension 

of the protein network to facilitate transport and tune the mechanical properties 32 

There is thus a great deal of importance in recreating these natural processing conditions when fabricating 

silk gels, as part of their success will also be dictated by the degree of mimicking that is used during their 

treatment.  

 

 
 

Fig. 5: (a) Silk gland extracted from B. mori with elucidation to the anterior, middle, and posterior silk gland (ASG, 

MSG, and PSG, respectively). Schematic representation (c) of the with pH values indicated in different parts depicting 

the progressive acidification inside the glands. Fibroin secreting parts are indicated in purple. Adapted from reference 

22. 
 
2.2. Fabrication of RSF-based (hydro)gels 

 

When it comes to the biofabrication SF-based gels, a variety of different biofabrication approaches can be 

used. Gels can be formed via enzymatic cross-linking 7,33–37 or by encouraging physical entanglement of the 

biopolymers by either pH-driven 29, dehydration, or physical techniques. 38 Methods based on SF self-

assembly via sonication39, soft freezing 40, vortexing3, electrogelation 41, dehydration 42, polyethylene oxide 

(PEO)43 have been reported, amongst others. A wide variety of silk-blended gels can also be obtained. 1,2,44–

47 

https://paperpile.com/c/e9eiYA/RGAnf+kOxto
https://paperpile.com/c/e9eiYA/s3lpn+4ncLv
https://paperpile.com/c/e9eiYA/Dhghp
https://paperpile.com/c/e9eiYA/LZsOD
https://paperpile.com/c/e9eiYA/5k2SR+ToOSm+SKZ4U+2F4Qv+MvgiP+POgGg
https://paperpile.com/c/e9eiYA/s3lpn
https://paperpile.com/c/e9eiYA/HYd2C
https://paperpile.com/c/e9eiYA/BTrCs
https://paperpile.com/c/e9eiYA/iKAu9
https://paperpile.com/c/e9eiYA/xxCnm
https://paperpile.com/c/e9eiYA/4lBew
https://paperpile.com/c/e9eiYA/hnrha
https://paperpile.com/c/e9eiYA/oQDSZ
https://paperpile.com/c/e9eiYA/yxMUa+al6kk+oEWkL+ix6Sz+Xf8lN+BSZw9
https://paperpile.com/c/e9eiYA/yxMUa+al6kk+oEWkL+ix6Sz+Xf8lN+BSZw9
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Fig. 6: Schematic workflow of the steps associated with silk (hydro)gel fabrication and its applications.  

 

Fabrication of silk gels usually starts by removing the immunogenic sericin 48 . Here, sericin is separated 

from the fibroin portion of the silk fibres in the silkworm’s cocoon (a process known as degumming 49). 

After degumming the silk fibres, the sericin-free cocoons are dissolved into a viscous aqueous solution, 

what is known as regenerated silk fibroin (RSF). This step can be accomplished using a variety of different 

chemical and enzymatic methods 50,51 (a detailed overview of the degumming and regeneration processes, 

and their respective effects will not be given in this report. For details, please see references 49–53). The RSF 

solution is then gelled, and the outcomes of assembled gels are summarized in figure 6. The problem with 

all of the current enumerated gelation protocols utilized for the fabrication of silk gels is that they fail to 

mimic the processing conditions found inside the animal’s silk glands. In this report, a novel biomimetic 

acidification method based on the progressive acidification inside the glands of both spiders and silkworms 

will be used, as it is elucidated in the next section. 

 

2.3. Biomimetic acidification 
 

As previously referred, silk sol-to-gel transition based on pH-driven physical entanglement 27,28,54 is of high 

interest to employ. Silk self-assembly stimulated by acidic conditions is, of the current gelation approaches, 

https://paperpile.com/c/e9eiYA/DsmXv
https://paperpile.com/c/e9eiYA/ptJ1i
https://paperpile.com/c/e9eiYA/MCdR2+ZEUlK
https://paperpile.com/c/e9eiYA/MCdR2+ZEUlK+Y9rHx+ptJ1i+aUtQO
https://paperpile.com/c/e9eiYA/RGAnf+kOxto+dZftM
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the one that more closely replicates the pH gradient and the way silk proteins are produced, stored, and 

transported inside the glands of both spiders and silkworms. 22,23 The technical challenges when designing 

a gelation protocol with a pH component is to provide a homogeneous change within all solution and 

throughout the entire gelation time. Mo et al. found that producing films by using acetic acid vapor worked 

to mimic natural acidification behaviour; however, formulation of gels with the same method is more 

demanding. More recently, high-pressure carbon dioxide has been used as volatile acid to induce pH-

coupled gelation of aqueous silk solutions. 38 However, the considerably rapid change in pH and the bulky 

instrumentation provided by this method failed to recreate the natural acidification as it happens in the silk 

glands. The inherent problem with all of the present gelation procedures is that they do not successfully 

mimic the progressive acidification observed in the spinning apparatus. The novel method for the 

biomimetic gelation of silk used in this report is based on the progressive acidification created by the partial 

hydrolysis of glucono-δ-lactone (GDL) to gluconic acid, as described by the following reaction: 

 

𝐶6𝐻10𝑂6 + 𝐻2𝑂 →C6H12O7  (reaction 1). 

 

GDL is normally used as a food additive, sequestrant and or acidifier for milk oxidoreduction 55 

The use of progressive acidification gelation of silk is the extension of the work already performed in the 

acid unfolding of human serum albumin. 56 

This approach allows thus for the fabrication of silk-based hydrogels under biomimetic acidification, as it 

happens inside the animal’s silk glands (fig. 7). 

 

 
Fig. 7: Schematic representation of the progressive acidification method employed. 

 

 

2.4. Measuring the silk self-assembly and gelation processes 
 

Protein self-assembly refers to the natural and spontaneous supramolecular formation of highly organized 

protein structures. 57,58 These can include fibrils, amorphous aggregates, crystals, gels, and other 

architectures that can range from the nm to μm in size. For instance, (hydro)gels usually have a nano fibrillar 

nature and high-water content. They are due to be used as smart matrices to mimic the complex 3D topology 

https://paperpile.com/c/e9eiYA/ELpqP+P2f8E
https://paperpile.com/c/e9eiYA/HYd2C
https://paperpile.com/c/e9eiYA/6lZIg
https://paperpile.com/c/e9eiYA/xrK1P
https://paperpile.com/c/e9eiYA/pibo3+D304K
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of native extracellular matrix (ECM). Silks, collagens, elastins, and prions are just some examples of 

biopolymers that can naturally self-assemble into “fibrils” and organized gel networks. 58  

 
Typically, self-assembly into fibrils can be captured by turbidity or fluorescence using a dye or scattering 

method. Figure 8 illustrates the process of self-assembly towards the gel state, as seen by turbidity 

measurement. 

 

 
Fig. 8: Schematic representation of a characteristic macroscopic aggregation/elongation curve for fibril formation. 

The typical sigmoidal behaviour is noted in terms of aggregate concentration (in monomer equivalents, % of total 

monomer that as aggregated) as a function of time. Usually, sigmoidal transitions  associated with fibrillar formation 

are divided into lag phase, an elongation phase, and a final plateau. 

 
 

Self-assembly reactions, including silk sol-to-gel transition, typically display sigmoidal growth kinetics 

(fig. 8). 59 A defined sharp/steep transition zone is both preceded and followed by relatively flat regions, 

where no assemble into a gel network occurs (lag phase and plateau). During the elongation phase, 

structures grow in size, correlating to sol-to-gel transition, beta-sheet formation, and assemble into an 

organized gel network (fig. 9). 

 

https://paperpile.com/c/e9eiYA/D304K
https://paperpile.com/c/e9eiYA/Upm5l
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Fig. 9: Simplistic illustration of the self-assembly process of fibroins. Induced sol-to-gel transition triggers assembly 

of silk fibroin molecules via beta-sheet formation and physical entanglement. 

 
 

When it comes to the study of the kinetics of protein self-assembly processes and gel formation, a variety 

of in-situ/time-resolved experiments can be employed. Gelation may thus be monitored using methods such 

as FTIR, fluorescence, NMR, and circular dichroism spectroscopy, alongside with scattering methods 59. 

 

 

2.5. Thioflavin T: a ubiquitous marker of assembly and aggregation 
 

Thioflavin T (ThT), likewise known as Basic Yellow 1 or CI 49005, is a widely used dye in aggregation 

studies of amyloids and proteins, as it fluoresces only when incorporated into rigid and confined 

microenvironments, such as fibrils and amyloid-like structures 60,61 (fig. 10, right). Structurally, ThT is 

comprised of a positively charged dimethylated benzothiazole ring connected to a dimethylamino benzyl 

ring via a single covalent C–C bond 60(fig. 10, left).  

 
Fig. 10: Chemical structure of ThT highlighting its rotational C-C bond (left) and schematic representation of ThT 

“bound” to an unconfined environment, here represented by an antiparallel beta-sheet structure (right).  

 

 

 

https://paperpile.com/c/e9eiYA/Upm5l
https://paperpile.com/c/e9eiYA/rZhz5
https://paperpile.com/c/e9eiYA/XPJso
https://paperpile.com/c/e9eiYA/rZhz5
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Quantum-yield calculations support the idea that this single sigma bond indeed allows viscosity-dependent 

torsional movement and relaxation of the two ThT rings relative to each other. 61–65 “Free ThT” has a non-

fluorescent electronic decay from its S1 to S0 state in low viscosity environments.  In confined and viscous 

solutions (“bound ThT to, i.e.: beta-sheet structures), an increase in fluorescence of ThT signal occurs, as 

internal free rotation of the rings is blocked due to steric hindrance. This results in high fluorescence 

quantum yield upon excitation. One can thus directly monitor the formation of beta-sheet structures in gels 

to understand their fibrillation mechanism and infer molecular events. ThT high selectivity and sensitivity 

allow direct quantification and characterization of the self-assembly kinetics across a variety of different 

physical systems. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://paperpile.com/c/e9eiYA/9KaSr+X3Iog+8aJGB+XPJso+Mx63O
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Chapter 3: Materials and methods 
 
3.1. Factorial design and optimization 
 

In order to systematically study the interplay between different silk concentrations and its different self-

assembly kinetics, a full factorial experiment consisting of 4 different silk concentrations (2,3,4,5 % wt/vol) 

and 5 different concentrations of ThT (0, 20, 50, 100, 300 μM ThT) was performed using Minitab (Minitab, 

LLC). After data collection, an optimization was run based on the best parameters for extrusion according 

to the proposed model (low drop in force and respective slope after initial push). Table 1 summarizes the 

randomized runs with factors used and their range.   

 

Table 1: Full factorial table 

 

3.2. Materials 

Bombyx mori degummed silk fibres were obtained from an online silk supplier (Wild Fibres, UK). Glucono-

δ-lactone (GDL), Thioflavin T (ThT), Lithium Bromide (LiBr), and cellulose dialysis tube (12kDa MWCO) 

were purchased from Sigma - Aldrich. 

3.3. Silk fibroin regeneration 

Five grams of degummed silk fibres were dissolved in 50 mL 9 M LiBr solution for 30 minutes. 

Regeneration was performed in a controlled water heating bath, and the silk solution dissolved inside a 

glass container sealed with a plastic cover and at a constant inner temperature of 68 °C, in order to maximize 
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thermal conductivity and heat distribution, and prevent evaporation and hence changes in the silk/LiBr 

ratio. After dissolution, the solution was left to cool for 5 min, filtered through a piece of sterile 100% 

cotton gauze pads (here used to filter out debris from the regeneration process) and transferred to a cellulose 

dialysis tube (molecular weight cut-off of 12 kDa). The regenerated silk solution was dialyzed against 2 L 

buffer (10 mM sodium phosphate - NaP, pH7.2) for 3 days. The dialysis solution was changed twice a day, 

and it was considered finalized only after the designated days and provided the electroconductivity of the 

dialysis solution equaled the one of the buffer. After dialysis, the regenerated silk fibroin was transferred 

into a 50 mL falcon tube and centrifuged twice at 4500 rpm for 10 min at 20 °C to remove insoluble residues. 

The obtained solution was then stored in a refrigerator at 5 °C. The final concentration of the RSF solution 

was determined using a simple dry mass method. 

3.4. Fabrication of biomimetic silk gels 
 

In order to increase the data’s statistical relevance of the samples from the factorial experiment, all the 

studies were performed from the same exact “sample batch”. Hence, for each silk gel, as described in table 

1, a main 5 mL sample solution was prepared in a 10 ml falcon tube by diluting the obtained RSF stock 

with 10 mM sodium phosphate buffer (NaP) down to its respective final concentration, and by diluting and 

adding the according ThT from a 10 mM initial stock. From this main sample solution, 4,5 mL were 

transferred and divided between three different 2,0 mL, each containing 1,5 mL of the main sample solution, 

being these tubes destined to different experiments (tube 1 to turbidity, large-strain indentation and 

extrusion studies, tube 2 to time-resolved fluorescence and ATR FT-IR). In order to promote the biomimetic 

self-assembly of the studied silks, GDL was used as a progressive and homogeneous acidification agent at 

0.5% wt. Two additional 2 mL eppendorf tubes were used to pre-weight eppendorf tubes with GDL, and to 

each of these, the 1,5 mL samples from the main sample solution were added, and then gently mixed until 

the complete visual dissolution of the GDL. The solution from tube 1 and GDL was immediately pipetted 

into a PMMA (Poly-methyl methacrylate) up to a final volume of 1,5 mL and the cuvettes sealed with 

plastic covers and parafilm to avoid any substantial drying of the gels during assembly. From the remaining 

volume, 300 μL were loaded into a 1 mL plastic syringe (Terumo) for extrusion studies. The GDL is added 

and mixed with the solution from tube 2 only after all the described tasks from tube 1 are completed,  in 

order to maximize the amount of data collected from both time-resolved measurements. The solution from 

tube 2 is thus transferred and mixed in the tube containing GDL as described. 300 μL samples are then 

transferred to a 96 well plate (5 replicates were performed) and the plate covered with transparent film 

(Sigma Aldrich) in order to avoid any drying. 

 
3.5. Extrusion studies 
 

In order to assess the injectability and gel mechanical behaviour in pneumatic extrusion, an extrusion 

experiment was designed and performed using a setup consisting of a modified 3D-bioprinter (3D Cultures, 

Philadelphia, USA) with a flexible force sensor. A homemade 3D-printed adapter was installed on the top 

portion of the movable extruder in order to accommodate the sensor and the plunger of the syringe (fig. 

11). Uniaxial extrusion was performed at a constant speed of 0,5 mm/s, as this specific speed falls within 

all the previously used speeds to study the syringeability of injectable systems. 
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Fig. 11: Schematic representation of the extrusion setup. 
 
3.6. Large-strain indentation  

In order to study the intrinsic mechanical properties of the studied materials, large strain indentation in the 

silk gels was performed after a 19h gelation period in the same cuvettes, and without drying or transferring 

the sample in order to minimize disturbance. The indentation was performed using a V500c Mach-1 

Mechanical Tester (Biomomentum Inc., Laval, QC) equipped 150g uniaxial load cell and a spherical 

indenter with a radius of 0,5 mm. Samples were indented at a rate of 0.1 mm/s to an indentation depth (d) 

of 5,40 mm, At this point, the gels were known to fail/puncture. At lower indentation depths, the intrinsic 

properties of the material can be accessed, and at deeper depths, spherical indenters give the same 

mechanical responses as their flat-punch counterparts, and most of the fracturing points of the studied gels 

were previously known to occur at these depths. No contact force parameters were set-up, in order to avoid 

any contact issues occurring from adhesion between the indenter and the samples. Young and shear 

modulus were calculated using the Mach-1 analyzer software, by fitting an elastic with spherical indentation 

model in the very beginning of the force-displacement curves. 

3.7. Self-assembly and gelation kinetics 
 

In order to understand if the self-assembly mechanism is determinant to the intrinsic mechanical properties 

and the extrusion profile of the studied soft gels, self-assembly studies on the kinetics of silk fibroin 

aggregation were performed using the biomimetic acidification approach. As it was of interest to both 

correlate different measurements and understand how the increase in gel network size is accompanied by 

physical network entanglement and stabilization, self-assembly kinetics were characterized by means of 

time-resolved fluorescence and UV-vis spectroscopy.  

 

3.7.1. Fluorescence spectroscopy 
 

For fluorescence studies, ThT was used to study the molecular mechanisms that encompass the biomimetic 

acidification of silks and was chosen due to its high specificity and selectivity to detect changes in 

microenvironment viscosity (see chapter 2). A 96-well plate was used and 5 repetitions of the 20 samples 

derived from the factorial design were performed (see section 3.4.) in a Cary Eclipse Spectrophotometer 

(Agilent Technologies). The excitation wavelength was set at 450 nm, with emission at 490, as this is the 

local maximum peak for fluorescence intensity of ThT 66–69.  

https://paperpile.com/c/e9eiYA/Ghw5s+ARWlk+0OILI+NMDAq
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Not only buffer subtraction, but correction for primary inner filter effect is critical to analyzing the data, 

especially at such high concentrations of ThT like the ones used. Thus, 5 repetitions of the same buffer 

were collected (10 mM NaP), while for primary inner filter correction, the absorbance spectra maximum of 

ThT was obtained during the turbidity measurements, and the correction factors, W, were calculated for 

each sample (see supplementary materials) using the following equation 70: 

𝑊 =
1−10−𝐴𝐹𝐿

𝐴𝐹𝐿
  (equation 1), 

where 𝐴𝐹𝐿is defined as the maximum intensity peak in ThT turbidity at 𝑡𝑖𝑚𝑒𝑡𝑢𝑟𝑏𝑖𝑑𝑖𝑡𝑦 = 0 (𝑚𝑖𝑛). Each of 

the points taken throughout the whole time-resolved measurement for each sample was corrected for the 

primary inner filter effect. Fluorescence intensity at a given time was divided by the respective correction 

factors for each sample, 𝑊𝑥 , and the obtained intensity further subtracted with the averaged buffer signal. 

Both corrections and buffer subtraction was performed using an in-house Python script. After this, the same 

python script was used to fit all of the fluorescence traces with emission at 490 nm, in order to compute 

t0,𝑡𝑙𝑎𝑔, and 𝜏. To perform the non-linear curve fitting like in fluorescence, the scipy.optimize least square 

method was used, which automatically minimizes the sum of squares of the function (residuals) given as 

an argument. A simple biphasic model was used to fit the model, in order to account for the logarithmic-

curve behaviour of the initial instances in the fluorescence traces. This initial log-like behaviour is 

associated with the origin of metastable oligomers in amyloid self-assembly 71. The used fitting model was 

as follows: 

𝑦 = 𝑎 × 𝑙𝑜𝑔 (𝑏 + 𝑡) + 𝑦0 +
𝑐

1+𝑒−𝑘(𝑡−𝑡0) (equation 2), 

 

 3.7.2. Turbidity  
 

In order to compare the same events in terms of light scattering, turbidity studies were performed by 

measuring the full absorbance spectra of the gels in 1,5 mL pathlength PMMA cuvettes (as already 

described in 3.4.) in a Cary 60 Spectrophotometer (Agilent Technologies). Silk turbidity was analyzed at 

600 nm, due to low noise-to-signal ratio and to the fact that this wavelength is far away from the ThT 

turbidity peak. Other wavelengths, such as 360, 500, and 700 nm were also analyzed. The 360 nm 

wavelength showed complex non-sigmoidal profiles and the molecular events that encompass such curves 

still remain unclear. For that reason, it will not be analyzed in this report. 600 nm was chosen in detriment 

of 500 nm due to the reasons already specified, as 500 nm is still very much within the ThT curve-signal 

range, and at 700 nm, the signal starts to weaken. Buffer intensity subtractions were performed prior to the 

measurement by taking the baseline intensity of the 10mM NaP buffer. ThT changes in population are 

inferred using a centre of mass approach, considering the peak of ThT turbidity at 415 nm. Calculations for 

the centre of mass (or Barycentric mean) of ThT were computed using an in-house Matlab script 

(MATLAB, Mathworks Inc., USA) by applying the following model:  

 

𝐶𝑒𝑛𝑡𝑟𝑒 𝑜𝑓 𝑚𝑎𝑠𝑠 =  
∑𝑖 𝜆𝑖𝐹𝑖

𝐹𝑖
 (equation 3). 

https://paperpile.com/c/e9eiYA/xt2Wb
https://paperpile.com/c/e9eiYA/sG3KA
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Each of the turbidity trace at 600 nm is fitted using the same in-house Matlab script, in order to extract their 

respective transition times (t0, also known as half-times), lag phase times (𝑡𝑙𝑎𝑔= 2𝜏 − 𝑡0), and steepness of 

the reaction (𝜏 =
1

𝑘
). The following simple sigmoidal model was fitted: 

 

 

𝑦 = 𝑦0 + 𝑎𝑡 +  
𝑐+𝑑𝑡

1+𝑒𝑘(𝑡−𝑡0) (equation 4), 

 

where (y0 + at) and (c+ dt) represent the turbidity intensity at the beginning and end of gelation, 

respectively, to correct for a non-flat start and end baseline. 

3.8. Extrusion effects in gel secondary structures 
 
In order to unravel the effects of the extrusion process in the gel secondary structure, the FTIR spectra of 

extruded and non-extruded gels were collected using a Thermo Scientific Nicolet 6700 infrared 

spectrometer equipped with a MiRacle ATR accessory and a diamond crystal (Pike Technologies). The 

center of mass approach was chosen as an evaluation method because it gives a simple, but fine and 

generalized measurement of the relative changes occurring in the Amide I region before and after extrusion. 

Specifically, the focus of the analysis is in Amide I area, as this is a very well-defined and characteristic 

fingerprint region of the infrared spectra of silks, and is present in the silk threads produced throughout a 

wide variety of different silkworm species 72. Each sample spectrum consisted of 64 averaged scans at 4 

cm-1 resolution at a fixed scan rate of 0,6329 𝑚 ⋅ 𝑠−1in the range of 400-4000 cm-1. Posteriorly, the centre 

of mass of the Amide I was calculated using the same method described in section 3.7.2 for the calculation 

of the center of mass of turbidity of ThT (equation 3). 

 

3.9. pH measurement 

In order to understand and characterize how the events accessed by spectroscopy correlate with the 

biomimetic progressive acidification method used, a pH measurement was performed in parallel to 

spectroscopy in a time-resolved manner and for all samples without ThT. The process was monitored using 

a Hamilton HI2210 pH-meter hooked and recorded to a LabQuest® Mini sensor (Vernier Software & 

Technology, USA), by collecting a reading every 5 minutes for 18 hours at 20°C (room temperature).  

 

 

 

 

 

 

https://paperpile.com/c/e9eiYA/X1p4e


 

Page 21 of 59 

Chapter 4: Results 
 
Can we reach a relevant artificial extrusion of silks by mimicking the way silk is processed and spun?  

 

To provide an answer to that, biomimetic acidification is used, combined with the scanning and 

optimization of the best properties for extrusion at common injection speeds (0,5 mm/s). In order to 

characterize the impact of the biomimetic acidification in the extrusion properties of gels, a combination of 

spectroscopy and mechanical techniques were used. Due to the nature of the obtained data, we will first 

need to understand and define the visual correlation between a damaged and undamaged gel, and how does 

that observation correlates to their secondary structures. 

 

4.1. Definition of damaged and undamaged gels  
 

In order to understand the definition of a damaged matrix, and the impacts of the extrusion process in gel 

nature, we studied gel secondary structure using infrared spectroscopy. First and foremost, the extrusion 

process establishes the emergence of two very different gel populations. In one population, we have a group 

of gels that can be extruded without damage, and in the other, we have a population of gels completely 

damaged after extrusion at common injection rate (fig.12). 

 

Figure 12 (top right and left) illustrates an example of what we defined as a damaged gel (3% wt. 100 μM 

ThT) and undamaged gel (4% wt. 20 μM ThT) after extrusion. 

 

In a damaged gel, there is evident loss of intensity in the Amide I spectra when compared to a non-damaged 

one.  

 

The centre of mass of the Amide I is hence used here to pick up and quantify this correlation between a 

visually damaged gel and its secondary structure.  
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Fig. 12: (Top) Example of a damaged (left) and non-damaged (right) gel after extrusion at 0,5 mm/s. It is clear by the 

evidence the degree of destruction of a concentration gel comprises their viability as injectable matrices. (Bottom) 

Full infrared spectra obtained from Fourier Transform-Infrared spectroscopy data with an ATR setup elucidating the 

changes in spectra intensity of an exemplar of a gel that was damaged during the extrusion process. The differences 

captured via infrared spectroscopy of the same gel after and before being extruded are evident. The dashed lines (--) 

represent the corresponding wavenumber (𝑐𝑚−1) for the centre of mass of the Amide I of the studied gel (blue) before 

and after being extruded. The centre of mass of a native Bombyx mori spun fibre (orange) is shown for comparison 

purposes. The yellow area represents the Amide I region. 
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4.2. Structures of the extruded and non-extruded gels – ATR FT-IR  
 

Surprisingly, gels before extrusion have minimal to negligible changes in their centre of mass of the Amide 

I, and they are incredibly close to the center of mass of a native spun B. mori fibre (fig. 13 and 14). The 

closeness and relevance of the biomimetic acidification are apparent, as the gels’ secondary structures are 

close to the ones seen in a native spun fibre.  

 

There is a definite shift in the centre of mass of the Amide I in gels that were damaged by the extrusion 

process, and relatively minimal to no changes in the centre of mass of gels that were undamaged. These 

observations hint towards the existence of a critical silk concentration (between 3 and 4% wt. silk) that 

separates and defines when a gel is damaged or not during extrusion. Extruded gels at and above 4% wt. 

silk concentration unanimously reveals no substantial changes in their centre of mass Amide I compared to 

their non-extruded counterparts. This thus leads to the conclusion that, at these silk concentrations, silk gels 

can be extruded without the total disruption of their network (see discussion). 

 

 
 

Fig. 13: Centre of mass of the Amide I accessed from Infrared spectroscopy of non-extruded (left) extruded gels (rigt) 

as a function of the registered pressure in drop upon after initial displacement extrusion. The dashed lines (--) represent 

the corresponding wavenumber (𝑐𝑚−1) for the centre of mass of the Amide I for both a film and native Bombyx mori 

spun fibre and are shown for comparison purposes. The red and green areas are arbitrary areas shown for representation 

of the group of gels that were damaged and non-damaged upon extrusion. The dashed lines that separates these areas 

does not correspond to any specific wavenumber and is here only for representation purposes. 
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Fig. 14: Centre of mass of the Amide I accessed from Infrared spectroscopy of non-extruded (left) extruded gels 

(right) as a function of the registered slope of the after initial displacement upon extrusion. The dashed lines (--) 

represent the corresponding wavenumber (𝑐𝑚−1) for the centre of mass of the Amide I for both a film and native 

Bombyx mori spun fibre and are shown for comparison purposes. The red and green areas are arbitrary areas shown 

for representation of the group of gels that were damaged and non-damaged upon extrusion. The dashed lines that 

separates these areas does not correspond to any specific wavenumber and is here only for representation purposes. 

 

 

Furthermore, a critical set of conditions associated with the 4% wt. silk concentration starts to pop up. At 

these concentrations, the lowest values for drop pressure and respective slope were recorded. As mentioned, 

this fibre is not damaged. According to part of the hypothesis, a relevant bio-inspired artificial extrusion 

can be achieved by minimizing a set of parameters, such as the drop and slope of the drop after initial gel 

displacement. Optimization results for the full factorial experiment do start to reveal around a 4% wt. silk 

concentration (see discussion) 

 

4.3. Silk extrusion and correlation to the mechanical properties of pre-extruded 
gels 

 

By rapidly looking at figures 15, 16, and 17, one easily understands that the intrinsic properties of the gels 

demonstrate their biological relevance. Apart from the highest studied silk concentration (5% wt.), all silk 

gels fall well within the biologically-relevant extrusion domain, and their Young modulus is always lower 

than the maximum recorded pressure in hard-bodied insects – 40 KPa.  Interestingly, lower concentrations 

show intrinsic properties equal to the haemocoelic pressure limit in B mori. We know already from the FT-

IR analysis that these gels, although in close magnitude to the physiological properties of B. mori silk 

glands, do not generate, nor display the characteristics of a good extrusion. As of fact, we know from the 

correlation between the centre of mass Amide I and the visual state of the gels, that 2 and 3% wt. silk 

concentration cannot even be considered to be gels after extrusion at common injection speed. This further 
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confirms the robustness of both utilizing a model for a good extrusion in combination with a biological 

understanding of the animals that naturally spin silk. 

 

In all the analyzed parameters (initial push, drop and slope of drop), there always seem to be a displacement 

of the gels that do resist extrusion (2 and 3% wt.) and a linear correlation between the mechanical properties 

and the extrusion parameters of both the 4 and 5% wt. silk concentration. 

 

The full factorial and ANOVA analysis do point out a strong linear correlation between the extrusion 

properties and the mechanical properties of the gels. There is thus a direct relationship between the 

concentration of the silk gels formed under biomimetic acidification and the extrusion properties of the gels 

extruded at common injection speed. 

 

Furthermore, 4% wt. silk concentration seems to be the local minimum in this linear relationship where the 

extrusion parameters are minimized (fig. 15, 16, and 17). At the same time, this concentration seems to be 

at a local minimum where extrusion with biological relevance is achieved. The interception of the optimal 

regions provided by the two models seems to define a relevant bio-inspired artificial extrusion at 4% wt. 

silk concentration (“sweet spot” concentration). 

 

 
 

Fig 15: Pressure of the drop after the initial push as a function of the intrinsic mechanical properties (Young modulus) 

of the studied gels. The dashed lines (--) represent the corresponding maximum internal recorded pressure in the 

Insecta class (40 KPa) (red) and the haemocoelic rupture pressure of final instar Bombyx mori entering pupation (5,88 

KPa) (yellow). The biologically-relevant extrusion domain (green area) is defined as the range where artificial 

extrusion as biological relevance. 
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Fig 16: Slope of the drop after the initial push (bottom) as a function of the intrinsic mechanical properties (Young 

modulus) of the studied gels. The dashed lines (--) represent the corresponding maximum internal recorded pressure 

in the Insecta class (40 KPa) (red) and the haemocoelic rupture pressure of final instar B. mori entering pupation (5,88 

KPa) (yellow). The biologically-relevant extrusion domain (green area) is defined as the range where artificial 

extrusion as biological relevance. 

 

 
Fig 17: Pressure requirements for initial push as a function of the intrinsic mechanical properties (Young modulus) of 

the studied gels. The dashed lines (--) represent the corresponding maximum internal recorded pressure in the Insecta 

class (40 KPa) (red) and the haemocoelic rupture pressure of final instar Bombyx mori entering pupation (5,88 KPa) 

(yellow). The biologically-relevant extrusion domain (green area) is defined as the range where artificial extrusion as 

biological relevance. 
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4.3. Self-assembly of the pre-extruded gels 
 

Both silk and ThT concentrations seem to affect the transition times (half-times) as studied by fluorescence 

(fig. 19). ANOVA and full factorial results support the statically relevance of that observation, with a 

stronger effect of ThT (see supplementary materials). Both entities seem to also have a statistically relevant 

effect in modulating the lag phase times as studied by turbidity (fig. 20). However, in this case, the influence 

of silk concentration is more pronounced, as it is demonstrated by its high F-value (see supplementary 

materials) 

 

To better understand the effects of progressive acidification, the different spectroscopy data was overlaid 

for all of the 4% wt. silk fibroin gels containing ThT (fig. 20). One can note the aptness of the used gelation 

approach in recreating a truly relevant biomimetic acidification. The first transition in turbidity (first sharp 

increase in turbidity intensity peak) happens at pH 3,75. This is rather expected, as silk fibroin proteins are 

generally reported to have their isoelectric point between 3,6 and 5,2 pH 73.  The sharp transition in the ThT 

signal seems to always occur when no more light is being scattered, leading to believe that structural growth 

and beta-sheet formation do not correspond to the same event. 

 

Likewise, worthy to note is the fact that there seems to be a universally clear hypsochromic (blue) shift of 

the centre of mass of ThT, which is associated with the first transition in turbidity, and always followed by 

a strong bathochromic (red) shift. Additionally, the presence of a defining slope in ThT centre of mass 

during the initial stages of gelation, and the fact that this slope seems to decay as one goes up in ThT 

concentration points out to the presence of some molecular events occurring during the lag phase of the 

self-assembly process. This could be due to the increase in the ThT-to-silk ratio, which hides the relative 

signal contribution produced from this slowly shifting ThT population, whose behaviour seems to be well-

depicted at 20 μM ThT. 

 

 
Fig 19: Transition times (left) and lag phases (right) of the various samples, by means of fluorescence and turbidity, 

respectively. 

https://paperpile.com/c/e9eiYA/jjP57
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Fig. 20 Self-assembly kinetic plots of the 4wt% silk concentration at 0, 20, 50, 100, and 300 μM ThT (respectively, 

from top to bottom). Each plot is overlaid with its own respective sample of pH (green), centre of mass of ThT (red), 

fluorescence intensity (blue), and turbidity measurements (black) over time. 



 

Page 29 of 59 

Chapter 5: Discussion 
 

Silks are the refined product of evolution towards a cost-efficient spinning. 74 Within the scarce number of 

silk injectable gels today 1–7,9,44, all lack a true biomimetic nature. We then asked if, by mimicking the 

natural way silks are processed and spun by the animal, and by optimizing gels for their best extrusion 

properties, we could obtain a biologically relevant artificial extrusion of silks. 

 

Apart from 5% wt. all the intrinsic mechanical properties of the gels are shown to be well within the 

biological relevance. The rationale was that, in order to achieve an artificial extrusion with biological 

relevance, these gel mechanical properties would need to be within the physiological capacity of the 

structures associated with silk spinning.  The relevance is inferred by rationalizing that, provided silk-

spinning was an extrusion-dominated process, the natural silk spinners would still be able to extrude silk 

without compromising internal their internal structures. This is true for all the biomimetic gels (apart from 

5% wt.), and relevant to all species in the Insecta class. The use of biomimetic acidification and extrusion 

at common injection speeds, coupled with the use of a mechanistic optimal injectable model, have proven 

that a biologically relevant artificial extrusion of silks is indeed achievable. 

 

Additionally to the appearance of extrusion within the biological spinning domain, the emergence of a 

critical point in fibroin concentration, where injectability is allowed, is also reported. At this sweet spot, the 

relatively low-pressure requirements allow the displacement of a gel without compromising its network (fig 

15, 16, and 17). 4% wt. silk concentration does pop up as an optimal concentration from the factorial 

analysis, where the emergence of bio-inspired artificial injectability occurs. It seems to exist something 

intrinsically special about this silk concentration, as 5% wt. gels do not evidence as characteristics of a good 

extruded system. One does understand that there is a very narrow boundary around 4% wt. silk 

concentration where the gel is not too tough to have bad extrusion properties (as at 5% wt.), but that is also 

not too soft to lead to network disruption upon extrusion (2 and 3%. wt.) Hence, there seems to be a very 

fine and critical set of conditions in silk gels (silk sweet’s spot), where silks display biologically relevant 

artificial extrusion properties with a clear injectability component. 

 

Only the silk concentration and the progressive acidification seem to play a role in the emergence of a true 

biologically relevant extrusion. Although modifying the kinetics of self-assembly, the statistical relevance 

of the influence of ThT seems to fade at a macroscopic scale (mechanics and extrusion). It is then concluded 

that ThT is only acting as a reporter.  

 

Since ThT is a direct reporter of beta-sheet formation 60,75, one can thus assume that a major network 

entanglement and polymeric physical entanglement only occur at the end-stage points of gelation, when 

there is no more growth in the size of the gel structures. Intrinsic mechanical properties are the reflection 

degree of cross-linkage. Silk concentration determines cross-linkage density, which therefore translates to 

the emergence of biologically relevant properties in extrusion. 

 

The dimerization and stabilization of the N-terminal domain in silks are associated with pH gradient and is 

essential for spinning. 30,31,76,77,30,31 Since progressive biomimetic acidification is employed, one could then 

ask if this was also a key to achieve the relevancy of the extrusion process. The spectral shifts in the ThT 

center of mass could hold that answer. Nonetheless, a connection between the extrusion properties and both 

https://paperpile.com/c/e9eiYA/799R6
https://paperpile.com/c/e9eiYA/BSZw9+yxMUa+xxCnm+qLpWi+jPBi+uO3wt+MvgiP+al6kk+3m6My
https://paperpile.com/c/e9eiYA/dXLaB+rZhz5
https://paperpile.com/c/e9eiYA/4ncLv+Dhghp
https://paperpile.com/c/e9eiYA/mpFT7+9ueS1
https://paperpile.com/c/e9eiYA/4ncLv+Dhghp
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the spectral shifts in the ThT center of mass, or even if they associated with a possible dimerization, as not 

yet been drawn.  

 

It has then been demonstrated that a biologically-relevant artificial extrusion of silks can be achieved, when 

a truly biomimetic approach is combined with optimization of the mechanics that encompass extrusion. 

Processing gels like animals do, and optimizing for their extrusion properties, has revealed the emergence 

of a critical silk concentration, coined here silk´s sweet spot. At these conditions, both a biological relevant 

artificial extrusion and injectability are achievable, according to the proposed definition of an ideal 

extrusion process. 

 

Conclusion 
 

The presented data demonstrates that, even though silk spinning is a pultrusion-dominated process, one can 

achieve a biologically-relevant extrusion of silks that falls within the physiological capacities of the 

organisms that naturally spin silk. Furthermore, it is reported the existence of a specific concentration of 

silk (“silk’s sweet spot”), where extruded gels reveal characteristics of an ideal injectable matrix, as defined 

according to the presented extrusion model. The formulation and optimization of injectable silk (hydro)gels 

for biomedical applications is rather irrelevant unless they are targeted to be formulated at this specific 

sweet spot concentration.  
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Supplementary Materials 
 
Full factorial ANOVA results 

 
General Factorial Regression: Transition time  Steepness of reaction versus silk and ThT 

concentration (Fluorescence) 

  

Method: 

Box-Cox transformation 

Rounded λ            -1 

Estimated λ          -0.945415 

95% CI for λ         (*, 1.75709) 

  

  

Factor Information 

  

Factor           Levels  Values 

silk concentration    4  2, 3, 4, 5 

Tht concentration     5  0, 20, 50, 100, 300 

  

  

Analysis of Variance for Transformed Response 

  

Source               DF Adj SS    Adj MS  F-Value  P-Value 

Model                 7  0.000000  0.000000 10.49 0.000 

  Linear              7  0.000000  0.000000 10.49 0.000 

 silk concentration   3  0.000000  0.000000  8.98 0.002 

 Tht concentration 4  0.000000  0.000000 11.62    0.000 

Error                12  0.000000  0.000000 

Total                19  0.000001 

  

Model Summary for Transformed Response 

  

     S R-sq  R-sq(adj)  R-sq(pred) 

0.0000770  85.95%     77.76%   60.98% 
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General Factorial Regression: Steepness of reaction versus silk and ThT concentration 

(Fluorescence) 

  

Method:  

Box-Cox transformation 

Rounded λ            1 

Estimated λ          0.880772 

95% CI for λ         (0.378272, 1.54727) 

  

  

Factor Information 

  

Factor           Levels  Values 

silk concentration    4  2, 3, 4, 5 

Tht concentration     5  0, 20, 50, 100, 300 

  

  

Analysis of Variance 

  

Source               DF Adj SS    Adj MS  F-Value  P-Value 

Model                 7  0.002879  0.000411 11.58 0.000 

  Linear              7  0.002879  0.000411 11.58 0.000 

 silk concentration   3  0.000180  0.000060  1.69    0.222 

 Tht concentration 4  0.002699  0.000675 19.00 0.000 

Error                12  0.000426  0.000036 

Total                19  0.003305 

  

  

Model Summary 

  

     S    R-sq  R-sq(adj)  R-sq(pred) 

0.0059594  87.11%     79.59%   64.19% 
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General Factorial Regression: Maximum intensity versus silk and ThT concentration (Fluorescence) 

 

  

Method: 

Box-Cox transformation 

Rounded λ            -0.306999 

Estimated λ          -0.306999 

95% CI for λ            (-0.431499, -0.151499) 

  

  

Factor Information 

  

Factor           Levels  Values 

silk concentration    4  2, 3, 4, 5 

Tht concentration     5  0, 20, 50, 100, 300 

  

  

Analysis of Variance for Transformed Response 

  

Source               DF    Adj SS Adj MS  F-Value  P-Value 

Model                 7  0.250621  0.035803   747.22 0.000 

  Linear              7  0.250621  0.035803   747.22 0.000 

 silk concentration   3  0.004549  0.001516 31.65 0.000 

 Tht concentration 4  0.246071  0.061518  1283.90    0.000 

Error                12  0.000575  0.000048 

Total                19  0.251196 

  

  

Model Summary for Transformed Response 

  

     S R-sq  R-sq(adj)  R-sq(pred) 

0.0069220  99.77%     99.64%   99.36% 
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General Factorial Regression: Lag phase versus silk and ThT concentration (Fluorescence) 

 

  

Method: 

Box-Cox transformation 

Rounded λ            0.5 

Estimated λ          0.294582 

95% CI for λ         (*, 3.49508) 

  

  

Factor Information 

  

Factor           Levels  Values 

silk concentration    4  2, 3, 4, 5 

Tht concentration     5  0, 20, 50, 100, 300 

  

  

Analysis of Variance for Transformed Response 

  

Source               DF  Adj SS  Adj MS  F-Value  P-Value 

Model                 7   40.51   5.787  4.47 0.012 

  Linear              7   40.51   5.787  4.47 0.012 

 silk concentration   3   17.97   5.990  4.63    0.023 

 Tht concentration 4   22.54   5.634  4.35    0.021 

Error                12   15.53   1.294 

Total                19   56.04 

  

  

Model Summary for Transformed Response 

  

   S R-sq  R-sq(adj)  R-sq(pred) 

1.13768  72.28%     56.12%   23.01% 
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General Factorial Regression: First transition versus silk and ThT concentration (Fluorescence) 

 

  

Method: 

Box-Cox transformation 

Rounded λ            -0.5 

Estimated λ          -0.573858 

95% CI for λ         (-1.00236, -0.136358) 

  

  

Factor Information 

  

Factor           Levels  Values 

silk concentration    4  2, 3, 4, 5 

Tht concentration     5  0, 20, 50, 100, 300 

  

  

Analysis of Variance for Transformed Response 

  

Source               DF Adj SS    Adj MS  F-Value  P-Value 

Model                 7  0.000067  0.000010 87.22    0.000 

  Linear              7  0.000067  0.000010 87.22 0.000 

 silk concentration   3  0.000064  0.000021   194.15 0.000 

 Tht concentration 4  0.000003  0.000001  7.03 0.004 

Error                12  0.000001  0.000000 

Total                19  0.000068 

  

  

Model Summary for Transformed Response 

  

     S R-sq  R-sq(adj)  R-sq(pred) 

0.0003317  98.07%     96.95%   94.65% 
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General Factorial Regression: Rate of the first transition versus silk and ThT concentration 

(Fluorescence) 

 

  

Method: 

Box-Cox transformation 

Rounded λ            -0.5 

Estimated λ          -0.431613 

95% CI for λ         (-0.916113, 0.00588736) 

  

  

Factor Information 

  

Factor           Levels  Values 

silk concentration    4  2, 3, 4, 5 

Tht concentration     5  0, 20, 50, 100, 300 

  

  

Analysis of Variance for Transformed Response 

  

Source               DF Adj SS    Adj MS  F-Value  P-Value 

Model                 7  0.001664  0.000238 53.85 0.000 

  Linear              7  0.001664  0.000238 53.85 0.000 

 silk concentration   3  0.001622  0.000541   122.51 0.000 

 Tht concentration 4  0.000042  0.000010  2.36    0.112 

Error                12  0.000053  0.000004 

Total                19  0.001717 

  

  

Model Summary for Transformed Response 

  

     S R-sq  R-sq(adj)  R-sq(pred) 

0.0021008  96.91%     95.12%   91.43% 
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General Factorial Regression: Lag phase versus silk and ThT concentration (Turbidity) 

 

  

Method: 

Box-Cox transformation 

Rounded λ            -0.5 

Estimated λ          -0.554124 

95% CI for λ         (-0.997624, -0.0986242) 

  

  

Factor Information 

  

Factor           Levels  Values 

silk concentration    4  2, 3, 4, 5 

Tht concentration     5  0, 20, 50, 100, 300 

  

  

Analysis of Variance for Transformed Response 

  

Source               DF Adj SS    Adj MS  F-Value  P-Value 

Model                 7  0.000072  0.000010 63.88 0.000 

  Linear              7  0.000072  0.000010 63.88 0.000 

 silk concentration   3  0.000068  0.000023   140.60 0.000 

 Tht concentration 4  0.000004  0.000001  6.34    0.006 

Error                12  0.000002  0.000000 

Total                19  0.000074 

  

  

Model Summary for Transformed Response 

  

     S R-sq  R-sq(adj)  R-sq(pred) 

0.0004026  97.39%     95.86%   92.74% 
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General Factorial Regression: Initial Push (raw voltage) versus silk and ThT concentration 

(Extrusion studies) 

 

Method: 

Box-Cox transformation 

Rounded λ            1 

Estimated λ          1.36723 

95% CI for λ         (-0.187268, 2.69573) 

  

  

Factor Information 

  

Factor           Levels  Values 

silk concentration    4  2, 3, 4, 5 

Tht concentration     5  0, 20, 50, 100, 300 

  

  

Analysis of Variance 

  

Source               DF   Adj SS   Adj MS  F-Value  P-Value 

Model                 7  6.04766  0.86395 17.51 0.000 

  Linear              7  6.04766  0.86395 17.51 0.000 

 silk concentration   3  5.95143  1.98381 40.22    0.000 

    Tht concentration 4  0.09623  0.02406  0.49 0.745 

Error                12  0.59195  0.04933 

Total                19  6.63961 

  

  

Model Summary 

  

    S    R-sq  R-sq(adj)  R-sq(pred) 

0.222102  91.08%     85.88%   75.23% 
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General Factorial Regression: Magnitude of the drop (raw voltage) versus silk and ThT 

concentration (Extrusion studies) 

 

  

Method: 

Box-Cox transformation 

Rounded λ            2 

Estimated λ          1.67488 

95% CI for λ         (0.999383, 2.52138) 

  

  

Factor Information 

  

Factor           Levels  Values 

silk concentration    4  2, 3, 4, 5 

Tht concentration     5  0, 20, 50, 100, 300 

  

  

Analysis of Variance for Transformed Response 

  

Source               DF  Adj SS   Adj MS  F-Value  P-Value 

Model                 7  87.325  12.4750 14.86    0.000 

  Linear              7  87.325  12.4750 14.86 0.000 

 silk concentration   3  84.606  28.2021 33.58    0.000 

 Tht concentration 4   2.719   0.6796  0.81    0.543 

Error                12  10.077   0.8398 

Total                19  97.402 

  

  

Model Summary for Transformed Response 

  

    S R-sq  R-sq(adj)  R-sq(pred) 

0.916389  89.65%     83.62%   71.26% 
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General Factorial Regression: Slope of drop (raw voltage) versus silk and ThT concentration 

(Extrusion studies) 

  

Method:  

Box-Cox transformation 

Rounded λ            0 

Estimated λ          0.0556027 

95% CI for λ         (-0.306897, 0.436103) 

  

  

Factor Information 

  

Factor           Levels  Values 

silk concentration    4  2, 3, 4, 5 

Tht concentration     5  0, 20, 50, 100, 300 

  

  

Analysis of Variance for Transformed Response 

  

Source               DF   Adj SS  Adj MS  F-Value  P-Value 

Model                 7  13.5685  1.9384  7.06 0.002 

  Linear              7  13.5685  1.9384  7.06 0.002 

 silk concentration   3  12.6643  4.2214 15.37 0.000 

 Tht concentration 4   0.9041  0.2260  0.82    0.535 

Error                12   3.2953  0.2746 

Total                19  16.8637 

  

  

Model Summary for Transformed Response 

  

    S R-sq  R-sq(adj)  R-sq(pred) 

0.524028  80.46%     69.06%   45.72% 
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General Factorial Regression: center of mass Amide I versus silk and ThT concentration (FTIR) 

 

Method: 

Box-Cox transformation 

Rounded λ            0 

Estimated λ          -0.0894367 

95% CI for λ         (*, *) 

  

  

Factor Information 

  

Factor           Levels  Values 

silk concentration    4  2, 3, 4, 5 

Tht concentration     5  0, 20, 50, 100, 300 

  

  

Analysis of Variance for Transformed Response 

  

Source               DF    Adj SS Adj MS  F-Value  P-Value 

Model                 7  0.000000  0.000000  4.03 0.017 

  Linear              7  0.000000  0.000000  4.03 0.017 

 silk concentration   3  0.000000  0.000000  9.24    0.002 

 Tht concentration 4  0.000000  0.000000  0.13    0.968 

Error                12  0.000000  0.000000 

Total                19  0.000000 

  

  

Model Summary for Transformed Response 

  

     S R-sq  R-sq(adj)  R-sq(pred) 

0.0000501  70.18%     52.78%   17.16% 
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General Factorial Regression: center of mass Amide I versus silk and ThT concentration (FTIR) 

 

Method:  

Box-Cox transformation 

Rounded λ            21 

Estimated λ          21.4037 

95% CI for λ         (13.3492, 32.1732) 

  

  

Factor Information 

  

Factor           Levels  Values 

silk concentration    4  2, 3, 4, 5 

Tht concentration     5  0, 20, 50, 100, 300 

  

  

Analysis of Variance for Transformed Response 

  

Source               DF  Adj SS  Adj MS  F-Value  P-Value 

Model                 7   14641    2092  1.05 0.446 

  Linear              7   14641    2092  1.05 0.446 

 silk concentration   3    7538 2513  1.27    0.330 

 Tht concentration 4    7104 1776  0.90    0.497 

Error                12   23807    1984 

Total                19   38448 

  

  

Model Summary for Transformed Response 

  

   S R-sq  R-sq(adj)  R-sq(pred) 

44.5409  38.08%      1.96%    0.00% 
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General Factorial Regression: Young modulus (MPa) versus silk and ThT concentration (Large-

strain indentation) 

  

Method: 

Box-Cox transformation 

Rounded λ            0.5 

Estimated λ          0.613384 

95% CI for λ         (0.395884, 0.819884) 

  

  

Factor Information 

  

Factor           Levels  Values 

silk concentration    4  2, 3, 4, 5 

Tht concentration     5  0, 20, 50, 100, 300 

  

  

Analysis of Variance for Transformed Response 

  

Source               DF Adj SS    Adj MS  F-Value  P-Value 

Model                 7  0.157497  0.022500   136.96 0.000 

  Linear              7  0.157497  0.022500   136.96 0.000 

 silk concentration   3  0.155997  0.051999   316.52    0.000 

 Tht concentration 4  0.001500  0.000375  2.28    0.120 

Error                12  0.001971  0.000164 

Total                19  0.159469 

  

  

Model Summary for Transformed Response 

  

     S R-sq  R-sq(adj)  R-sq(pred) 

0.0128173  98.76%     98.04%   96.57% 
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General Factorial Regression: Shear modulus (MPa) versus silk and ThT concentration (Large-

strain indentation) 

  

Method: 

Box-Cox transformation 

Rounded λ            0.5 

Estimated λ          0.672811 

95% CI for λ         (0.406311, 0.933311) 

  

  

Factor Information 

  

Factor           Levels  Values 

silk concentration    4  2, 3, 4, 5 

Tht concentration     5  0, 20, 50, 100, 300 

  

  

Analysis of Variance for Transformed Response 

  

Source               DF Adj SS    Adj MS  F-Value  P-Value 

Model                 7  0.049129  0.007018 61.18 0.000 

  Linear              7  0.049129  0.007018 61.18 0.000 

 silk concentration   3  0.048738  0.016246   141.63    0.000 

 Tht concentration 4  0.000391  0.000098  0.85    0.519 

Error                12  0.001377  0.000115 

Total                19  0.050505 

  

  

Model Summary for Transformed Response 

  

     S R-sq  R-sq(adj)  R-sq(pred) 

0.0107103  97.27%     95.68%   92.43% 
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Extrusion (raw data): 
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