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Abstract 

Spider and silkworm silks form a wide variety of biomaterials with desirable mechanical 

properties and biocompatibility.  The process of fibrillogenesis from silk solution is not fully 

understood, but may be dependent on micellar assemblies formed in the gland.  In this study the 

micelle formation and surface adsorption of a recombinant aciniform repeat unit (W1) were 

investigated, as this may give clues to the fibrillogenic pathway.  It was found that micelle-like 

assemblies formed by W1 are very low in yield, however the protein self-assembles at the liquid-

air interface.  Aciniform proteins with multiple repeats showed visco-elastic properties at the 

surface layer while W1 did not.  The alignment and conformational changes of aciniform proteins 

at the liquid-air interface may be relatable to those which occur during fibrillogenesis.  

Disruption to helix 5 of the W1 protein may be involved in early conformational transitions 

during the process of fibrillogenesis.  The R36W residue of a W1 variant, which is on the protein 

surface beneath helix-5, was found to make the variant less stable than the wild-type.  This may 

be due to disruption to helix 5 caused by the substitution, which may expose a hydrophobic 

surface that encourages interprotein interactions.  Silkworm and dragline spider silk are well 

established as potential drug delivery vehicles, however aciniform silks have not yet been 

investigated for that purpose.  Nanoparticles of W1 were formed by a desolvation process and 

characterised in terms of size and conformation, yielding a novel biomaterial for aciniform silk.  

Aciniform nanoparticles may have different drug-compatibilities and desirable uptake and 

release properties compared to other silk nanoparticles, though this remains to be investigated.  
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Chapter 1: Introduction 

1.1 Silk Protein Structures 

1.1.1 Types of Silk Proteins 

 A variety of animals produce silks, including spiders, worms, flies, wasps and crickets 

[1].  These protein-based materials are typically used by the organism for protective or prey-

capture applications, with longstanding human use of silkworm silks for textiles.  Of these 

various types of silk, silkworm and spider silks are the best studied and will be discussed here.  

Silkworm fibroins are the primary proteins that make up the silk fibres used to form cocoons, 

and consist of two proteins linked by a disulphide bond: a long heavy chain and a much shorter 

light chain [2].  A glycoprotein P25 is also associated non-covalently with the fibroins [3].  In the 

cocoon setting, silkworm fibroins are well coated with a small protein sericin, which can 

improve the chemical properties of the silk cocoon [4]. 

 In contrast to the single type of silk produced by silkworms, spiders can produce up to 7 

different types of silk proteins (spidroins), dependent on species [5].  Each of these silks is 

formed in and spun from a specialized gland (Figure 1) [6].  These silks possess different 

mechanical properties and structures, allowing them to serve different biological functions [5].   

 

Figure 1: Anatomy of spider silk glands producing 7 different types of silk proteins.  

Reproduced from Blamires et al. [6] 
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 Most gene sequence information pertaining to silk proteins comes from analysis of 

several species of orb-weaving spiders.  With tens of thousands of species of spiders [7], this 

does not account for inter-species variation.  Major ampullate (Ma) silk – termed dragline silk – 

is employed as the outer frame and radial strands of the spider’s web, and as the lifeline for the 

spider [5].  Ma silk fibres are composed of two proteins: MaSp1 [8] and MaSp2 [9] in Nephila 

clavipes or ADF-3 and ADF-4 in Araneus diadematus [10].  Pyriform (Py) silk forms 

attachments between the web frame, composed of Ma silk, and different surfaces as a glue-like 

substance [5].  This silk forms an attachment disc consisting of small fibres in a highly branched, 

mesh-like structure to which a dragline fibre is attached [11].  Py silk contains two proteins: 

PySp1 [11] and PySp2 [12].  Minor ampullate (Mi) silk is employed as the auxiliary spiral, 

providing structural support for the web [5].  Flagelliform (Flag) silk is used in the web to form 

the capture spiral onto which aggregate silk is deposited to form an adhesive coating [5].  Two 

aggregate spidroins have been identified: ASG1 and ASG2 (aggregate spider glue) [13].  Outside 

of the web, aciniform spidroin 1 (AcSp1) is used for prey wrapping and in lining the egg case 

[14] , while cylinidriform (Cy)/tubiliform (Tu) silk is used to form the egg case [15, 16]. 

 

1.1.2 Primary Structure 

 Silk proteins are large proteins, typically of several hundred kDa, consisting of many 

repetitive sequence motifs linked end-to-end, which at several thousand amino acids (aa), 

comprise the majority of the protein.  The repetitive sequences are flanked by shorter non-

repetitive N and C terminal domains of 50 to 200 AA.  The sequence motifs of the repetitive 

region are typically held to be responsible for the mechanical properties of the fibre or other 

biomaterial formed by a particular silk protein, as described below and summarised in Table 1. 
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 Table 1: Sequence motifs present in the repetitive regions of various silk proteins 

 Repetitive Motifs   
 

Silkworm 

Fibroin GX, GAGAGA, GAGAGY, GAGAGS, GAGYGA, GAAS 

 

 
MaSp1 GGX, An     

 
 

MaSp2 GGX, GPX, QQ, An    
 

 

Mi GX, GGX, GGGX, An    
 

 

Flag GGX, GPGGX    
 

 

Cy GX, An, Sn, (SA)n, (SQ)n   
 

 

PySp1 AAARAQAQAE and AAARAWAWAEARAKAE or QQXXXX, proline rich 

PySp2 long and complex, proline rich   
 

 

Ag long and complex    
 

 

AcSp1 long and complex    
 

 
 

 The repetitive sequence of the silkworm fibroin heavy chain (391 kDa) consists primarily 

of glycine based motifs (GX) in which X may be any amino acid, but with X mainly being 

alanine, tyrosine and valine.  These GX motifs also form several hexapeptide motifs, with 

GAGAGS and GAGAGY being the most common, alongside small numbers of GAGAGA and 

GAGYGA as well as GAAS motifs.  12 repetitive sequences of up to ~600-aa are separated by a 

43-aa well-conserved and non-repetitive spacer [2].  The non-repetitive N-terminal domain (151-

aa) contains a secretion signal [17], while the non-repetitive C-terminal domain (58-aa) contains 

the cysteine responsible for disulphide linkage to the light chain [18].  The light chain contains 

no repetitive elements, and is less enriched in glycine and alanine than the heavy chain, with 

asparagine being most common at 14.8% [19]. 

 The N-terminal domains (~180-aa) of ampullate, flagelliform and cylindriform silks are 

conserved [20] and consist of an initial secretion signal and a 5 α-helix bundle [21].  A conserved 

TTGXXN motif of unknown function is found in a number of N-terminal domains between 

helices 4 and 5 [22].  The non-repetitive C-terminal domains (~100-aa) are likewise well 

conserved [20], with those of MaSp1 and MaSp2 showing mixed α-helix/β-sheet structure [23], 

and that of cylindriform forming a 5 α-helix bundle [21]. 

 Both major and minor ampullate silks are dominated by glycine and poly-alanine based 

repeats.  The MaSp1 repeat domain consists of poly-alanine and GGX motifs, in which X is 

tyrosine, alanine or glutamine.  Four very similar repeat types are present which differ in the 

number and pattern of the GGX motifs, all ending in poly-alanine.  MaSp2 proteins have much 

more complex repeats containing GGX (with X being alanine or sometimes glutamate), GPX (X: 
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mostly glycine and serine), and QQ motifs.  Four types of repeats combine either all or some of 

these motifs.  Typically, a single QQ is flanked by GPX with a GGX at the start and poly-alanine 

at the end [24].  Silk from Argiope bruennichi also contains GGF and SGR motifs [25].  MiSp 

silks consist of 3 repetitive regions separated by two non-repetitive spacers.  Repetitive motifs 

are short alternating stretches of GX, GGX, GGGX and poly-alanine, with X being 

predominantly alanine and tyrosine [26].   

Flagelliform silks also contain glycine-rich motifs, but lack the poly-alanine motifs of the 

ampullate silks [27].  Each repeat consists of many GPGGX motifs followed by a smaller 

number of GGX motifs and a spacer, where X is predominantly serine or tyrosine [27].  

Cylindriform silk also consists of several short motifs (Table 1), although these are different in 

nature than the glycine-based motifs of ampullate and flagelliform silks.  The motifs found in 

cylindriform spidroin are An, Sn, (SA)n, (SQ)n and GX, where n is less than 3 and most 

commonly 1.  These repeats are high in serine and threonine [15, 16].  Pyriform repeats are very 

low in glycine compared to the other spidroins, with longer, more complex repeats that are 

higher in alanine, but not poly-alanine [11].  For PySp1 from Latrodectus hesperus, the repetitive 

region consists of two alternating motifs: AAARAWAWAEARAKAE and AAARAQAQAE.  

Three stretches of these alternating motifs are separated by 3 conserved hydrophilic spacers of 78 

amino acids.  The N-terminal domain is short, at only 8 amino acids, and the C-terminal domain 

is much longer and contains a number of AAA sequences as seen in the repetitive region [11].  In 

contrast, PySp2 contains less than half the amount of alanine of PySp1, instead containing much 

more serine and threonine [12].  The PySp2 repetitive region consists of alternating long motifs 

of 190 and 40 amino acids.  In the shorter motif, nearly every other residue is proline [12].  The 

complete PySp1 gene from Argiope argentata has been sequenced, showing 21 repeats of 234 

amino acids connected by linkers to the non-repetitive N and C terminals [28].  The N-terminal 

linker contains repeats of XSXXQQQYEAXQQQ, and the C-terminal linker SSS repeats.  The 

repeat units contain QQXXXX and a high proline content in the last 50 amino acids [28].  

Several glutamine and proline residues are well conserved across species for PySp1 [28].  

Compared to other spider silks, pyriform silk is much more hydrophilic and proline-rich [11, 12]. 

 Aciniform and aggregate silk differ from other spider silks in that they are composed of 

long repeats lacking in repetition of short internal motifs.  AcSp1 repeats are the longest, with 14 

copies of 200-aa for Agriope trifasciata, separated by short non-repetitive linkers and non-
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repetitive N and C terminals [14].  Aggregate repeats of 89-99 amino acids are repeated at least 

three times, with predicted β-sheet, β-turn and random coil conformation.  A long non-repetitive 

linker separates the repetitive region from a non-repetitive C-terminal domain with predicted α-

helical structure.  The N-terminal domain is not yet characterised [13].   

 

1.1.3 Secondary and Tertiary Structure 

 The relative content of each type of structuring affects the mechanical properties of the 

silk material and is ultimately dependent on the amino acid sequence of the repetitive region.  

Overall, well aligned β-sheets confer strength and rigidity to silk materials, while amorphous and 

α-helical regions confer extensibility and toughness.  Strength refers to the force required to 

break a fibre, while extensibility is the distance relative to the original length that a fibre may be 

pulled.  Toughness is the energy which can be absorbed, and results from the relative amounts of 

strength and extensibility [29].   

 Silkworm fibroin in a crystalline state can exist as two different forms, termed Silk I and 

Silk II.  Silk I is formed by spinning dope that has been gently dried without mechanical shear 

forces required for fibre formation, and is primarily random coil [30].  Silk I can be seen as being 

between the soluble and fibrous conformations and so may give information about the transition 

of silk from soluble protein to insoluble fibre [30].  Solid state NMR of silkworm fibroin 

indicates that Silk I adopts type II β-turn structures which may be the progenitors of β-sheet 

segments, with intra- and inter-molecular hydrogen bonds [31].  Silk II is the conformational 

state of the silk fibre and other materials such as films and is a state that is high in β-sheet with 

some amount of random coil.  Silk II structures are generally composed of parallel and 

overlapping crystalline β-sheets, alternating with amorphous regions [32, 33].  

 For spidroins, ampullate and cylindriform silk have a higher percentage of well-aligned 

β-sheet which contributes to their higher strength compared to other spidroins [34].  Aciniform 

silks have lower alignment of β-sheets and a larger amount of α-helices which confers less 

strength but greater extensibility, resulting in greater toughness than other spidroins [34].  

Flagelliform silks are predominately amorphous, providing the highest extensibility of the spider 

silks at the cost of low strength [34].   

 In major ampullate silk, the mobility of the protein backbone and sidechains, 

supercontraction, and extensibility of fibres exposed to water is proportional to proline content, 
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which in turn is proportional to the amount of MaSp2 relative to MaSp1 [35].  Supercontraction 

is an irreversible contraction and conformational change of the fibre along its length due to 

wetting, with water molecules incorporated into the structure of the fibre [36].  More generally, it 

is the random coil and helical content of MaSp2 which provides flexibility and mobility to the 

fibre [35]. 

 Solution-state silk conformations are well characterised in terms of secondary structure, 

and some 3D structures are available.  It should be noted that the solution structures of silk 

proteins are dependent on solution conditions [37-40], so structural details must be considered in 

context.  An excellent example is the N-terminal domain of the Bombyx mori fibroin heavy chain 

which depends substantially on the solution pH, forming a random coil structure at pH 7 which 

reversibly converts to a β-sheet structure at pH 6 [38].  In-situ measurements of the full MaSp1 

and MaSp2 show poly-proline II (PPII) and random coil structuring with a small amount of α-

helix [41].  PPII helices are more flexible and extended than α-helices, and devoid of inter-

residue H-bonding, and are generally though not necessarily formed by proline rich sequences 

[42].  Minor ampullate silk is similarly mostly random coil, but with a larger amount of α-helix 

[43].  The GGX motifs of ampullate silks likely form 310-helices, which are similar to an α-helix 

though more extended and with a distinct i→i+3 instead of i→i+4 H-bonding pattern, and the 

GA or poly-alanine motifs form crystalline β-sheets [44].  310-helical segments often form type 

III β-turns consisting of 3-aa, and may contribute to β-sheet formation in the silk fibre [45]. 

The terminal domains of spidroins are typically α-helical.  The N-terminal domain of 

MaSp1 forms a 5 α-helix bundle which undergoes pH sensitive dimerization [23], while the C-

terminal domain of ADF-3 forms a 4 α-helix bundle which dimerizes by a disulphide linkage 

[46].  The C-terminal domain of AcSp1 also forms a 5 α-helix bundle which dimerizes [47].  The 

terminal domains of cylindriform silk also form α-helical bundles [21].   

Regarding repetitive sequences, cylindriform and aciniform silks are well structured and 

also predominantly α-helical.  Cylindriform forms α-helical bundles [21] and also shows an 

increase in β-sheet content induced by acidification [40].  The AcSp1 repeat domains consist of 7 

α-helical bundle for N. antipodiana [48] and a 5 α-helical bundle for A. trifasciata [49], both 

with β-turn structures.  The structure of AcSp1 repeats is discussed in detail in section 1.3.  In 

contrast, pyriform and flagelliform silk are less α-helical.  Pyriform silk is mostly random coil, 

but with a some α-helix, β-sheet and likely some PPII [50].  Flagelliform likely forms non-
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typical helical structures based on sequence predictions that GPGXX type motifs form β-turns 

resulting in β-spirals when repeated [27].  

 

1.2 Silk Biomaterials 

 

1.2.1 Types, Properties and Applications of Silk Biomaterials 

 Silk fibres have excellent mechanical properties which rival or surpass synthetic 

materials.  For spider silk fibres, dragline silk has the highest strength, aciniform the highest 

toughness, and flagelliform the highest extensibility [51].  The strength of dragline silk is 

comparable that of Kevlar, a synthetic material, but is coupled with much greater extensibility 

and toughness [52].  Flagelliform silk has extensibility similar to that of Nylon, but with much 

greater strength leading to nearly twice the toughness [52].  Aciniform silk falls between the two 

extremes, combining strength and extensibility to produce the highest toughness of the spider 

silks [51].   

 The biocompatibility [53-55] of silk proteins makes them desirable for medical 

applications.  This desirability is further augmented by the fact that silk proteins can form a 

variety of materials such as fibres, films, sponges with variable pore size, and hydrogels which 

can be used to form scaffoldings for cell attachment and growth and implanted tissue supports 

[56-58].  Nanospheres can be used as drug delivery vehicles, which is discussed in detail in 

Section 1.5.2.  Outside of medical applications, silk can be used as a textile [59], printed to form 

microfluidic surfaces and films with controlled optical properties [59, 60], an optical biosensor 

[61], air filter [62], or reaction tube for enzymes [63].  Silk proteins are thus highly versatile 

materials with desirable mechanical and biocompatible properties. 

 

1.2.2 Theories of in vivo Fibre Spinning 

 In the major ampullate gland (Figure 2b), silk proteins are secreted into a long tail which 

is connected to the sac, with the sac storing the spinning dope until use [64].  Two main 

secretions are produced, with a highly concentrated solution of spidroin droplets being formed in 

the A-zone which is the tail and part of the sac, while the B-zone of the sac produces 

glycoproteins which coat the silk fibres [64].  To spin the fibre, the silk is pushed through a 

narrowing duct in which the proteins are aligned to form a preliminary fibre, and then through a 
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second narrow duct in which water removal and other processing occurs before fibre extrusion 

[64].  In the silkworm gland, fibroins are produced in the posterior silk gland (PSG) and stored in 

the middle silk gland (MSG), with preliminary fibre formation occurring in the narrowing 

anterior silk gland (ASG) [65] (Figure 2).   

 

Figure 2: Anatomy of silkworm (a) and spider dragline (b) silk glands. ASG, MSG and PSG are 

the anterior, middle and posterior silk grands respectively. Reproduced from Andersson et al. 

[65] 

 

 Fibre spinning occurs by a combination of physical and chemical changes to a solution of 

silk proteins which has undergone phase-separation into a liquid crystalline or micellar state.  In 

the liquid crystalline state, the proteins are arranged in a nematic state, with proteins aligned 

perpendicular to the direction of flow at the wall of the duct and curving inwards towards a 

parallel alignment at the centre of the duct [66].  As the solution of silk proteins moves down the 

duct, elongation and alignment of the proteins occurs parallel with the direction of flow, with the 

long and gradually narrowing duct allowing for rearrangement and alignment of proteins to 

occur [66, 67].   

An alternative theory to liquid crystalline spinning is the micellar theory.  In the micellar 

state, amphiphilic silk proteins arrange into spheres with hydrophobic and hydrophilic segments 

segregated at the interior and exterior, respectively [68].  Micelles are described in detail in 

section 1.4.1.  Micelles formed by silk proteins may coalesce to form globules of micelles in the 

duct, which are compressed together and elongated as they are pushed further down the duct 

[69].  Micellar assemblies have been observed in native major ampullate spinning dope [70], 

although this does not necessarily mean that they persist down the spinning duct.  In either case, 

silk protein monomers form a micellar or liquid crystalline liquid-liquid phase separation as they 

move down the duct, with increasing parallel alignment.     
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 Moving down the spinning duct, there is a decrease in pH from 8.2 to ~6.2 for B. mori 

silkworm [71] and pH 7.6 to 5.7 in the major ampullate gland of Nephila clavipes [72] mediated 

by H+ pumps.  This acidification is associated with the micelle-like oligomerization of the N-

terminus of the silk fibroin heavy chain [38] and dimerization of the N-terminus of Ma silk [23], 

suggesting that these domains encourage pH-dependent assembly of the native protein.  The 

exchange of chaotropic (disorder promoting) with kosmotropic (order/aggregation promoting) 

salts as the spinning dope progresses down the spinning duct also encourages protein assembly 

[73]; consistent with this, the recombinant dragline silk-based protein eADF4(C16) transitions 

from nanofibrils to microspheres at increasing concentrations of potassium phosphate in vitro 

[74], which shows that salt concentration can control the nature of silk protein assembly.  As 

well, eADF4 reversibly forms microspheres with increased potassium phosphate concentration, 

which convert to fibres when shear force is applied [75].  This phenomenon is pH-dependent, 

with eADF3 micelles able to form fibres at pH 6, but not pH 8 [75]. 

 Mechanically, the silk solution is subject to both physical shear and elongational forces as 

it moves down the duct during the spinning process.  Shear forces occur due to interactions of the 

solution with the wall of the spinning duct, causing heterogeneous flow rates across the solution 

due to the slower flow at the wall.  Elongational forces occur due to an accelerated flow rate as 

the duct narrows, causing the extension of protein monomers in case of the liquid crystal theory, 

or elongation of micelles in case of the micellar theory [76].  The result is that proteins or  

micelles elongate and slide against one another, resulting in an increase in parallel alignment, 

and mechanically pulling apart the tertiary structure resulting in conformational changes that lead 

to the liquid-solid phase transition of fibre formation [75].  The precise mechanism of the 

conformational transition is not well understood.  The liquid crystal and micelle theories of fibre 

spinning are compared in Figure 3 below.   
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Figure 3: Comparison of liquid crystalline and micellar models of in vivo silk spinning within 

the major ampullate gland.  Reproduced from Scheibel et al. [73] 

 

 Consistent with the micellar theory, the alignment of surfactant micelles can be 

observably induced by shear flow and this parallel alignment of elongated micelles can be 

stabilised by hydrophobic interactions between aromatic molecules of adjacent micelles [77].  

The same stabilization can occur between protein micelles by alignment of hydrophobic residues 

and protein surfaces, ultimately leading to the alignment of β-sheets in fibres.  Changes of 

geometry due to micelle elongation can cause conformational changes to the peptide of a lipid-

peptide conjugate at the micelle surface, and the same may be true for the regions of silk proteins 

at the micelle surface [78].  Elongated micelles may also be formed and grow by the addition of 

spherical micelles end to end, as observed for micelles formed by an alkyl-linked peptide [79].  

Similarly, silk fibroin can assemble into micelles followed by fusion of micelles to form 

nanofilaments with Silk I conformation during film drying in the absence of shear force [80].   

These behaviours of peptide- and protein-based micelles support the mechanism that 

elongation and alignment of silk micelles due to shear and elongational flow results in increased 

inter-micelle interactions between β-sheets.  The formation of these β-sheets is likely to be 
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induced by any or all of the factors detailed above, namely changes to pH, salt composition and 

mechanical forces, and fusion of micelles aligned end to end could lead to a liquid crystalline 

state and continuous fibre.  This model of silk spinning is derived from observations of the major 

ampullate gland, however the anatomy of the aciniform gland is much different (Figure 1) and 

the spinning process less characterised.  Namely, micelle formation (or lack thereof), the 

potential for a pH gradient and modulation of salt concentration have not been characterized for 

the aciniform silk gland.  

 

1.2.3 Conformational Transitions Associated with Biomaterial Formation 

 Moving down the spinning duct, as introduced above, there is an overall transition 

towards β-sheet structure [37, 43] for silk proteins correlated with acidification and changes in 

salt content and shear forces.  Minor ampullate silk retains more of its α-helical and random coil 

structure in the fibrous form [43] than does major ampullate silk, though both undergo 

conversion from mostly random coil to mostly β-sheet, with alignment of these β-sheets parallel 

to the fibre axis [37].  Silkworm fibroin undergoes an α-helix to β-sheet transition during fibre 

formation, which appears to occur as a two-step process [81].  Cylindriform, aciniform and 

pyriform silks are highly α-helical, and cylindriform converts to mostly aligned β-sheet in the 

fibre similar to ampullate silks [43].  In contrast, aciniform and pyriform silks only partially 

convert to β-sheet, retaining a relatively high degree of α-helical content, with relatively less 

alignment of β-sheet parallel to the fibre axis [37, 43].  Flagelliform silk is an exception, as fibre 

formation does not result in a transition to β-sheet or alignment within the fibre, instead leading 

to a heterogenous fibre held together by hydrogen bonding networks [43].   

 Despite the mechanisms discussed above (Section 1.2.2), it is important to note that many 

of these conformational transitions, although not fibre formation, may be induced through 

changes to pH and salt in the complete absence of shear force.  The N-terminus of the silk fibroin 

heavy chain from B. mori, as an example, shows a drastic conformational change to β-sheet in 

response to only mild acidification from pH 7 to pH 6 in vitro [38], which matches the in vivo 

change in pH moving down the spinning duct [71].  The cylindriform silk protein is highly α-

helical [21], but shows an increase in β-sheet content in response to acidification [40].  Major 

ampullate silk also shows a transition from random coil to β-sheet that is induced by acidification 

from pH 7.2 to 6.4 [39].   
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 Silk protein micelles have been theorized to form with the hydrophobic regions of the 

repetitive sequence on the interior and the hydrophilic terminal domains on the exterior [69].  pH 

dependent oligomerization of the terminal domains may play a role in the micellization process 

and in parallel protein alignment.  Oligomerization of the silk fibroin N-terminal is induced by 

acidification and is concurrent with the transition to β-sheet [38].  This oligomerization is likely 

due to the overlap of β-sheets between monomers of the N-terminal domain resulting in an 

interconnected network, which is similar to how β-sheets may overlap in the silk fiber [38].  

Dimerization of the Ma silk N-terminal domains is also induced by acidification, though they 

remain α-helical [23].  Oligomerization of silk protein terminal domains may help to stabilize 

silk micelles through interactions at the micelle surface.  In the case of the liquid crystal model of 

fibre spinning, oligomerization of the terminal domains may help to promote parallel alignment 

of adjacent silk proteins by locking their termini together at either end.   

 Overall, chemical changes in the spinning duct are responsible for changes to the protein 

conformation and initial parallel alignment of the proteins.  Acidification over a small range of 

~7.5 to ~6.0 pH induces a large conformational transition towards β-sheet in general [38-40] as 

well as oligomerization of at least some silk terminal domains [23, 38].  The decrease in pH 

moving down the spinning duct [71, 72] may therefore contribute to conformational changes 

which prime the protein for fiber formation, and encourage micellization or parallel alignment of  

silk proteins.  Shear and elongational forces applied to the primed silk solution are then 

responsible for further parallel alignment and mechanical deformation of the tertiary structure, 

locking the β-strands and sheets of adjacent proteins into place and yielding fibres. 

 

1.3 Recombinant Aciniform Silk Proteins 

 

1.3.1 Structure of Recombinant AcSp1  

 The silk protein Aciniform Spidroin 1 (AcSp1) from A. trifasciata has been 

recombinantly expressed in E. coli as 1 to 4 repeat units termed Wn for Wrapping silk with n 

number of repeats [82].  The W1 unit consists of the 19 kDa, 200-aa repetitive sequence of 

AcSp1 from A. trifasciata, which is directly linked end-to-end in the larger constructs, with the 

N-terminal serine of the N-terminal repeat unit of each construct removed for cloning purposes 

[82].  The structure [49, 83] and dynamics [84] of a single repeat unit W1 have been determined 
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using NMR (nuclear magnetic resonance) spectroscopy.  W1 consists of a core domain of 5 α-

helices flanked by a short 12-aa disordered N-terminal domain and a longer 51-aa disordered C-

terminal domain [49] (Figure 4).  It should be noted that these disordered terminal domains are 

part of the repetitive domain, rather than being the non-repetitive (and structured) terminal 

domains that flank the repetitive domain of the native protein [82]. In W2 and larger constructs, 

these segments remain disordered, forming a linker between helical domains of adjacent W 

repeat units [49]. 

 

Figure 4: Overlay of the 20 lowest energy structures of the recombinant AcSp1 repeat unit 

determined using NMR spectroscopy. α-helices labelled H1 to H5, N and C terminal domains 

labelled N and C respectively.  Reproduced from Tremblay et al. [49] 

 

   The 1H-15N HSQC (heteronuclear single quantum coherence) experiment can be used to 

correlate the chemical shifts of the hydrogen and nitrogen atoms in the amide bond for each 

amino acid in a protein, resulting in cross-peaks for each amino acid with a chemical shift 

position dependent on its local chemical environment [85].  The nuclear Overhauser effect 

(NOE) is a dipole-dipole interaction-based phenomenon between nearby atoms with dependence 

on both the distance between the nuclei and on motion [86]. In the case of the 1H-15N 

heteronuclear NOE for amides, the distance is fixed by covalent constraints,  allowing 

measurement of the degree of motion (dynamics) of the protein backbone by measuring the 

enhancement occurring due to the NOE between the nitrogen and hydrogen atoms of each amide 
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bond of each residue [87].  In the W2 construct, very few changes to the helical domain are 

observed with respect to W1, with only minor chemical shift changes of assigned residues and 

minor differences to 1H-15 N heteronuclear NOE enhancement factors and backbone dynamics 

[49].  Minimal changes are introduced to the disordered regions that form the link between the 

helical domains of the two repeat units [49].  Overall there are minimal interactions between the 

individual repeats and no change in secondary structure with an increasing number of repeats 

observable by CD (circular dichroism) spectroscopy [82], implying that the repeat units behave 

independently from one another with little interaction.  This is, in turn, consistent with a “beads-

on-a-string” model with the structured helical domains forming the beads and the intrinsically 

disordered linkers forming the strings.   

 The α-helical core domain shows consistent rigidity along the peptide backbone, while 

the disordered tails have greater molecular motion, as seen by per-residue measurement of T2 

relaxation times [84].  T2 relaxation measures the rate of return to equilibrium of excited nuclei 

in the transverse plane, which occurs more slowly with increased molecular motion [88].  Helix 

5 and the region directly below it in the globular domain are significantly easier to disrupt, 

unfolding earlier than the other regions of the protein as the concentration of chemical denaturant 

is increased [49, 89].  The same regions are also more prone to hydrogen-deuterium exchange 

than other helices, which indicates that interactions between helix 5 and the underlying residues 

are more easily disrupted than those of the other helices [49], and that this region of the protein is 

more dynamic [84].  These features support a hypothesis that destabilization of helix 5 and 

associated regions initiate the conformational disruption and transition from mostly α-helix to 

mixed α-helix and β-sheet [82] that is prerequisite for aciniform silk-based biomaterial 

formation.   

 As another clue to this conformational transition, several hydrophobic residues 

(phenylalanine and tyrosine) have relatively high solvent exposure rather than being buried in the 

protein fold.  Six of these are in the C-terminal disordered region, with one directly C-terminal to 

helix 5, two in the well-buried helix 3 in the protein core, one in helix 2, and one in the N-

terminal disordered region [49].  As it is generally energetically favourable for hydrophobic 

residues to be shielded from aqueous solution within a protein structure [90], these exposed 

hydrophobic residues may play a role in encouraging or stabilizing conformational transitions 

towards silk biomaterials.  Overall, the protein does not show any distinctly separated 
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hydrophobic or hydrophilic surfaces that would indicate amphipathy (Figure 5) [49] in contrast 

to other silk proteins [24, 69], raising questions about the potential driving force and likelihood 

of an AcSp1 liquid-liquid phase transition and self-assembly as discussed in Section 1.2.2.   

 

Figure 5: Hydropathy of the AcSp1 repeat unit (W1).  Reproduced from Tremblay et al. [49] 

  

 The W1 protein is highly stable under a variety of solution conditions.  There is no 

significant change to the secondary structure between phosphate and acetate buffers, and from 

pH 5 to 7 in phosphate buffer, in contrast to the β-sheet conversion seen for some other spider 

silk proteins over the same pH range [39, 40], as discussed in Section 1.2.3.  Hence, it is not 

clear what solution conditions are required for conformational changes to the repetitive sequence 

to occur, or if the protein does not undergo such conformational changes until it transitions to an 

insoluble fibrous state.  The protein also shows reversible thermal denaturation with a melting 

temperature (Tm) of ~71 ºC, with little precipitation even after incubation at 90 ºC for 15 min 

[91]. 

 

1.3.2 Tryptophan Substitutions to Recombinant AcSp1 

 The A. trifasciata W unit does not contain any tryptophan residues [82], allowing for the 

use of substituted tryptophan residues as probes that may be measured without any background 

interference.  Tryptophan residues can be used as sensitive conformational probes both by 

intrinsic fluorescence [92] and by 19F NMR of fluorinated tryptophan [93].  Four tryptophan 
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substitutions were made to the W1 protein, targeting areas of interest within the protein structure 

[89]: residue F90 within helix 3 at the well folded core of the globular domain, R36 directly 

beneath helix 5, F146 directly C-terminal to helix 5, and Y169 in the disordered C-terminus 

(Figure 6).  These mutation sites were generally chosen to replace aromatic residues with 

aromatic tryptophan to decrease the risk of large perturbations of the protein conformation, 

except for R36 which replaces the long aliphatic chain of cationic arginine with the similarly 

bulky tryptophan ring.  These tryptophan substitutions allow for tracking of solvent exposure at 

regions in the protein that are likely to undergo conformational changes along the pathway to 

fibre formation by fluorescence, as is discussed in detail in Section 1.6.1.  All tryptophan 

variants gave overlapping CD spectra with the wild-type spectrum, indicating that substitution of 

tryptophan at these sites did not significantly affect the secondary structure of the protein, and all 

are capable of fibre formation [89].  The structures of the variants were not determined 

experimentally; however, the wild-type structure was recalculated after mutating the residue in 

silico and removing its NOE restraints, with the resultant structures of the variants being very 

similar the wild-type W unit in terms of secondary and tertiary structure [89].   

 

Figure 6: Tryptophan substitution sites within the recombinant AcSp1 repeat unit.  Reproduced 

from Sarker et al. [89] 

 

 Though the secondary structure of each variant appears well conserved, chemical shift 

perturbations are apparent by 1H-15N HSQC [89] which likely reflects localized changes to 
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packing, tertiary structuring, and environment induced by the introduction of a fluorinated 

aromatic moiety.  The Y169W substitution shows very few cross-peak displacements, as 

expected due to its location in the disordered C-terminal tail region.  The F146W substitution 

induced minor cross-peak displacements to helix 4 and the region below helix 5, as well most of 

the residues in helix 5 were not detectable due to peak broadening, a phenomenon which can 

occur when the hydrogen of the amide bond exchanges with hydrogens of the solvent, or if 

dynamic motion occurs, at a timescale similar to the measurement time.  The peak broadening of 

helix 5 may be an indication of increased hydrogen exchange due to increased solvent exposure 

or increased dynamic motion of the backbone [94].  As F146 is directly C-terminal to helix 5, 

perturbation of this helix is expected.  The R36W substitution beneath helix 5 caused significant 

disruption to cross-peaks in its local region and to helices 3 and 4.  Due to the replacement of a 

charged arginine with a hydrophobic tryptophan and the orientation of R36 towards the helical 

core [49], these perturbations are reasonable.  Interestingly there was no perturbation of helix 5 

residues despite significant perturbation to the region beneath it [89].  The F90W substitution 

caused the most chemical shift perturbations, affecting helices 2, 3, and 4, which is reasonable 

due to its location at the core of the globular domain [89].   

 When labeled with 5-fluorotryptophan and characterized by 19F NMR, each mutant 

exhibited a distinct 19F chemical shift [89].  Denaturation of the W1 variants was tracked by 19F 

NMR, showing no change for the chemical shift for the Y169W residue, consistent with its 

location in a region that is already disordered.  The F146W residue, with some helical structure 

and pointing away from the surface of the protein, showed a slight chemical shift perturbation at 

~3 M urea.  The largest change in chemical shift occurred for the F90W residue at ~3 M urea.  

Interestingly, the R36W residue showed an earlier transition, beginning at ~1.5 M urea and 

ending at ~2.5 M [89].  Denaturation of the wild-type W unit tracked by CD spectroscopy 

showed that significant changes to secondary structure begin at ~2 M urea, with the majority of 

the unfolding process occurring above 2.5 M [49].  The F146W residue did not show a 

significant chemical shift until ~2.75 M [89], supporting that the secondary structure of helix 5 is 

not disrupted until after the transition of the R36W residue.  This suggests that the earlier 

transition of the R36W chemical shift is due to disruption of the tertiary structure, plausibly due 

to loosening of helix 5 from the surface of the protein and perturbations or increased dynamics of 

the underlying region.  The F90W residue undergoes a large chemical shift change past 3 M 
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urea, consistent with the behaviour expected upon denaturation for a well-buried residue within 

the stable helical protein core [89]. 

 The broad 19F linewidth of R36W compared to the exposed Y169W and F146W is 

consistent with R36W being well buried in the protein, reflected by the in silico mutant structure 

having ~4% solvent accessible surface area [89].  However, R36W also shows a much larger 

solvent-induced-shift than the other mutant residues upon change from 9:1 H2O:D2O to 1:9 

H2O:D2O, with induced chemical shift perturbation is close to that of free 5-fluoroindole [89].  

This result indicates that the residue is solvent accessible, which may be due to two cavities seen 

in the in silico structure [89] and increased dynamics of the region [49], but also may be arise 

from interactions with the cationic side chain of R50 [89].  In general, the behaviour 19F 

chemical shifts are complex and highly sensitive to the local chemical environment around the 

fluorine atom [93], making interpretation difficult. 

 

1.3.3 Biomaterial Formation by Recombinant AcSp1 

 Recombinant AcSp1 with at least two repeat units (W2) readily forms fibres from a 

solution of as low as 0.04 mg/mL protein concentration with shear stress induced by pulling from 

the solution with a pipette tip [82].  W1 cannot form fibres [82], with a plausible reason being 

that each protein, in this instance, has only one repeat to interact with adjacent proteins, meaning 

that entanglement of multiple proteins that is required to form an interlocking network cannot 

take place.  W4 fibres produced by this method have reasonable mechanical properties, with a 

tensile strength of ~115 MPa, extensibility of ~37% and toughness of ~34 J·cm-3 [82].  For 

comparison, the naturally spun AcSp1 silk has a tensile strength of 687 MPa, extensibility of 

86% and toughness of 376 J cm-3 [14].   

To improve fibre quality and reproducibility, more advanced artificial wet-spinning 

methods have been developed [95].  In the first such method, lyophilized silk protein is dissolved 

in a solvent such as hexafluoro-2-propanol (HFIP) to form a spinning dope to a final 

concentration of 8% w/v.  The secondary structure of the protein in the spinning dope [95] is 

well preserved with respect to that of aqueous conditions [82].  The spinning dope is then passed 

through a syringe needle into a bath of 95% ethanol and collected onto a rotating cylinder, with 

rates controlled by a spinning apparatus.  These fibres without further treatment are termed as-

spun (AS).  After collection of AS fibres, stretching can be applied within H2O to 4 times the 
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original AS length.  W3 AS fibres in HFIP formed by wet spinning into 95% ethanol yielded 

diameters of ~23 µm, reduced to 9 µm after stretching by 4x, with the post-spin stretching 

process more than doubling tensile strength and toughness [95].  Fibres formed from a 

trifluoroacetic acid and trifluoroethanol (TFA/TFE) dope had roughly the same diameters, but 

exhibited greatly improved toughness and extensibility after stretching compared to HFIP based 

fibres, alongside higher strength [96].  The observed change in diameter upon post-spin 

stretching indicates that stretching causes an irreversible compaction of fibres, plausibly due to 

the stretching and straightening out of protein chains improving the overlap and alignment 

between the β-sheets within the fibre.  Comparing the wet-spinning and hand-drawing techniques 

for the HFIP based fibres described above shows that hand-drawn W3 fibres have much smaller 

diameters (1.8 ± 0.1µm) and slightly less strength (79 ± 28 vs. 92 ± 8 MPa), but have much 

greater extensibility (21 ± 10 vs. 2.6 ± 0.6 %) and toughness (14 ± 8 vs. 1.3 ± 0.3 MJꞏm-3) [95].   

 Hand-spun fibres are more similar in diameter to the natural silk than the wet-spun fibres, 

as is the spinning method.  However, the mechanical properties of hand-draw fibres have greater 

variability owing presumably to the inherent human error in draw rate which would affect shear 

force.  In the case of wet-spinning, the protein solution is pushed through a syringe needle into 

an alcohol solution in which it is insoluble [95].  In the case of hand-drawing, the surface of a 

solution containing silk protein is pulled outward into a narrowing cone with no alcohol involved 

[82].  In both cases, shear forces are applied, but the size and chemical nature of the interface 

between the protein solution and newly forming fibre are different. 

 Providing insight into the fibre formation mechanism, hand-pulled fibres with the end left 

in solution were fixed and observed by scanning electron microscopy (SEM) showing many 

nanofibrils branching from the end of the fibre which was still in solution.  Coating these 

nanofibrils and the slide were many spherical particles [82], which would be consistent – 

although not conclusive proof – of the micelle theory of fibre assembly applying to aciniform 

silks.  Additionally, HFIP and TFA/TFE spinning dopes contained micro- and nano-spheres 

respectively [96].  The smaller size and lesser hetreodispersity of nanoparticles in TFA/TFE and 

their formation of interconnected networks rather than the individual clusters formed in HFIP 

[96] may be related to the difference in the properties of fibres formed from the two dopes.  This 

supports a model of fibre spinning in which nanoparticles combine into nanofibrils, and 

nanofibrils into the final fibre, along with conformational changes initiated by the disruption to 
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helix 5.  The formation of recombinant AcSp1 fibres involves a transition from ~40% α-helix to 

32% α-helix and 28% β-sheet [82], with α-helices and β-sheets aligned roughly parallel to the 

fibre axis [2].  Other forms of recombinant aciniform silk biomaterials, such as films and 

spheres, have not yet been investigated structurally. 

 

1.3.4 Micellization Behaviour of Recombinant AcSp1  

 The W1 protein is capable of forming micelle-like nanoparticles in phosphate buffer (pH 

7.5), falling into two separate populations of 50 and 220 nm average diameters as observed by 

dynamic light scattering (DLS) [91].  For comparison, the hydrodynamic diameter of the W1 

monomer is 4.3 nm [49].  The larger population reaches particle sizes of up to ~450 nm, and 

although samples were passed through a 450 nm filter, their incubation for 12 h before 

measurement did not result in the reformation of any larger particles consistent in size with 

particles that would have been removed by the filtration step.  As well, the intensity weighted 

function shows a normal decay to zero intensity rather than a truncation at 450 nm, and this is 

corroborated by scanning electron microscopy (SEM) of unfiltered samples [91].  Nanoparticle 

formation by W2 or constructs with more repeat units has not been formally investigated, though 

during measurement of the hydrodynamic radii of W2 and W3 by DLS, only the monomeric 

species was detected [49].  However, it is possible that a small nanoparticle population may have 

been present that was not detected, depending on signal-to-noise, digital filtering, or fitting 

method. 

 Micelle-like behaviour of W1 has been probed by the hydrophobic fluorophores 1-

anilinonaphthalene-8-sulfonic acid (1,8-ANS) and pyrene, both of which change fluorescence 

emission behaviour based on the hydrophobicity of their local environments [91].  1,8-ANS 

shows little emission in an aqueous environment, but much higher intensity and a shorter 

emission wavelength in a hydrophobic environment [97].  Pyrene shows an increased emission 

intensity in more hydrophobic environments, but also exhibits a characteristic change in the ratio 

of the first and third vibronic peaks (I1 and I3) of its emission manifold [98, 99].  Namely, the 

emission intensity at I1 relative to I3 (I1/I3) decreases from a value of 2 in water to a value of 0.75 

in hexane,  concomitant with a hydrophobicity increase [98].  Fluorescence is described in detail 

in Section 1.6.1.  Protein-fluorophore interactions may contribute to a change in the 

hydrophobicity of the fluorophore environment, including binding of the fluorophore to 
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hydrophobic protein surfaces and encapsulation of the fluorophore into the hydrophobic interior 

of a protein nanoparticle or micelle.  The micelle interior is a more hydrophobic environment 

than the micelle surface due to higher solvent exclusion, and so above the critical micellar 

concentration (CMC) – the threshold concentration  at which micelles begin to form [100] -  

there should be a progressive decrease in the I1/I3 intensity ratio as the population of micelles 

increases due more pyrene molecules being partitioned into hydrophobic micelle interiors.  The 

concentration at which the I1/I3 ratio begins to decrease occurs when enough micelles have been 

formed to result in a measurable change of pyrene emission and, therefore, provides an 

approximate measurement of the CMC.  The theory of micelle formation is detailed in section 

1.4.1.   

 To estimate the CMC of W1, pyrene fluorescence was measured after an incubation with 

the protein for 24 h at 4 ºC and 1 h at room temperature in order to allow pyrene diffusion into 

micelles, followed by serial dilutions maintaining a constant pyrene concentration.  Incubating at 

4 ºC helps to prevent precipitation of the protein.  The resulting relationship between I1/I3 and W1 

concentration is roughly sigmoidal, reaching a ratio of 1.1 at ~150 µM [91], indicating that the 

large majority of pyrene is in a hydrophobic environment.  For comparison, the I1/I3 ratio of 

pyrene in SDS reaches as low as ~0.75 [98].  The sigmoidal behaviour observed is similar to that 

seen in CMC measurements of other surfactants using pyrene [101] and reflects a transition in 

the hydrophobicity experienced by pyrene molecules due to the dissolution of micelles, whereas 

without micelle formation a linear trend may be expected due to binding to the protein surface.  

The start of the sigmoidal curve observed for W1 occurred at ~20 µM, leading to an inference of 

a CMC of ~20 µM [91]. 

The emission maximum of 1,8-ANS also showed a large blue-shift past ~20 µM, but the 

change in intensity between 18 and 71 µM was comparable to that between 0 and 18 µM.  

However, the difference of emission intensity between the 88 µM and the 71 µM samples was 

~3.3x larger than the difference between the 71 and 18 µM samples.  The 88 µM spectrum also 

showed a shouldering effect, indicating a second population of 1,8-ANS molecules in a more 

hydrophobic environment.  The 88 µM sample was not diluted, and so the mechanical mixing to 

produce the 71 µM sample may have been responsible for disruption of complexes.  It may be 

the case that the blue-shift at lower concentrations was due to surface binding of 1,8-ANS to the 

protein, the two of which are at comparable concentrations.  It is not clear what effect binding of 
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1,8-ANS or pyrene to the surface of W1 may have on the assembly of W1 nanoparticles, whether 

disfavouring or favouring their formation.    

 

1.4 Solution-State Assembly of Proteins 

 

1.4.1 Theories of Micellization and Phase Separation 

 Micelles [102] are formed through the self-assembly of amphipathic molecules such that 

their hydrophobic regions are shielded from aqueous solution as the micelle interior, and their 

hydrophilic regions are exposed to solution as the micelle surface [68].  This process is affected 

by energetically favourable packing of hydrophobic regions in the solvent-excluded micelle 

interior and unfavourable repulsion of charged hydrophilic regions, if present, at the hydrated 

micelle surface [68].  

 The radius of a micelle is necessarily dependent on the total length of the hydrophobic 

region of the molecule that forms its core.  Though micelles are generally spherical, elongated 

wormlike micelles may form at a higher concentration than spherical micellization with a 

secondary CMC [103], which in the case of peptides and proteins can be associated with a 

conformational change [78].  This cylindrical shape allows the micelle to grow in size while 

maintaining the limit that the radius cannot be longer than the length of the hydrophobic region.  

The formation of micelles can be defined through a mass-action model using an equilibrium 

between monomeric and micellar species [104]: 

mP ↔ Pm          (1) 

where P is the protein, or other monomer, Pm is the micellar form, and m is the aggregation 

number. The equilibrium constant (Km) for this mechanism is then [104]:  

Km = [Pm]/[P]m         (2) 

which can also be presented with respect to mole fractions [104]: 

Km = Xm/mXm          (3) 

where Xm and X are the mole fractions of protein in the micelle and monomer forms, 

respectively.  This is related to the free energy of micellization per monomer (∆𝐺𝑚
0 ) described by 

[104]: 

∆𝐺𝑚
0 = −𝑅𝑇𝑙𝑛𝐾𝑚 = −𝑅𝑇𝑙𝑛 [

𝑋𝑚

𝑚𝑋𝑚
]       (4) 

or 
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𝑚
∆𝐺𝑚

0

𝑅𝑇
= 𝑚𝑙𝑛𝑋 − 𝑙𝑛𝑋𝑚 + 𝑙𝑛𝑚       (5) 

where R is the ideal gas constant and T is the absolute temperature.  The free energy may also be 

expressed in terms of the CMC [105]: 

𝑚
∆𝐺𝑚

0

𝑅𝑇
= ln [

𝑚2(2𝑚−1)

𝑚−2
] + (𝑚 − 1)𝑙𝑛 [

𝑚(2𝑚−1)

(𝑚−1)(2𝑚+2)
] + (𝑚 − 1)ln⁡[𝐶𝑀𝐶]  (6). 

Charged surfactants are surrounded by a counter ion shell, the thermodynamic contribution of 

which can be described using [106]: 

mP + (m-p)C ↔ Pm          (7) 

where p is the charge of the ionic micelle and C is the counter ion.  Then, the equilibrium 

constant is described by [107]: 

𝐾𝑚 =
Xm[P0]1−𝑚

𝑚(1−Xm)𝑚([P0](1−Xm(1−
𝑝

𝑚
))+X)𝑚−𝑝

       (8). 

 Essentially, the formation of micelles can be described by the number of surfactants per 

micelle, surfactant concentration, and micelle surface charge based on the equations above.  

Ultimately, an experimentally measured CMC and free energy and be used to calculate the 

average aggregation number, based on Eq. 6.  A phase separation can be thought of as a case 

where the aggregation number approaches infinity, reflecting a single contiguous aggregated 

state  involving all molecules with infinite potential size.  Factors not addressed by these 

formulae include the potential for temperature dependencies of both the aggregation number and 

CMC.  Deviations from this theoretical description of energetics can also result due to non-

spherical morphologies, large polydispersity of micelle size, and protein conformational changes 

due to micellization [108].  The complex assemblies found in the major ampullate gland [70] can 

not be fully described by these formulae, but onset of assembly at a CMC is applicable. 

 

1.4.2 Assembly at Liquid-Air Interfaces  

 Surfactants must first diffuse to the surface to adsorb, and so initially the assembly rate is 

diffusion-controlled and dependent on the concentration of surfactant in solution, assuming no 

barrier to adsorption once at the surface [109].  To account for different surface properties and 

surfactant properties, many specialized adsorption isotherms are available [110].  A common and 

simple model of the liquid-air adsorption/desorption equilibrium is the Langmuir isotherm 

described by [109]: 
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𝑑Г

𝑑𝑡
= 𝑘𝑎𝑐Г∞ (1 −

Г

Г∞
) − 𝑘𝑑 ∗

Г

Г∞
       (9) 

where ka is the adsorption rate constant, kd is the desorption rate constant, and Г∞ is the maximum 

surface concentration.  This results in the equilibrium described by [109]: 

𝛤 = Г∞ (
𝐾𝐿𝑐

1−𝐾𝐿𝑐
)         (10) 

where the equilibrium constant KL = ka * kd 

If surface desorption is negligible, then the initial adsorption is diffusion-controlled and 

the surface concentration can be described as a function of the diffusion coefficient (D) by [111]: 

Г = 2𝑐√(
𝐷𝑡

𝜋
)          (11)  

where Г is the surface concentration, c is the solution concentration, and t is time.   

The Gibbs adsorption equation may be applied for the case of low solution concentrations 

such that the surface is not saturated, relating the surface pressure to the solution concentration 

[109, 112] as follows: 

𝑑𝑃 = 𝑛𝑅𝑇(Г𝑑𝑙𝑛𝑐)         (12) 

where Г is the surface concentration at saturation, P is the surface pressure, T is the absolute 

temperature, R is the ideal gas constant, and n is 1 or 2 for non-ionic and ionic surfactants 

respectively. 

 In a purely diffusion-controlled adsorption process, the only barrier to adsorption is the 

ability of a surfactant molecule to reach the interface. This, however, is an idealised model.  

More realistically, there may be a thermodynamic barrier to adsorption once a molecule reaches 

the interface.  Such barriers include steric hindrance due to other molecules already adsorbed or, 

as may occur in the case of proteins, conformational rearrangement [109].  In these cases, 

overcoming this barrier becomes the rate-limiting step.  As more surfactants assemble at the 

surface, steric hindrance and lack of free surface area decrease the role of diffusion and surface 

assembly is dominated by rearrangements at the surface.   

 A caveat to the Langmuir isotherm is that it does not account for interactions between 

surfactant monomers or rearrangement at the surface and so it is not accurate for complex 

surfactants such as proteins [113]. 

 Specifically, surface adsorption of proteins involves more variables than the typical 

surfactant model due to their large and complex nature, involving charge distribution, buried 
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hydrophobic surfaces, interactions between domains, and inter-protein interactions [114, 115].  

Intermolecular adhesion between proteins is the main contribution to protein surface pressure, 

with small contributions from electrostatic interactions and molecular motion [116].  

Additionally, proteins that adsorb to the interface generally undergo surface denaturation, 

resulting in conformational changes after adsorption [114, 117, 118].  This gives three stages to 

protein assembly at the liquid-air interface: (1) accumulation at the surface by adsorption with 

concurrent conformational change, (2) film formation by inter-protein interactions and 

alignments, and (3) film maturation by further conformational adjustments and alignment.  The 

extent to which proteins affect surface tension is largely related to their relative ease of changing 

conformation at the surface in order to adsorb by exposing hydrophobic surfaces to the liquid-air 

interface.  This means that highly flexible proteins have greater surfactant effect due to their 

propensity to change conformation [116].  These structural rearrangements expose hydrophobic 

protein residues to the air interface and compete with native protein folding, which stabilizes 

hydrophobic residues within the protein [119].   

 Due to the ability of silk proteins to undergo large conformational changes toward β-

sheet in response to mild changes in solution condition (as detailed in Section 1.2.3; [38, 40, 

78]), it is reasonable to expect that they can readily change conformation in order to adsorb to the 

liquid-air interface and therefore have good surfactant potential .  Silkworm fibroin and Ma 

spidroins show surface assembly and conformational change once at the surface, resulting in a 

visco-elastic gel-like surface layer in contrast to proteins such as lysozyme which do not form 

biomaterials [118-120].  Tracking surface concentration and surface pressure of several proteins 

shows that there is a delay between their accumulation at the surface and the change in surface 

pressure, which shows that formation of the surface film begins at a minimum surface 

concentration dependent on the protein and is likely delayed by the kinetics of conformational 

change and formation of inter-protein networks [116].  Film formation can occur 

heterogeneously, with protein islands formed at the surface initially followed by interconnection 

between these islands [121].   
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1.5 Protein Nanoparticles as Drug Delivery Vehicles 

 

1.5.1 Applications of Nanoparticles to Chemotherapeutic Delivery 

 Nanoparticles can be formed from a variety of materials, most commonly liposomes, 

proteins, peptides, silica, gold, dendrimers, and polymers [122].  These can be hard non-

degradable materials such as gold and iron oxide coated with the molecule(s) of interests, or soft 

materials such as liposomes and proteins which encapsulate and release their cargo [122].  

Though drug delivery [123] is the focus here, nanoparticles have other applications such as tissue 

imaging [124].   

 Drug delivery vehicles allow for the controlled release and cellular targeting of the drug 

molecules they carry [123].  This is of interest for cancer treatment due to the high toxicity of 

chemotherapeutics to healthy cells [123].  Drug delivery vehicles therefore have the potential to 

lessen the negative side-effects of existing chemotherapeutics by enabling selective uptake of 

these drugs by cancerous cells.  There are currently numerous nanoparticle medicines which 

have been approved for clinic use or are undergoing clinic trials [125].   

 The design of effective nanoparticle systems must take into account a number of factors 

[126].  Most importantly, the nanoparticles must preferentially accumulate at the target site.  This 

accumulation can occur by passive or active targeting [127].  Passive targeting relies on the 

enhanced permeability and retention effect (EPR), discovered in 1986 [128], by which 

nanoparticles enter tumours more easily than other tissues due to a greater vascular permeability 

[129] and have difficulty leaving due to poorly developed lymphatic systems [130].   In 

competition to passive targeting, nanoparticles entering the bloodstream can be sequestered by 

macrophages and other phagocytes, resulting in off-target accumulation [131].  A major 

contribution to sequestering is the coating of nanoparticle surfaces by proteins within the 

bloodstream forming a protein corona [132], which results in opsonization for phagocytosis and 

masking of active targeting features on the nanoparticle surface [126].  A common method to 

reduce the formation of a protein corona is ligation of PEG (poly-ethylene glycol) molecules to 

the nanoparticle surface, decreasing blood clearance rates and improving biocompatibility by 

altering the surface chemistry [133].   

Nanoparticles can be administered as an aerosol rather than intravenously in the case of 

lung cancers [134], delivered transdermally for skin cancers [135], or delivered orally [136].  
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Nanoparticles can also be actively targeted to cancerous cells by modifying the particle surface 

such that it has an affinity to some molecular feature of the target [127].  As an example, the first 

actively targeted nanoparticle tested clinically, BIND-014, is coated with molecules of 2-(3-((S)-

5-amino-1-carboxypentyl)ureido) pentanedioic acid (ACUPA), which binds specifically to the 

surface protein PSMA (prostate-specific membrane antigen) expressed by some prostate cancers 

[137].  Once localized at the target site, nanoparticles may release their cargo into the interstitial 

fluid or enter cells by endocytosis, being sequestered in cellular endosomes and subsequently 

lysosomes [138].  The acidic nature of endosomes and lysosomes can be exploited by pH 

sensitive nanoparticles, triggering drug release once inside the cell.  This may be due to a change 

in the charge of the nanoparticle which affects drug binding, disassociation or degradation of the 

nanoparticles at acidic pH [139, 140].  Nanoparticles in the cell can be further targeted to the 

nucleus, improving the effectiveness of their drug cargo [141]. 

 Nanoparticles must release their drug cargo at the target site in order to serve their 

purpose, and so need to remain stable in the blood for long enough to accumulate at the target 

site.  As such, the kinetics and selectivity of drug release is important to the effectiveness of 

nanoparticles.  Properties affecting the targeting of nanoparticles include size and morphology, 

surface charge and hydrophobicity [127].  In one study, gold nanoparticles showed size-

dependent tissue distribution in mice, with smaller particles (15 nm) showing greater overall 

tissue distribution, particularly in the lungs and kidneys, while larger nanoparticles (100-200 nm) 

mostly accumulated in the liver and also showed improved pancreatic localization [142].  

Morphologically, non-spherical nanoparticles tumble in the bloodstream resulting in increased 

lateral diffusion towards the endothelium wall where adhesion can occur as the first step towards 

extravasation into the target tissue [143].  In one study, gold nanoparticles with no charge or 

zwitterionic nanoparticles with net neutral charge show much greater blood plasma retention 

compared to charged particles, with positively charged particles having more than twice the 

clearance rate of negative particles [144].  Increased plasma retention was also correlated with 

increased accumulation in tumours [144].  Heterogeneity of tumour biology, even within the 

same patient, affects nanoparticle-tumour compatibility [145].  As well, drug-nanoparticle 

compatibility affects the properties of drug uptake and release by nanoparticles [146].  Drug 

delivery by nanoparticles is affected by complex features of tissue and tumour biology, cellular 

and intra-cellular targeting strategies, drug release kinetics and selectivity, nanoparticle 
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composition, and drug compatibility.  Therefore, the investigation of new nanoparticle materials 

is important for the development of new nanomedicines. 

 

1.5.2 Silk Protein Particles for Drug Delivery 

 Silk-based materials are attractive as drug delivery vehicles due to their good 

biocompatibility, with regard to hypoallergenicity [53]; biodegradability [54]; and, 

hemocompatibility [55].  Hypoallergenicity refers to a low immune response, biodegradability to 

degradation and removal from the body, and hemocompatibility to low coagulation, hemolysis 

and clearance from the blood.  Fabrication of silk materials also does not require toxic chemicals 

or solvents, as discussed in section 1.5.3, which is important for chemically-sensitive cargo such 

as proteins.  Silk fibroin proteins from silkworm and spider silk-derived proteins are capable of 

forming nanoparticles with drug carrying capacity [147, 148].  To date, no approved silk 

nanoparticle medicines are available nor are clinical trials underway; however, silk nanoparticles 

have been formed by a wide variety of methods and have a demonstrated capacity for drug 

uptake, release, cellular uptake and effective drug delivery in vitro, as discussed here.  Although 

the focus here is on nanoparticles, other silk biomaterials such as hydrogels, fibres and films can 

be applied to drug delivery [149].  As well, other non-silk protein nanoparticles have been 

investigated for medical applications [150].   

 Silk fibroin nanoparticles are generally based upon the natural protein regenerated from 

silkworm cocoons, and account for the majority of silk-based nanoparticles studies to date.  

Active and passive targeting features have been applied to silk fibroin as well, with demonstrated 

drug delivery in vitro.  In one example, nanoparticles were coated with folic acid to actively 

target the folate receptor and were capable of pH-induced release of doxorubicin in cancer cells, 

presumably due to a disruption of the electrostatic interactions between the drug and 

nanoparticles by protonation of the silk proteins [151].  Another study produced fibroin 

nanoparticles which provided pH-dependent release of doxorubicin in the lysosomes of breast 

cancer cells [152].  Nanoparticles which were PEGylated to improve stability [153] could deliver 

drugs to breast cancer cells  as could nanoparticles produced by a microdot printing technique, 

where droplets of silk solution are deposited and dried [154].  In another study, silk fibroin 

nanoparticles were shown to deliver vascular endothelial growth factor (VEGF) to carcinoma 

cells, with slow release over several days [155].  Microfluidic technology has also been applied 
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to silk nanoparticle production, allowing more precise control over mixing rates and ratios [156].  

Silk fibroin nanoparticles can deliver drug molecules by a variety of routes, including 

transdermally [135], through oral delivery to mice [136], and to a human cell line in an in vitro 

lung model system as an inhalable powder [134].  Although the focus here is on silk 

nanoparticles, hybrid materials such as silk-chitosan blends [154], silk coated liposomes [157], 

and magnetic silk nanoparticles [158] have also been produced. 

 Spider silk proteins derived from dragline silk have also been investigated as nanoparticle 

materials, using recombinant proteins such as eADF4(C16) [159], for which particles can 

incorporate and release protein cargo in vitro [160].  eADF4(C16) can also be ligated to cell 

penetrating peptides such as Tat and poly-arginine to improve cellular uptake and nuclear 

targeting [161].  Spider silk proteins have also been engineered to modify their drug and cell 

interactions.  For example, substitution of eADF4(C16) glutamate residues to lysine reverses the 

charge from anionic to cationic, greatly improving cellular uptake of nanoparticles through an 

unresolved mechanism [161] and enabling uptake of anionic nucleic acid drugs[162].  Silk 

ligated to a ligand for the Her2 receptor overexpressed on some cancer cells forms nanoparticles 

with improved delivery of doxorubicin through active targeting [163].  One engineered dragline 

silk protein based off MaSp1 incorporates poly-l-lysine domains and tumour targeting peptides, 

forming nano complexes with increased binding affinity to their pDNA cargo [164]. 

 

1.5.3 Methods of Producing Protein Nanoparticles 

 The principle behind nanoparticle formation is to precipitate a solution of soluble protein 

in a controlled and reproducible way, resulting in a defined particle size and morphology.  As 

such, there are as many methods of protein nanoparticle production as there are methods of 

protein precipitation, Desolvation and salting out are the most common such methods, likely due 

to their simplicity.  A representative selection of production methods are described here. 

 Desolvation in this context refers to removal of aqueous solvent from the protein by 

combining the protein solution with a solvent which is miscible with water, but in which the 

protein is not soluble.  This results in the precipitation of the protein at some critical solvent-

water ratio.  A typical strategy is to dilute the protein solution with solvent or add the protein 

solution dropwise to the solvent solution.  In the case of silk fibroin, this may be applied by 

injecting fibroin into an acetone solution with recovery by dialysis yielding particles of ~42 nm 
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[135], while adding silk dropwise to acetone with centrifugation and resuspension by sonication 

yielded particles of ~100 nm [152, 153].  Fibroin particles formed with DMSO yielded particles 

of ~177 nm for B. mori silk and ~157 nm for Antheraea mylitta [155].  In one study, microfluidic 

technology was used to control the mixing process, yielding particles from 110-310 nm with 

acetone or isopropanol depending on the mixing conditions [156].  

 Salting out of silk proteins predominantly makes use of highly concentrated potassium 

phosphate.  Depending on the volume ratio of salt to silk solutions and protein concentration, silk 

fibroin gave particles between 486 nm and 2 µm [165], clearly leading to much larger particles 

than those produced by desolvation.  The engineered dragline silk protein eADF4(C16) forms 

particles of ~332 nm with a 10:1 volume ratio of salt to protein (1 mg/ml) solutions [166], or 1-2 

µm using a 1:1 ratio (2.4 mg/mL) [162].  Other engineered dragline silk proteins MS1 and MS2 

form particles from 667-1167 nm and 490-950 nm respectively, depending on production 

parameters [167].   

 Microdot printing can form silk fibroin particles through deposition of independent 

droplets from a micro capillary onto a colleting surface and air drying.  Dried particles are then 

collected and soaked with methanol to convert the protein to a silk II conformation.  Particles can 

then be lyophilised.  In one study, this method resulted in silk fibroin particles of ~98 nm and 

~45 nm at 0.1% and 10% fibroin concentration, respectively [154]. 

 Spray-drying and spray-freeze-drying methods force the silk solution through a small 

opening under pressure with aspiration at high temperature for spray-drying and into liquid 

nitrogen for freeze-drying.  This method can form silk fibroin particles up to 5 µm with high 

porosity, suitable for application as an inhaled powder [134].  Electrospraying can be used to 

form silk nanoparticles by forcing silk solution through a syringe by high voltage with direct 

collection into liquid nitrogen and lyophilization.  This method can produce dry nanoparticle of 

98 to 108 nm depending on parameters, with narrow size distribution [168].  

 Particles can also be produced from the sonication of dried silk films.  In one study a 

combination of silk fibroin and PVA (poly-vinyl alcohol) was dried to form films which were 

then sonicated resulting in particles capable of loading small molecules.  Particle sizes had wide 

distributions ranging from 100 nm to 5 µm depending on the initial silk-PVA concentrations and 

sonication amplitude [169]. 
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 A cryo-granulation technique was developed to form particles by injection of silk 

solution into a freezing solution of solvent.  In one example, silk gellated by acetone or PEG-400 

was injected into cold hexane under pressure, forming frozen droplets of large 200-900 µm size 

particles with 0.1-10 µm sized pores [170].  Electrospray methods use a voltage to generate a 

spray of silk containing droplets from the end of a nozzle, resulting in silk fibroin particles less 

than 100 nm [168] and 984 nm to 1270 nm fibroin-PVA hybrid particles[171]. 

 In summary, a variety of particle production schemes with optimizable parameters are 

available which allow production of nano- and micro-scale drug delivery platforms.  Different 

production methods produce particles with varying size and porosity.  Desolvation, electrospray, 

and microdot printing are best suited for small nanoparticles less than 200 nm.  Salting out can 

produce larger nanoparticles and small microparticles, while spray-drying, film sonication, and 

cryo-granulation can produce larger microparticles with high porosity.  

 

1.5.4 Factors Affecting Physical Properties of Nanoparticles 

 Nanoparticle properties can be modified by altering the protein composition.  In one 

example, the engineered dragline silk protein MS2 was modified by a glutamate substitution, 

resulting in larger particles with increased aggregation and surface charge. [146]  Similarly, the 

engineered dragline silk protein eADF4(C16) was modified by glutamate to lysine substitutions, 

forming eADF4(κ16) which yielded slightly larger particles with positive rather than negative 

charge [161].  Hybrid particles of eADF4(C16) and eADF4(κ16) were significantly larger with a 

broader distribution [161].  In another case, hybrid particle of MS1 and MS2 showed smaller size 

and better stability [172].  Protein crosslinking prior to nanoparticle formation can change the 

properties of silk particles, greatly increasing their size and porosity as shown for silk fibroin 

[134].  Interestingly, variation in protein purification method may alter the composition of the 

protein solution enough to change particle formation.  For an engineered dragline silk MS2(9x), 

protein purified by an acidic extraction method formed nanoparticles 35% larger and more 

porous than those formed by protein purified using a thermal extraction method [173].  The 

incorporation of drug molecules into nanoparticles can occur con-currently with particle 

formation, affecting particle properties such as surface charge [166] and likely size or other 

physical characteristics.  
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 The main method of controlling nanoparticle properties is by modifying the precipitating 

solution and mixing method.  For desolvation and salt precipitation, the solvent or salt 

concentration has a signification effect on the outcome.  In one study, silk fibroin particles 

formed by desolvation had a significantly smaller size and polydispersity with a solvent ratio of 

3:1 or 5:1 than with 1:1 for both acetone and isopropanol, with one exception [156].  Similarly, 

eADF4(C16) particles formed in 2 M potassium phosphate were much smaller when mixed with 

protein solution at a 10:1 ratio [166] than at a 1:1 ratio [162].  A higher solvent ratio also resulted 

in a higher surface charge, and increasing the mixing rate resulted in larger particles and higher 

poly-dispersity in most cases  [156].  Mixing rates are typically not well controlled, with most 

preparations making use of pipetting, which can contribute to variability.  One study analysed the 

effect of potassium phosphate concentration, pH, and protein concentration on nanoparticle size 

and morphology [167].  It was observed for MS1 and MS2 that increased salt concentration 

resulted in smaller, more defined particles.  Changing the pH from 4 to 10 caused little change 

for MS2 particles, however for MS1 only a pH of 10 yielded defined spherical particles [167].  

For silk fibroin, pH 4 yielded aggregated particles, while pH 5 and 6 yielded defined and larger 

spherical particles [165].  There was a large increase in particle size by several hundred 

nanometres by with increased protein concentration from 0.5-5 mg/mL for MS2 and MS1 [167], 

and from 0.25-20 mg/mL for silk fibroin [165].  In contrast, the desolvation of silk fibroin by 

acetone gave ~42 nm particles with 30 mg/mL [135] and ~98 nm with 5 mg/mL [152] protein 

concentrations, though the solvent concentrations varied between the two studies.  In general, it 

appears that protein concentration has a more significant effect for methods based on salting out 

than those based on desolvation. 

 In one study, the morphology of particles could be controlled in a surprisingly direct way.  

Particles were produced by sonicating dried silk-PVA blend films.  Films that were stretched 

yielded elongated particles compared to spherical particle from unstretched films [169].  PVA 

has also been used to control the size distribution of silk fibroin particles formed by desolvation 

[174].  Silk-ethanol solutions were mixed with PVA solutions and lyophilized, yielding 

nanoparticles with much more spherical morphology and much less aggregation than those 

without PVA [174]. The authors theorized that the PVA forms a porous matrix when flash 

frozen, constraining the silk nanoparticles.   
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 For lyophilization procedures, the choice of cryoprotectant can be important.  In one 

study trehalose resulted in grossly aggregated silk fibroin particles compared to mannitol [134].  

Trehalose is a disaccharide and mannitol is a sugar alcohol.  Both may stabilize the protein 

nanoparticles by hydrogen bonding via their hydroxyl groups.  It is not clear why mannitol 

worked better as a cryoprotectant in this example or whether the effectiveness of various 

cryoprotectants depends on the protein composition of the nanoparticles. 

 In the case of electrosprayed silks, the voltage used may can affect particle sizes.  A 

higher voltage can result in smaller sized particles due to smaller droplets formed from the 

needle [168, 171]; however, excessive voltage can result in larger particles due to instability of 

the flow [168].  The distance from the needle to deposition surface can affect the particle 

morphology, where this distance being too close results in aggregated particles as the droplets 

are not as well dispersed [175]. 

 Particle stability can be controlled by modifying serveral aspects of the production 

process.  For example, silk fibroin particles formed at pH 7 were less chemically stable (resistant 

to denaturants) than those formed at pH 9.  This was correlated with a greater silk II composition 

at lower pH [165].  As an alternative approach, PEGylation of silk fibroin nanoparticles has been 

shown to prevent time-dependent aggregation in phosphate-buffered saline (PBS) [55].  

 

1.5.5 Factors Affecting Drug Uptake and Release by Nanoparticles  

 Drug incorporation can occur concurrently with particle formation by incorporating the 

drug into the protein solution (pre-loading), or after particle formation by diffusion and adhesion 

(post-loading).  For pre-loaded particles, it is likely that drug molecules which are insoluble in 

the particle-inducing solution would have higher loading efficiency due to co-precipitation.  

Dragline silk-based MS1 spheres had greater loading of the chemotherapeutic etoposide when 

pre-loaded while MS2 particles had greater loading of etoposide when post-loaded.  However, 

both MS1 and MS2 particles had greater drug release when pre-loaded than when post-loaded 

[167].  This suggests that incorporating the drug molecule during particle formation altered the 

particle structure in a way that increased drug release, possibly by incorporation in-between the 

silk proteins resulting in looser packing. 

 Components with cationic or anionic charge and hydrophobicity in drug molecules can 

interact with the charged and hydrophobic features of nanoparticles, affecting drug uptake and 
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release, so mutations to the protein sequence can be used to optimise drug loading and delivery 

properties.  Modified MS2 particles with a glutamate substitution (EMS2) showed greater 

loading and less release of etoposide, and greater loading and greater release of mitoxantrone 

compared to MS2 particles [146].  Interestingly, the pre-loading of etoposide by EMS2 showed 

much greater loading efficiency than post-loading, but the reverse was true for the loading of 

mitoxantrone [146].  In another example, anionic eADF4(C16) nanoparticles have high drug 

encapsulation efficiency for cationic drugs, and poor efficiency for anionic drugs [166].  

However, when converted by lysine substitutions to cationic eADF4(κ16), particles were able to 

load anionic nucleic acids [162].   

 Release of drug molecules depends on the properties of the solution in which the particles 

are suspended, such as salt content and pH.  In one study, eADF4(C16) particles were loaded 

with crystal violet or acridine orange.  Crystal violet showed greater release in the presence of 

potassium chloride than sodium chloride, with the reverse relationship for acridine orange, while 

both show improved release at intermediate concentrations of potassium phosphate [162].  

Dragline silk-based MS1 and MS2 particles showed significantly increased drug release rates at 

lower pH.  Interestingly, the MS2 spheres pre-loaded with mitoxantrone showed significantly 

less pH sensitivity than post-loaded particles, while MS1 and MS2 particles pre- or post-loaded 

with etoposide showed similar pH sensitivity. [167] 

 

1.6 Theory of Experimental Techniques 

 

1.6.1 Fluorescence 

 Photon absorption can excite electrons of a molecule from the ground electronic state to a 

higher, energy excited state if the photon energy matches the energy difference between those 

two quantized states [176, 177].  Excited electrons rapidly lose energy through vibrational 

relaxation and internal conversion mechanisms to the lowest singlet excited energy level prior to 

a slower process of emission.  Emission returns the excited electron to the ground state through 

the release of a photon which is longer in wavelength than the absorbed photon due to the 

aforementioned loss of energy.  This difference in wavelength is termed the Stokes shift [177].  

The relaxation process can be described by radiaptive (emission) and non-radiative decay 

mechanisms using Eq. 13 [177]. 
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𝑑𝑁

𝑑𝑡
= −(𝛤 + 𝑘)𝑁         (13) 

where N is the fraction of excited fluorophore, t is time, Γ is the radiative decay rate and k is the 

non-radiative decay rate.  This decay process may also be described in terms of a fluorescence 

lifetime, τ using Eq. 14 [177]: 

𝜏 =
1

𝛤+𝑘
          (14) 

The number of electrons relaxed by each decay mechanism is the integral of decay rate over a 

given time period, so the quantum yield can be described using Eq. 15 [177]: 

Ф𝐹 =
𝛤

𝛤+𝑘
          (15) 

where ФF is the fluorescence quantum yield.  The intensity of fluorescence emission is related to 

the extinction coefficient and quantum yield of a particular molecule using Eq. 16 [178]:   

𝐹 = 2.3𝐼0𝜀(𝜆𝑒𝑥)𝑐𝑙Ф𝐹          (16) 

where F is the fluorescence intensity, I0 is intensity of incident light, ε(λex) is the extinction 

coefficient at the wavelength λex, c is the fluorophore concentration, l is the sample path length. 

 Intermolecular interactions can result in fluorescence quenching by providing additional 

sources of non-radioactive decay either by forming a complex with the fluorophore or by random 

collision, processes termed static and collisional quenching, respectively [177].  These differ in 

that static quenching reduces the number of fluorescing molecules, and collisional quenching 

competes with emission by increasing the rate of non-radiative decay which also decreases the 

fluorescence lifetime [177].  The effect upon fluorescence may be expressed for static quenching 

using Eq. 17: 

𝐹0

𝐹
= 1 + 𝐾𝑎[𝑄]         (17) 

and for collisional quenching using Eq. 18: 

𝐹0

𝐹
= 1 + 𝑘0𝜏0[𝑄]         (18) 

respectively, where F0 and F are the fluorescence intensity without and with quenching, k0 is the 

rate of collision, τ0 is the lifetime in the absence of quenching, Ka is the binding constant for the 

quenching complex, and [Q] is the concentration of the quencher. 

 Aromatic residues of proteins can fluoresce due to excitation of electrons in their π-

orbital systems [179].  Of the three aromatic amino acids phenylalanine, tyrosine, and 

tryptophan, the latter can be selectively excited above 295 nm [180].  Tryptophan fluorescence is 
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also particularly sensitive to the polarity of its environment [179] due to the large dipole moment 

of the excited state [181].   

 Sensitivity to solvent polarity is mediated by interactions between the tryptophan dipole 

and solvent dipole, which provides an additional source of energetic stabilization to the excited 

state [179, 182].  As a result, the emission wavelength is longer in more polar – and stabilizing – 

solvents due to a correspondingly decreased energy difference between excited and ground 

states.  Tryptophan emission maxima range from ~309 nm in a highly shielded, and therefore 

hydrophobic, protein interior, to ~355 nm in water [92, 183].  Since conformational changes of 

proteins may change the solvent exposure of tryptophan and other residues, changes to the 

emission maximum can be reflective of changes to the protein conformation [92].   

 The fluorophore pyrene has a more complex emission spectrum than tryptophan, with 

five main maxima (termed emission bands) which are I1: 372.5 nm, I2: 379 nm, I3: 383 nm, I4: 

388.5 nm, and I5: 393 nm [99].  The intensity ratio I1/I3 decreases characteristically along with 

the solvent polarity of its surroundings [99].  This ratio, thus, provides a sensitive probe of the 

degree of shielding of the pyrene molecule under a given condition.  Partitioning of pyrene into a 

micelle or its surface binding to proteins can therefore be tracked with the I1/I3 ratio [98, 99]. 

 The emission spectrum of tryptophan [180] overlaps with the excitation spectrum of 

pyrene [98].  This allows for Förster resonance energy transfer (FRET) from excited tryptophan 

molecules - acting as donors - to pyrene acceptor molecules [184].  FRET occurs due to the 

transfer of energy between donor and acceptor fluorophores as a non-radiative decay process 

when the two molecules are within a characteristic distance of one another (typically up to ~10 

nm).  The transfer efficiency is very sensitive to distance and can be used to characterize binding 

events and conformational changes [185].  The rate of FRET is described by Eq. 19 [184, 185]: 

𝑘𝑇 =
1

𝜏𝐷
∗ (

𝑅0

𝑅
)
6

         (19) 

where kT is rate constant of donor to acceptor transfer, τD is the fluorescence lifetime of the 

donor in the absence of acceptor, R0 is the intermolecular donor-acceptor distance at which 

transfer is 50% (termed the Förster distance), and R is the actual donor-acceptor intermolecular 

distance.  The intermolecular distance can be calculated from measurements of the FRET 

efficiency (E) by fluorescence life times or intensities using Eq. 20 [184, 185]:  

𝐸 = 1 −
𝜏𝐷𝐴

𝜏𝐷
= 1 −

𝐼𝐷𝐴

𝐼𝐷
=

1

1+(
𝑅

𝑅0
)
6        (20) 
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where τD and ID are the donor lifetime and intensity without acceptor, respectively, and τDA and 

IDA are the donor lifetime and intensity with acceptor, respectively. 

 

1.6.2 Circular Dichroism 

 Chiral molecules interact with light in an asymmetric manner resulting in the differential 

absorbance of left and right circularly polarized light.  Circular dichroism (CD) is specifically 

defined as the resulting difference between the extinction coefficients for left and right circularly 

polarized light of a chromophore.  This difference in absorbance may be described as degrees of 

ellipticity using Eq. 21 [186]: 

𝛩𝜆 ⁡= ⁡32.98(𝐴𝐿⁡– 𝐴𝑅)        (21)   

where Θλ is the ellipticity at a particular wavelength and AL and AR are the absorbance of left and 

right circularly polarized light, respectively, at that wavelength.  This is generally normalized by 

molecular concentration (c) and path length (l) to molar ellipticity using Eq. 22: 

 [𝛩] ⁡=
100𝛩

𝑙𝑐
          (22) 

In many instances, a further normalization factor of number of residues (n) is applied, giving 

mean residue ellipticity by Eq. 23. 

 [𝛩] ⁡=
100𝛩

𝑙𝑐𝑛
          (23)  

The peptide bond is optically active and its circular dichroism in the UV region of ~180 to 250 

nm is sensitive to polypeptide secondary structure [186, 187].  This allows far-UV CD 

spectroscopy to be applied to obtain information about protein conformation and conformational 

changes.  The CD spectrum of a protein arises from the sum of contributions from all optically 

active secondary structures.  α-Helical structures possess a large positive band at ~190 nm and 

two negative bands at ~208 and 222 nm; anti-parallel β-sheets a positive band at ~195 nm and a 

single negative band at ~ 217 nm [188].  Other structural units, such as β-turns, poly-Pro-II 

helices, and random coil, have characteristic spectral shapes as shown in Figure 7. 
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Figure 7: Characteristic CD-spectra of protein secondary structures. α-helix (solid line), anti-

parallel β-sheet (long dashed line), type I β-turn (dotted line), poly-Pro II helix (cross dashed 

line) and random coil (short dashed line).  Reproduced from Kelly et al. [188] 
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1.6.3 Dynamic Light Scattering 

 Light scattering by colloidal particles in solution was first reported by Tyndall [189].  

Scattering of light by particles smaller than the wavelength is described by Rayleigh scattering 

[190, 191] and by particles larger than the wavelength by Mie scattering [192].  Dynamic light 

scattering (DLS) techniques involve shining a laser light through a sample solution and 

measuring the subsequent fluctuations in light scattering intensity at an angle from the incident 

beam as a function of time [193].  Scattered photons and the interference between them result in 

light intensity observed by the detector changing over time due to particle diffusion.  The 

diffusion and collision of particles by Brownian motion refers to the random motion of a 

suspended particle in its medium due to the thermal kinetics of the medium rather than a 

directional current or applied force [194, 195].  This motion results in time-dependent fluctuation 

of scattered light intensity at the detector, which can be analyzed to determine diffusion 

coefficient(s), particle size(s), and degree of polydispersity in a given sample [193].  For more in 

depth reference, a review of the development of DLS techniques is available [196].   

 Brownian motion may be described by the Stokes-Einstein equation (Eq. 25) [197]: 

 D𝑇 =
k𝐵T

6πηr
            (25)  

where DT is the translational diffusion coefficient, kB is the Boltzmann constant, T is the absolute 

temperature, η is the solution viscosity, and r is the hydrodynamic radius of the diffusing molecule, 

under the assumption of a spherical shape.  The motion of particles relative to one another is 

described by the normalized electric field correlation function g1(τ) (Eq. 26) [196, 198]: 

𝑔1(𝜏) =
〈𝐸(𝑡)𝐸(𝑡+𝜏)〉

〈𝐸(𝑡)𝐸(𝑡)〉
             (26) 

where E(t) is the intensity at time t and E(t+τ) the intensity after a delay time τ.  The relative 

motions of particles results in scattering intensity fluctuations described by the measured 

intensity correlation function g2(τ) (Eq. 27) [196, 198]: 

𝑔2(𝜏) =
〈𝐼(𝑡)𝐼(𝑡+𝜏)〉

〈𝐼(𝑡)〉2
         (27) 

Brownian motion of the scattering species results in exponential decay of the correlation function 

and is described using Eq. 28: 

𝑔1(𝜏) = 𝑒−𝛤𝜏          (28) 
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where Γ is the decay constant described below.  Realistically, the observed correlation function 

arises from a sum of multiple decays representing each size of particle in a polydisperse sample, 

described by Eq. 29:  

𝛤 = −𝐷𝑇𝑞
2          (29) 

where q is the Bragg wave vector, described by Eq. 30 [199]: 

𝑞 =
4𝜋𝑛

𝜆
sin(0.5𝜃)         (30) 

where n is the refractive index of the solvent, λ is the wavelength of the scattering light, and θ is 

the angle from the incident light to the detector. 

 The scattering intensity correlation is related to the relative molecular motion by Eq. 31 

[196, 200]: 

𝑔2(𝜏) = 𝐵 + 𝛽|𝑔1(𝜏)|
2         (31) 

where B is the baseline intensity and β is the coherence factor, a constant related to the detector 

of the instrument.  Combing Eq. 28, 29 and 31 gives Eq. 32: 

𝑔2(𝜏) = 𝐵 + 𝛽𝑒−2𝐷𝑇𝑞
2𝜏        (32) 

Based on these equations, light scattering is affected by the solvent viscosity and refractive 

index; the wavelength of the laser; and, the angle of detection.  Several models are available to 

fit the decay of the correlation function and calculate the size distribution of the scattering 

particles.  The cumulants method [201] is commonly applied to samples of particles which have 

a monomodal Gaussian distribution.  Cumulants analysis makes use of a Taylor expansion to fit 

several parameters, described by Eq. 33: 

ln(𝑔2(𝜏) − 𝐵) = ln𝛽 + 2 (−𝛤𝜏 +
𝑘2

2!
𝜏2 −

𝑘3

3!
𝜏3 +

𝑘4

4!
𝜏4…)    (33) 

where 𝛤 fits the mean, k2 the variance (width), k3 the skew (lopsidedness) of the distribution, and 

k4 the kurtosis (number of outliers).  Other methods must be employed for samples which deviate 

from a Gaussian distribution due to multiple scattering species or large polydispersity.   

 One common method for DLS fitting is the non-negative least squares (NNLS) method 

[196, 202], which takes the Laplace transform of the integral of equation 28 with respect to the 

decay constant Γ.  This results in the following fitting equation (Eq. 34): 

𝑋2 = ∑ [𝑔1(𝜏𝑗) − ∑ 𝑏𝑖𝑒
(−𝛤𝑖𝜏𝑗)𝑀

𝑖=1 ]
2𝑁

𝑗=1       (34) 

where N and M are the number of data points and decay constants, respectively, and bi are 

coefficients set to fit the equation to the data.  Because NNLS fits all data points equally, the fit 
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is easily skewed by outliers, errors and noise.  Another common model CONTIN is similar to 

NNLS, but includes regularization constraints which are adjustable depending on the expected 

nature of the size distribution [203].  The CONTIN fit is described by Eq. 35: 

𝑋2 = ∑
1

𝜎𝑖
2 [𝑔1(𝜏𝑗) − ∫𝐺(𝛤)𝑒(−𝛤𝜏)]

2
+ 𝛼2‖𝐿𝐺(𝛤)‖2𝑁

𝑗=1     (35) 

where α is the regularization parameter, L is the regularizer operator, and σ is the variance. 

Essentially, the regularization in CONTIN rejects data that is outlying to the expected fitting 

model as set by the regularization parameter based on an F-test, and so it is less sensitive to noise 

and outliers [203, 204].  However, the selection of the parameters is somewhat arbitrary and 

without an estimate of the expected size distribution CONTIN parameters are generally set to 

generate the simplest fit to the data.  This results in narrow distributions and possible blending 

together of multiple real size distributions which are closely spaced [203, 204].   

 

1.6.4 Surface Tension 

 Surface tension and surface assembly of surfactants was described in detail in Section 

1.4.2.  Surface tension measurements were conducted using the Wilhelmy plate technique [205, 

206].  A wettable plate is suspended into the solution by a rigid support connected to a 

tensiometer.  The pressure exerted on the plate by the solution counteracts the force of gravity 

resulting in a decrease of the pressure reading.  An increase in surface tension results in greater 

upward pressure from the solution on the plate and decreased pressure reading [205, 206].   

 

1.6.5 Scanning Electron Microscopy 

 To produce an image by scanning electron microscopy an electron beam is passed over 

the surface of the sample at an angle.  Scattering of incident electrons from the sample surface is 

dependent on the surface topology [207, 208].  The scattering signals are correlated to the 

positions of the incident electron beam on the sample and typically processed by digital image 

correlation in modern instruments [209].  Non-conductive samples are typically coated with 

metal particles to increase electron density and reduce build up of charge on the sample [207, 

210].    
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1.7 Research Intentions 

 Spider silks have different mechanical and chemical properties [51], meaning that 

different silks may be preferable for different applications.  Aciniform silks have greater 

toughness compared to other silk proteins and are not as well studied as dragline or silkworm 

silks.  Additionally, the conditions within the aciniform gland are not known, and models of the 

silk spinning process are based on dragline silk which is produced in a gland with a much 

different morphology than the aciniform gland (Figure 1) [6].  Therefore, it is of interest to study 

the pathway of aciniform fibrillogenesis. First, this requires the stable storage of the soluble silk 

protein at a high concentration. Understanding and improving this storage state may in turn, help 

to elaborate early stages of the spinning process of this silk protein which may be applied to 

improve artificial silk spinning methods.   

Surface adsorption and assembly of proteins at the liquid-air interface is generally 

associated with a conformational transition toward β-sheet, exposing hydrophobic protein 

surfaces to the air surface, as described in Section 1.4.2.  For silk proteins, this can result in the 

formation of a viscoelastic surface film, with the adsorbed proteins remaining in a soluble state 

[118-120].  As well, recombinant AcSp1 can be hand-drawn from the surface of silk solutions 

[82].  Therefore, the conformation of silk proteins adsorbed at the hydrophobic liquid-air 

interface may reflect how the proteins interact with the hydrophobic surfaces of other silk 

proteins when aligned in the spinning duct.  Conformational transitions and alignment of silk 

proteins in a surface film may reflect those that occur during the early stages of fibre formation, 

and may help to understand the fibrillogenic pathway.  The adsorption of W1 to the liquid-air 

interface is investigated in this study, forming the basis of Chapter 2. 

There is some evidence that W1 forms micelle-like nanoparticles in solution [91] and, 

because it cannot form fibres [82], W1 could be used more easily to investigate the protein 

conformation and arrangement in the micellar state under conditions leading up to fibre 

formation, with its inability to form fibres potentially locking the self-assembled proteins in a 

pre-fibril state.  In this study, the micelle-like self assembly of recombinant AcSp1 W1 protein 

(Section 1.3.1) is investigated as detailed in Chapter 3. 

 Protein nanoparticles may have different drug compatibility, and kinetics of drug uptake 

and release, depending on the choice of protein or mutations made to the protein, as described in 

Section 1.5.5.  Aciniform silk-based nanoparticles have not yet been investigated and, therefore, 
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have unknown compatibility and potential advantages over other silk protein nanoparticles, or 

suitability for particular applications.  In this study a methodology was developed to produce W1 

nanoparticles, as detailed in Chapter 3.  The size and morphology of particles, as well as the 

conformation of the proteins within the particles were investigated in order to establish the 

potential of aciniform silk as a drug delivery vehicle. 
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Chapter 2: Solution-State Assembly of Recombinant Aciniform Proteins 

 

2.1 Overview 

 Solution-state assembly refers to the reversible formation of micelle-like nanoparticles 

and adsorption at the liquid-air interface by the W1 protein.  There is evidence that W1 assembles 

into micelle-like nanoparticles with an estimated CMC of ~20 μM [91], and these assemblies of 

W1 were investigated further in this study.  Other silk proteins show adsorption at the liquid-air 

interface associated with conformational changes [118-120], but adsorption of aciniform silk has 

not yet been investigated. 

 Studying the micelle forming behaviour of W1 may help to understand the role of 

micellar assemblies that possibly form within the aciniform gland in terms of both storage and 

fibrillogenesis of aciniform silk proteins at high concentrations.  If micelle formation is a part of 

the fibrillogenesis pathway then conformational changes of the W1 protein due to micellization, 

and the orientation of proteins within micelles, may help to understand the conformational 

changes and the process of protein alignment that occurs during fibrillogenesis.   

 The alignment of AcSp1 proteins at the liquid-air interface may also be similar to the 

parallel alignment of the silk proteins as they move down the spinning duct [75].  Adsorption of  

silk fibroin and dragline silk proteins results in an increase in β-sheet, and the formation of a 

visco-elastic surface layer[118, 120].  Therefore, studying the arrangement and conformation of 

silk proteins at the liquid-air interface may give clues as to the structure of aligned β-sheets in the 

spinning duct.   

 Several methods were utilized to study solution-state assembly of W1.  Tryptophan 

substituted variants of W1 were used to probe the relative solvent exposure at several sites within 

the protein, which may change if a particular surface of the protein is buried within the micelle 

interior, or if conformational changes occur that change the solvent exposure of that tryptophan 

residue.  DLS and pyrene fluorescence were used to detect the presence of W1 micelles, and 

fluorescence quenching of the R36W tryptophan residue in the presence of pyrene was used to 

probe the location of surface binding of pyrene to W1.  Surface assembly of W1 was tracked by 

the decrease in surface tension induced by the adsorption of proteins at the liquid-air interface. 
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2.2 Materials and Methods 

 

2.2.1 Recombinant Expression and Purification of W1 Proteins 

 W1 proteins were recombinantly expressed and purified as previously described [82].  

Briefly, the construct protein sequence below (Figure 8) had been previously expressed from 

pEHU plasmids (Novagen, Darmstadt, Germany), with the N-terminal serine of the W1 sequence 

removed for cloning purposes. 

 

 

Figure 8: The sequence of recombinantly expressed W1 proteins.  The His6-SUMO tag is in 

boldface and the tryptophan substitution sites are highlighted for R36W, F90W, F146W, and 

Y169W 

 

 Each W1 construct was expressed in BL21 (DE3) Escherichia coli in lysogeny broth (LB) 

medium with ampicillin selection (50 µg/mL) at 37 °C to an OD600 of 0.8 to 1.2.  Expression was 

then induced by addition of 0.8 mM IPTG with incubation at ~20 °C overnight.  Cells were 

harvested by centrifugation at 5000g at 4 °C for 15 min.  Pelleted cells were resuspended in 

lysis buffer (10 mM Tris-HCl, 300 mM NaCl, 20 mM imidazole, pH 8.0) and lysed using a 

French Pressure Cell (American Instrument Company).  The lysate was centrifuged at 25,000xg 

for 60 min at 4 °C to remove cellular debris.   

 Each W1 protein was purified by column chromatography on a Ni-NTA Sepharose resin 

(Qiagen, Germany).  His6-SUMO tagged W1 bound to the column was then washed with buffer 

(10 mM Tris-HCl, 300 mM NaCl, 50 mM imidazole, pH 8.0) and then eluted from the column 

(10 mM Tris-HCl, 300 mM NaCl, 250 mM imidazole, pH 8.0).  Eluted His6-SUMO-W1 was 

dialysed against 10 mM Tris-HCl (pH 8.0) with concurrent removal of the His6-SUMO tag by 

SUMO protease (produced in our lab) at a protease-protein ratio of 1:100 at 4 °C overnight.  The 
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dialysed protein was then purified using reverse affinity column chromatograph. Specifically, 

using Ni-NTA resin, cleaved His6-SUMO, uncleaved W1 protein, and SUMO protease remain 

bound, with the column flow through containing purified W1.  W1 concentrations were measured 

by absorbance at 210 nm with an estimated [83] extinction coefficient of 270858 M-1·cm-1. 

 

2.2.2 Fluorescence 

 All emission spectroscopy measurements were performed in triplicate, with each 

replicate being the average of 3 scans. Experiments were carried out using a Cary Eclipse 

spectrofluorometer (Varian, Palo Alto, CA, US) using a 1-cm quartz cuvette (Varian, Palo Alto, 

CA, US). 

 To examine the dependence of tryptophan fluorescence R36W, F146W and Y169W 

variants of W1 on the concentration of W1, emission was measured over 310 to 370 nm (slit 

width: 2.5 nm) with excitation at 298 nm (slit width 5 nm), an averaging time of 1 s, with a 0.5-

nm interval at 25 °C.  Samples were prepared at 50 µM W1 in 50 mM potassium phosphate 

buffer (pH 7.5) and diluted in series to 40, 30, 20, and 10 µM by pipetting.  W1 at 50 µM in 

sodium acetate buffer (pH 5.0) was measured using the same parameters.  As a control for a fully 

solvent exposed tryptophan, a heptapeptide (PGPWQGG), derived from the protein apelin-55 

[211], was measured at 100 µM in 50 mM potassium phosphate buffer (pH 7.5) with excitation 

at 295 nm, slit widths of 5 nm, averaging time of 0.5 s with a 1-nm interval. 

 Temperature denaturation and precipitation were measured in 50 mM potassium 

phosphate buffer (pH 7.5) at 50 µM W1 with emission over 310 to 370 nm (slit width: 2.5 nm) 

with excitation at 298 nm (slit width 5 nm), an averaging time of 0.5 s, with a 1-nm interval.  

Samples were initially measured at 25 °C, re-measured at 90 °C for Y169W and F146W, or 65 

°C for R36W, and then re-measured again after cooling to 25 °C.  Samples were allowed to 

incubate for 10 min after each temperature change prior to spectroscopic measurement. 

 Pyrene fluorescence was measured with an excitation wavelength of 332 nm (slit width 5 

nm for R36W and 10 nm for wt), and an emission wavelength range from 360 to 400 nm (slit 

width: 2.5 nm), averaging time of 1 s and 0.5-nm intervals at 25 °C.  Samples were prepared by 

drying pyrene dissolved in acetone at the bottom of the cuvette and then adding a solution of 80 

µM W1 in 50 mM potassium phosphate buffer (pH 7.5) with a 30-min incubation, to a pyrene 

concentration of 0.1 µM.  Samples were then diluted in series with buffer containing 0.1 µM 
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pyrene by gentle pipetting.  The I1 to I3 ratio was calculated using the emission intensities at 

372.5 and 383.5 nm, respectively. 

 FRET between tryptophan and pyrene was measured by observing quenching of 

tryptophan fluorescence.  Specifically, fluorescence was measured with excitation at 298 nm (slit 

width: 5) and emission from 310 to 370 nm (slit width 2.5), averaging time of 1 s and 0.5-nm 

intervals at 25 °C.  Samples were prepared by drying pyrene in acetone at the bottom of the 

cuvette before adding W1 at 80 µM in 50 mM potassium phosphate buffer (pH 7.5), to an 

expected pyrene concentration of 10 µM, with a 30-min incubation.  Fluorescence intensities 

were compared at 353.5 nm using equation 20.  The R0 distance for the tryptophan-pyrene pair is 

2.8 nm [212]. 

 

2.2.3 Dynamic Light Scattering  

 DLS measurements were conducted using a BI-200SM instrument and analysed using the 

BI-ISTW software (Brookhaven Instruments, NY, USA), at 25 °C and an angle of 120° in a 

quartz cell (1 cm, Hellma Analytics, Markham, ON, CA) with a laser wavelength of 637 nm.   

 For measurements of the kinetics of micelle formation by W1, a solution of 50 µM W1 in 

50 mM potassium phosphate buffer (pH 7.5) was filtered through a 0.02 µm syringe filter 

directly into the cell and measured within 30 min after filtration and again after 24 h at 4 ºC with 

~1 h at 23 ºC.  Samples were measured with an angle of 120º at 23 ºC using the BI-ISTW 

software reference values for the viscosity (0.924 cP) and refractive index (1.331) for water at 23 

ºC .  Data were fit by NNLS due to the expectation that the population of nanoparticles is very 

low compared to the monomer and may be viewed by the CONTIN fit as noise. 

 

2.2.4 Surface Tension 

 A 1x2 cm piece of Whatmann  No. 2 filter paper was suspended from a tensiometer into a 

dish containing ddH2O and the pressure was set to zero after equilibration.  The solution of water 

was replaced by the same volume of 50 mM potassium phosphate buffer (pH 7.5) and 

equilibrated until  a stable pressure reading was observed.  To add W1 to the solution, the same 

volume of protein stock solution to be added was first removed to maintain constant volume and 

solution height relative to the plate.  Protein solution was added by pipetting at the bottom of the 

dish while pipetting back 1 mL of buffer removed from dish at the same position to ensure rapid 
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mixing, to a concentration of 2.25 µM.  The measurement of pressure with time was started just 

prior to mixing and the zero time point was set just after mixing, as by large pressure 

fluctuations.  Data were normalized between 0 and 1 by Eq. 24 due to differences in the 

minimum and maximum pressure readings between samples: 

𝑌−𝑌𝑚𝑖𝑛

𝑌𝑚𝑎𝑥−𝑌𝑚𝑖𝑛
          (36) 

and were then fit to the integral of the Langmuir isotherm (Eq. 9), which is given by Eq. 37, 

assuming a negligible value of kd for a negligible rate of desorption. 

 Г =
𝑡𝑘𝑎𝑐

1+𝑡𝑘𝑎𝑐+𝑡𝑘𝑑
         (37) 

 

2.3 Micellization Experimental Results 

 

2.3.1 Conformation and Micellization of Tryptophan Substituted AcSp1  

 The process of micellization involves the reorganization of protein monomers by 

adhesion of hydrophobic protein surfaces to form a solvent-excluded micelle interior, with 

hydrophilic protein surfaces exposed to the solvent at the micelle exterior [213].  Micellization, 

as a protein-protein interaction and sequestration event, may involve some degree of 

conformational change to the protein. 

 Based on the CMC of ~20 µM for wt W1 inferred previously by pyrene and 1,8-ANS 

fluorescence [91], it would be expected that conformational transitions occurring due to 

micellization of W1 would be observed at concentrations above 20 µM.  Intrinsic tryptophan 

fluorescence of the Y169W, F146W, and R36W substituted W1 proteins did not show a change 

in emission maxima between 10 and 50 µM at pH 7.5 (Figure 9) and no shouldering effect was 

observed (Figure 10).  There are no tryptophan residues in the wild-type W1.  This indicates 

either that these residues are not buried within any micellar-like structures that are formed or that 

such structures are not formed in significant quantity with respect to the monomer concentration 

remaining in solution above the CMC.  As would be expected from their positions within the W1 

structure (Figure 4),  the Y169W and F146W variants have the longest emission maxima at 

356.2 and 354.4 nm, respectively, reflecting the relatively high solvent exposure expected on the 

basis of their positions (Figure 9) [89].  For comparison, the emission maximum for the fully 

exposed tryptophan of the heptapeptide control (PGPWQGG) is at 358.7 ± 0.2 nm (Table 2).  
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The emission maximum of the residue R36W at 353.6 nm is comparable to that of the Y169W 

and F146W sites, which implies a similar solvent exposure.  This contrasts with the exposure 

expected on the basis of prediction of only 4% solvent accessible surface area for the R36W 

residue, compared to 71% and 93% for F146W and Y169W, respectively [89].  No change in 

emission maxima was observed at pH 5.0 compared to pH 7.5 (Table 2 and Figure 11) for any of 

the W1 variants, implying that no perturbations that are occurring due to acidification affect the 

environment of the tryptophan residues. 

Figure 9: Intrinsic tryptophan fluorescence (λex = 298 nm) of W1 variants in 50 mM potassium 

phosphate buffer (pH 7.5) at different concentrations of W1 
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Figure 10: Intrinsic tryptophan fluorescence (λex = 298 nm) of W1 variants in 50 mM potassium 

phosphate buffer (pH 7.5) for dilutions of W1 from 50 to 10 µM in order of top to bottom. 

Intensities are given in arbitrary units (AU) 
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Figure 11: Intrinsic tryptophan fluorescence (λex = 298 nm) of W1 variants at 50 µM in 50 mM 

potassium phosphate buffer (pH 7.5, grey) and 20 mM sodium acetate buffer (pH 5.0, black). 

Intensities are given in arbitrary units (AU) 
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Table 2: Intrinsic tryptophan fluorescence (λex = 298 nm) of W1 variants and the heptapeptide 

control in 50 mM potassium phosphate (pH 7.5) and W1 variants in 20 mM sodium acetate (pH 

5.0) buffer. NA: not available 

 

  

 The wild-type W1 protein showed reversible thermal denaturation up to approximately 90 

ºC in a previous study [91].  The F146W and Y169W variants, correspondingly, showed 

reversible denaturation at 90 ºC, with practically no change of their emission maxima (Figurre 

12B and C) upon heating and after cooling.  Qualitatively, there was no visible precipitation 

observed after incubation at 90 ºC.  In contrast, the R36W variant showed clearly visible 

precipitation at 65 ºC, giving a hazy solution.  The emission maximum of R36W showed a blue-

shift upon heating, consistent with precipitation and concomitant sequestration away from the 

aqueous environment (Figure 12A).  Interestingly, 65 ºC corresponds to the initiation of thermal 

denaturation by the wild-type W1 as observed using circular dichroism spectropolarimetry [91], 

while chemical denaturation begins with disruption to helix 5 [89].  Assuming that thermal 

denaturation of W1 also begins with helix 5, the early precipitation of the R36W variant may be 

due to exposure of the hydrophobic tryptophan residue located beneath helix 5. 

  

 

 

 

 

 

 

 

 

 Emission Maxima (nm) 

pH R36W F146W Y169W Heptapeptide (PGPWQGG) 

7.5 353.6 ± 0.2 354.4 ± 0.1 356.2 ± 0.4 358.7 ± 0.2 

5.0 353.6 ± 0.2 354.6 ± 0.1 356.0 ± 0.2 NA 
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Figure 12: Intrinsic tryptophan fluorescence (λex = 298 nm) of W1 variants in 50 mM potassium 

phosphate buffer (pH 7.5) measured sequentially at 25 ºC, 90 ºC, and after cooling to 25 ºC (25R 

(return)), with 5 min incubation.  R36W (A); F146W (B); Y169W (C).  Intensities given in 

arbitrary units (AU) 
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 Micellization of the R36W and wild-type W1 variants was probed by pyrene fluorescence 

by following the same methodology as employed previously [91] to determine if the apparent 

increased hydrophobicity of the region below helix 5 implied by the red-shifted tryptophan 

emission maximum of the R36W variant is related to micelle-forming behaviour.  A shorter 

incubation time of 30 min at room temperature was needed to avoid the precipitation of the less 

stable R36W variant that occurred with overnight incubation, while still allowing pyrene to 

dissolve into the solution.  The contrasts with the previous experiment which used and 

incubation of 24 h at 4 °C and 1 h at room temperature [91].  However, the incubation time 

employed was 30 min at room temperature rather than 24 h at 4 °C and 1 h at room temperature.  

At ~80 µM, the I1/I3 ratios were ~1.57 and ~1.54 for the wild-type and R36W variants, 

respectively (Figure 14).  This compares to ~1.15 for the wild-type with a 24 h incubation, after 

dilution to ~80 µM [91].  Without protein, the ratio was ~1.80 and ~1.85 for the wild-type and 

R36W variant relative to ~1.58 observed in the previous study [91].  The lower ratios for the 

previous study may be due to a difference in the wavelength selected for the I3 peak, and a 

different spectral shape with the 5 characteristic vibrionic peaks of pyrene not being visibly 

defined as they were in this study (Figure 13).  The source of this difference in the spectral shape 

is not clear.  Both the R36W and the wild-type W1 showed a roughly linear decrease in I1/I3 ratio 

with no sigmoidal region that would indicate a dissolution of micelles [101].  The linear decrease 

would be consistent with binding of pyrene to the surface of the protein. 

 



55 
 

 

Figure 13: Pyrene emission in the presence of wt (A) and R36W (B) W1 variants after serial 

dilution to the indicated protein concentration.  I1 and I3 vibronic peaks labelled.  Intensities are 

given in arbitrary units (AU) and normalized by the I3 peak intensity 
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Figure 14: Ratio of pyrene (0.1 µM) fluorescence emission intensities at I1 (372.5 nm) and I3 

(383.5 nm) after incubation with and serial dilution of R36W or wild-type W1 in 50 mM 

potassium phosphate buffer (pH 7.5). λex = 332 nm  

 

 The possibility of FRET taking place between the R36W residue (as the donor) and 

pyrene (as the acceptor) was examined by testing for tryptophan quenching.  Using 80 µM of 

protein and 10 µM of pyrene, the intensity of tryptophan fluorescence was reduced from 16.0 ± 

0.5 to 14.3 ± 0.5 AU, giving an ~11% decrease (Figure 15).  The decrease is roughly equal to a 

loss of 1/8th of the original intensity, which matches the ratio of pyrene to protein.  This is 

consistent with a 1:1 binding of pyrene to W1 resulting in a stable non-fluorescent complex.  
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Figure 15: Intrinsic tryptophan fluorescence (λex = 298 nm) of W1 variant R36W (80 µM) with 

or without pyrene (10 µM) in 50 mM potassium phosphate buffer (pH 7.5). 
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2.3.2 Size and Yield of W1 Micelles 

 Three replicate experiments were performed using  50 µM wild-type W1 (Figure 16), 

which were subjected to filtration at a cutoff of 0.02 µm and measured within minutes by DLS.  

Under these conditions, scattering consistent only with monomers was observed (Figure 16A), 

with a hydrodynamic diameter (4 to 6 nm) close to the previously determined 4.3 nm for W1 

[49].  This indicates that nanoparticle formation by W1 under these conditions is a slow rather 

than rapid process, likely occurring on a scale of hours.  For future elaboration of this process, 

time-dependent evaluation of nanoparticle formation should be investigated.  The small amount 

of scattering arising from species that are consistent with ~10 nm particles in replicate 3 is likely 

a fitting error of the low signal-to-noise correlation function.   

After incubation at 4 ºC for 24 h and 1 to 2 h at room temperature, the same samples were 

re-measured without filtration.  In all replicates, micelle-like nanoparticle formation was detected 

and the sizes of populations were consistent between replicates; however, not all populations 

were present in every replicate (Figure 16B).  In replicates 1 and 2, a population of particles 

ranging from 180 to 750 nm with a mean size of ~400 nm was detected.  Replicate 3 did not 

show these larger nanoparticles, but did show particles of ~45 nm in size, while replicate 2 

showed both the larger particles and a smaller population with  ~60 nm size.  In all cases, the 

monomer is the predominant scattering species by number or volume, with upwards of 99.9% 

contribution, and therefore the yield of W1 nanoparticles is low.  Though somewhat inconsistent, 

these results match previous observations of W1 by DLS [91], which showed dual populations of 

~50 nm and ~200 nm particles after filtration by a 0.45 µm syringe filter.  The smaller size for 

the larger population that was previously observed [91] is presumably due to filtrations with a  

0.45 µm cutoff, a step which is absent for this study.  Therefore, these results show that micron-

scale W1 nanoparticles do not form after 24 h under the conditions of this experiment. 
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Figure 16: Dynamic light scattering of W1 in 50 mM potassium phosphate buffer (pH 7.5) 

immediately after filtration by 0.02 µm (A) and after incubation for ~24 h (B) 
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2.4 Surface Assembly of Recombinant AcSp1  

 

2.4.1 Kinetics of Surface Adsorption 

 Through surface pressure measurement of W1 as a function of time, liquid-air interface 

adsorption appears to occur very rapidly at first, with a roughly logarithmic decay in adsorption 

rate as time increases (Figure 17).  This was fit by a Langmuir isotherm (Eq. 37) with a ka 

constant of 0.03 s-1∙µM-1 and a kd constant of 0 under the assumption that the desorption rate is 

negligible.  In comparison, surface layers formed by W2 had more integrity in that they held the 

Wilhelmy plate in a fixed position on the surface of the layer as the dish was moved laterally, 

while W1 surface layers did not, allowing the plate to remain vertical (i.e., changing position 

relative to the surface layer itself).  When a liquid drop of W2 solution on the end of a pipette tip 

was slowly lowered towards the surface of the W2 solution, the two liquids fused quickly by a 

two-ended funnel shaped connection, which produced a short fibre.  This suggests that the 

alignment and possible conformational change of proteins at the liquid-air interface may be 

relatable to those which occur in the spinning duct prior to fibre formation.

 

Figure 17: Change in surface pressure due to surface adsorption and assembly of 2.25 µM W1 in 

50 mM potassium phosphate buffer (pH 7.5).  Experimental data (solid line), Langmuir isotherm 

(Eq. 37) (dotted line), shaded area (standard deviation) 
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2.5 Summary of Solution-State Assembly Results 

 The W1 protein was observed to form micelle-like nanoparticles; however the micelle 

population relative to the monomeric form was very low and formed slowly (Figure 16).  Two 

separate populations of micelle-like nanoparticles were observed: one of ~40 to 100 nm, and one 

of ~180 to 750 nm in diameter.  This is consistent with previous results [91], however the lack of 

filtration prior to measurement in this study allows for observation of particles larger than the 

physical cutoff of 450 nm in diameter employed in the previous study.   

 As a result of the low micelle population, the solvent exposure of the tryptophan residues 

of the W1 variants in the micellar state could not be observed by their intrinsic fluorescence 

(Figure 9).  However, the solvent exposure of the R36W residue was surprisingly high, as 

inferred from its emission maximum relative the heptapeptide control and the other W1 variants.  

The Y169W and F146W variants were expected to have a high solvent exposure due to their 

locations in the protein, and their in silico structures [89].  However, R36W was predicted to be 

well buried based on the in silico structure [89], which implies that this structure is not 

completely accurate.  The thermal precipitation of the R36W variant at 65 °C (Figure 12), which 

does not occur for the other variants or wild-type, coincides with the early stages of W1 

unfolding [91], which initiates by disruption to helix-5 [89].  The R36W variant also appears to 

be sensitized to shear forces in the presence of pyrene, based on the observed precipitation when 

vortexed. 

 Pyrene fluorescence showed an approximately linear increase in I1/I3 ratio as the protein 

was diluted for the R36W and wild-type variants, after a 30 min incubation (Figure 14).  This 

contrasts with a previous experiment which showed sigmoidal behaviour of the I1/I3 ratio after a 

24 h incubation, from which the CMC of ~20 µM was estimated.  Sigmoidal behaviour is an 

indicator of micelle dissolution [101] upon dilution of the protein solution, and the linear 

decrease likely reflects surface binding of pyrene to the protein surface.  The apparent FRET 

between pyrene and the R36W residue (Figure 15) suggests that pyrene molecules bind to the 

surface nearby R36W, which is located beneath helix 5 [49]. 

 The W1 protein shows adsorption to the liquid-air interface, which closely matches a 

Langmuir isotherm (Figure 17).  This suggests that W1 adsorption is primarily a diffusion-

controlled process with little rearrangement at the surface.  W2 surface layers qualitatively 

showed a greater integrity than W1 surface layers, which suggests that W2 participates greater 
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arrangement at the surface.  The fusion of a droplet containing W2 solution with the surface layer 

of W2 results in fibre formation, and the alignment of W2 at the surface may similar to the 

alignment in the spinning duct. 
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Chapter 3: Nanoparticle Production by Recombinant AcSp1 

 

As discussed in Section 1.5.2, dragline silk and silkworm fibroins form nanoparticles 

capable of in vitro drug delivery.  Silk nanoparticles can have different properties and drug 

compatibilities based on mutations to the protein sequence, as discussed in Section 1.5.5.  

Therefore, expanding the variety of silk protein nanoparticles that can be robustly produced 

would allow for the selection of properties and compatibilities that are desirable for a given 

application.   

Recombinant AcSp1 has been shown to form nanoparticles, as detailed in Section 1.3.4, 

but the properties of these particles have not yet been extensively investigated. Furthermore, 

methods to favourably produce these particles have not been developed. Given differences 

between aciniform and other silks (Sections 1.1.1 to 1.1.3), these nanoparticles may have 

desirable drug compatibilities and drug release profiles that are distinct from other silks.   

The objective detailed in this Chapter was to develop a protocol to produce nanoparticles 

from recombinant AcSp1 which are stable in solution, and to characterise their size, morphology, 

and the conformation of the constituent AcSp1 proteins in the nanoparticle state.  Specifically, 

DLS was used to measure the size and dispersity of nanoparticles in parallel with SEM 

determination of both particle size and morphology.  The secondary structure of the AcSp1 

protein in the nanoparticle state was characterized using CD spectroscopy, while the orientation 

and packing of proteins within the nanoparticles was measured using tryptophan fluorescence to 

track the relative solvent exposure of the tryptophan residues of W1 variants. Using this set of 

experimental protocols, the effectiveness and robustness of a variety of nanoparticle production 

and stabilization protocols were compared.  Ultimately, W1 is able to form nanoparticles of a 

defined and desirable size, however they are not stable under aqueous conditions.  

 

3.1 Materials and Methods 

 

3.1.1 Nanoparticle Production 

 For nanoparticle production, all solutions used were filtered through 0.2-µm filters and 

all containers for sample and filtered solutions were pre-washed with double distilled H2O 

(ddH2O) filtered through 0.2-µm filters to prevent incorporation of dust into samples.   
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 Nanoparticles formed by desolvation were produced by mixing solutions of W1 in 20 mM 

sodium acetate (pH 5.0) with a solution of alcohol to a particular final concentration of alcohol.  

Alcohol solutions were prepared by dilution with ddH2O and were then mixed with W1 solutions 

at a 10:1 volume ratio to ensure a uniform mixing rate between samples.  To mix samples, the 

larger volume of alcohol was quickly pipetted into the protein solution and immediately vortexed 

to help ensure a consistent mixing rate.  Nanoparticles formed by salt precipitation were 

produced using the same methodology, however protein solutions were mixed with 1.5 M 

potassium phosphate (pH 7.5). 

 Lyophilization was applied to nanoparticles prepared using the desolvation protocol 

described above.  Nanoparticle solutions were quickly diluted by a solution of glucose as a 

cryoprotectant, and sodium azide as a biocide, to final concentrations of 1% and 1 mM 

respectively, and then lyophilized.  This lyophilization process allows for the removal of ethanol 

and resuspension in water without the irreversible compaction that occurred due to 

centrifugation, and the glucose protects the nanoparticles from aggregation by hydrogen bonding 

to the protein surface [214].  Diluted samples were lyophilized and resuspended in 0.1-µm 

filtered ddH2O. 

 

3.1.2 Dynamic Light Scattering 

 DLS measurements were carried out using a BI-200SM instrument and analysed using 

BI-ISTW software (Brookhaven Instruments, NY, USA), at 25 °C and an angle of 120° in a 

quartz cell (1 cm,  Hellma Analytics, Markham, ON, CA) with a wavelength of 637 nm.  

Viscosities were measured with a µVISC viscometer (RheoSense, Inc., San Ramon, CA, US) 

and refractive indexes with a Refracto 30GS refractometer (METTLER TOLEDO, Columbus, 

OH, US) 

   Resuspended lyophilized nanoparticles were produced using an initial concentration of 

~141 μM prior to mixing with ethanol to final concentration of  by the method described in 

Section 3.1.1, and measured with an angle of 120º at 23 ºC with a measured viscosity of 1.000 ± 

0.001 cP and measured refractive index of 1.3336 ± 0.0001 as the average of three samples. 

 The stability and behaviour of un-lyophilized W1 nanoparticles in ethanol as a function of 

time was measured using samples prepared using an initial W1 concentration of 20 µM and a 

final ethanol concentration of ~91%, by the method described in Section 3.1.1.  W1 
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concentrations were measured by absorbance at 210 nm with an estimated [83] extinction 

coefficient of 270858 M-1·cm-1.  Nanoparticle suspensions were then measured at different time 

points with a measurement time of less than 25 s.  Samples were measured with an angle of 120º 

at 23 ºC with measured viscosities of 1.636 ± 0.008, 1.623 ± 0.004, and 1.66 ± 0.04 cP for three 

replicates and refractive indices of 1.3638 ± 0.0002 for all three replicates. 

 

3.1.3 Fluorescence 

 All emission spectroscopy measurements were performed in triplicate, with each 

replicate being the average of 3 scans. Experiments were carried out using a Cary Eclipse 

spectrofluorometer (Varian, Palo Alto, CA, US) using a 1-cm quartz cuvette (Varian, Palo Alto, 

CA, US). 

 Tryptophan fluorescence emission of un-lyophilized W1 nanoparticles in ethanol and 

methanol was measured over 310 to 370 nm (slit width: 5 nm) with excitation at 298 nm (slit 

width: 5 nm), averaging time of 0.5 s and 1-nm intervals at 20 °C.  Samples were prepared as 

described in Section 3.1.1, except that 100% ethanol was added at a 5:1 volume ratio to a final 

concentration of ~83% alcohol.  Initial W1 concentrations were 142 µM for R36W, 70 µM for 

F146W, 185 µM for Y169W and 142 µM for the heptapeptide (PGPWQGG) control.  W1 

concentrations were measured by absorbance at 210 nm with an estimated [83] extinction 

coefficient of 270858 M-1·cm-1.  The concentration of the heptapeptide was determined by mass 

of the dried peptide powder.  Another sample of Y169W was prepared by diluting 600 µL of a 

20 µM protein solution with 6 mL of alcohol followed by air drying to ~600 uL, the emission slit 

width for this sample was 10 nm.  The heptapeptide concentration was 23.7 µM. 

 

3.1.4 Circular Dichroism Spectroscopy 

 CD spectra of un-lyophilized W1 nanoparticles in ethanol and methanol were measured 

over 250 to 190 nm with 1-nm increments, and using averaging time as a function of the detector 

high volts, which compensates for differences in the lamp intensity at each measured 

wavelength, at 20 ºC in a 2-mm quartz cell (Starna Cells, Inc, Atascadero, CA, USA).  Samples 

were prepared as described in Section 3.1.1, except that 100% ethanol was added at a 5:1 volume 

ratio to a final concentration of ~83% alcohol.  Initial W1 concentrations were 49 µM for R36W, 

70 µM for F146W, 73 µM for Y169W and 64 µM for wild-type.  W1 concentrations were 
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measured by absorbance at 210 nm with an estimated [83] extinction coefficient of 270858 M-

1·cm-1.  Spectra were measured in triplicate using a DSM20 spectrometer and Globalworks 

software (Olis, Bogart, GA, USA) and were converted to mean residue ellipticity using equation 

23. 

 

3.1.5 Scanning Electron Microscopy 

 SEM samples of un-lyophilized W1 nanoparticles in alcohol were produced by diluting a 

solution of 50 µM W1 in 20 mM sodium acetate (pH 5.0) with 100% ethanol or methanol to a 

final concentration of ~91% alcohol by pipetting and vortexing quickly.  A 10-µL aliquot of 

nanoparticle solution was then deposited on mica and air dried.  Samples were sputter coated 

with gold-palladium using an EM ACE200 (Leica, Wetzlar, Germany) at the Scientific Imaging 

Suite (Dalhousie University) with a diffuse coating method for 100 s, and measured with a S-

4700 Cold Field Emission microscope (Hitachi, Tokyo, Japan) at the Facilities for Materials 

Characterization (Dalhousie University). 

 

3.2 Nanoparticle Production Schemes 

 

3.2.1 Desolvation 

 Wild-type W1 forms nanoparticles less than 100 nm in diameter by desolvation in either 

~91% (v/v) ethanol or ~91% (v/v) methanol (Figure 18) as observed by SEM.  Particles that 

were produced in ethanol had a defined spheroid shape; however, aggregation and conjoined 

particles were prevalent.  Particles that were produced in methanol were smaller, but less 

spherical in nature and heavily aggregated compared to the ethanol-induced particles.  The 

apparently aggregated state of the particles is likely due to the dehydration of particles solutions 

during sample preparation, which results in an increased concentration of particles.   
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Figure 18: SEM of W1 nanoparticles formed in ~91% (v/v) ethanol (A,B) and methanol (C,D) 

following deposition from alcohol solution onto mica. 

 

 

3.2.2 Stability in Storage Solution 

 Dialysis of nanoparticles formed in ~91%  (v/v) ethanol into distilled H2O, 20 mM 

sodium acetate (pH 5.0), or 50 mM potassium phosphate (pH 7.5) overnight resulted in 

macroscopic aggregation.  Nanoparticles formed in ethanol and stored in ethanol overnight 

settled out of solution, but could be resuspended by vortexing without any visible aggregation.  

W1 nanoparticle populations in ethanol were assessed by DLS at different time points after 

formation without disturbing the solutions in-between measurements.  After ~10 min, the mean 

particle size became increasingly inconsistent, with micron-sized particles more prevalent overall 

(Figure 19).  At the first time point, two replicates converge on a size of ~100 nm in diameter, 

and sizes between 80 and 120 nm in diameter occur at later time points.  This size range is 

similar to that which was observed by SEM (Figure 18). 
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Figure 19: W1 nanoparticles in ~91% (v/v) ethanol measured at the indicated times after initial 

formation without mixing, three replicates are shown 

 

 

3.2.3 Salt Precipitation 

 Nanoparticle formation by W1 could also be induced by mixing W1 in 50 mM potassium 

phosphate (pH 7.5) with a solution of 1.5 M potassium phosphate buffer (pH 7.5).  Nanoparticle 

formation was screened for by the observation of formation of a hazy solution which indicated 

that a suspension of particles was formed.  Centrifugation of the particle solutions at 20,000 rcf 

resulted in pellet formation, which confirmed that suspended particles were present.  Sizes of 

particles formed by this method have not been investigated due to rapid aggregation.  Research 

was focused instead on desolvation methods as they appeared to form stable nanoparticle 

suspensions. 
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3.3 Size and Morphology of Nanoparticles 

 

3.3.1 Solvent Concentration 

 The un-lyophilized particles (Figure 18) were smaller than what is observed by DLS for 

the lyophilized nanoparticles (Figure 20) for ~91% (v/v) ethanol.  This is possibly due to 

swelling and hydration of the nanoparticles in water which is not present for the dehydrated 

nanoparticles measured by SEM.  The aggregated state observed by SEM (Figure 18) for the un-

lyophilized particles was not observed for the resuspended lyophilized particles (Figure 20), 

which suggests that the aggregation was due to dehydration during SEM sample preparation. 

 Desolvation by ethanol followed by lyophilization with glucose as a cryoprotectant 

predominantly produced nanoparticles less than 200 nm in diameter, with almost all particles 

being less than 400 nm in diameter, as seen by the cumulative number of particles by diameter 

(Figure 20).  Samples produced in ~91% (v/v) ethanol appear larger than at other concentrations 

as well as having a greater percentage of particles larger than 200 nm in diameter.  Nanoparticles 

formed at lower concentrations of ethanol show more uniform size distributions overall and are 

smaller in size than nanoparticles formed in 91% (v/v) ethanol.  Variability between replicates of 

the same ethanol concentration is apparent and there does not appear to be a correlation between 

ethanol concentration and nanoparticle size at concentrations below 73% (v/v).  
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Figure 20: DLS of wild-type W1 nanoparticles formed by desolvation in the indicated 

concentration of ethanol (%) after lyophilization with 1% glucose and redispersion in H2O. 

Relative and cumulative give the size distribution and percent of total number of particles 

respectively. Three replicates are shown on each graph 

 

3.4 Protein Conformation in the Nanoparticle State 

 

3.4.1 Secondary Structure 

 The secondary structure of a variety of un-lyophilized nanoparticle types in alcohol was 

probed by far-UV circular dichroism (CD) spectroscopy.  For all tryptophan variants and wild-

type W1, the same spectral shape was observed in ethanol and methanol solutions (Figure 21).  

Namely, a positive band was observed at ~198 nm and a single negative band between ~220 and 

~225 nm, with slight variations in the position of the negative band between variants and 

between ethanol and methanol (Figure 21).  The difference in the position of the negative bands 

is similar for all of the W1 variants, with methanol at ~220 nm and ethanol at ~225 nm, although 
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the band for wild-type W1 is closer to ~223 nm in ethanol.  For all of the W1 variants, the 

intensity of the positive band is lower in methanol.   

 

Figure 21: CD-spectra of wild-type W1 and its variants in ~83% (v/v) solution of the specified 

alcohol after mixing protein in 20 mM acetate buffer (pH 5.0) with 100% alcohol 

 

A single negative band at 220 to 225 nm with a positive band at 195 to 200 nm is 

consistent with a β-sheet-rich protein [188] (Figure 7).  This implies a transition from α-helix-

rich (Section 1.3.1) to β-sheet-rich conformational state.  Interestingly, such a transition is 

associated with fibre formation by AcSp1 [82], as discussed in Section 1.3.3. 
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3.4.2 Solvent Exposure of Tryptophan Substitutions 

 Intrinsic tryptophan fluorescence of each substituted W1 variant was used to test for the 

degree of solvent exposure in the nanoparticle state at a given tryptophan site. Namely, this 

would be sensitive to region of the W1 protein being exposed to the solvent or to the solvent-

excluded interior of the nanoparticle.  A small blue-shift is observed for each variant in alcohol 

compared to H2O (Table 3 and Figure 22), as expected due to the lower solvent polarity in each 

of the ~91% alcohol conditions relative to H2O.  

 

 Figure 22: Intrinsic tryptophan fluorescence of wild-type W1 and its variants in ~83% solution 

of the specified alcohol after mixing the protein in 20 mM acetate buffer (pH 5.0) with 100% 

alcohol.  Y169W-B was concentrated by air drying 
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The wavelengths of the emission maxima of W1 variants are relatively close to that of the 

heptapeptide control, as were the maxima under aqueous conditions (Table 2, Section 2.3.1).  

This indicates the tryptophan residues of the W1 variants are still well exposed to solvent in the 

nanoparticle state.   

The sample of Y169W-B in ethanol (Figure 22) was at a slightly higher concentration 

than the Y169W sample after an air-drying process.  A more significant blue-shift was observed 

for Y169W-B in ethanol than for Y169W, which suggests that above a certain concentration the 

nanoparticles begin to aggregate.  Presumably the molecules of ethanol are able to shield 

hydrophobic protein surfaces at lower concentrations, or the aggregation occurs at a slower time 

scale than the measurement.  However these aggregates were not visible, and the Y169W-B 

samples showed the same haziness as the other samples.  Therefore, this is not likely to be an 

irreversible aggregation process.  

 

Table 3: Intrinsic tryptophan fluorescence (λex = 298 nm) of W1 variants and the heptapeptide 

control in ~83% solution of specified alcohol after mixing protein in 20 mM acetate buffer (pH 

5.0) with 100% alcohol 

*H2O values taken from Table 2 for pH 7.5; N/A: not available 

 

 

 

 

 

 

 

 

 

 Emission Maxima (nm) 

Solvent R36W F146W Y169W Y169W-B Heptapeptide (PGPWQGG) 

ethanol 343.3 ± 0.3 344.0 ± 0.2 342.6 ± 0.4 337 ± 1 352.5 ± 0.1 

methanol 343.7 ± 0.3 346.7 ± 0.1 345.0 ± 0.3 347 ± 4 353.3 ± 0.2 

*H2O 353.6 ± 0.2 354.4 ± 0.1 356.2 ± 0.4 N/A 358.7 ± 0.2 
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3.5 Capture and Storage of Nanoparticles 

 

3.5.1 Concentration and Resuspension 

 Nanoparticle recovery by centrifugation and resuspension was attempted.  Regardless of 

the W1 nanoparticle production method, pelleted nanoparticle suspensions were not amenable to 

resuspension, as observed by persistence of the pellet in either aqueous or alcohol solutions.  

Sonication had marginal effects on resuspension.  Desolvation-induced nanoparticles that were 

air-dried and those lyophilized without cryoprotectant were similarly not amenable to 

resuspension. 

 

3.6 Summary of Nanoparticle Results 

 Nanoparticles were formed by desolvation and salt precipitation of W1 solutions.  

Nanoparticles formed by salting out with potassium phosphate were unstable and visibly 

aggregated in solution.  Nanoparticles formed by desolvation with ethanol and methanol did not 

show visible aggregation and were characterised further; however, DLS of nanoparticles in 

ethanol at increasing time intervals suggested reversible coagulation (Figure 19).  Nanoparticles 

formed by mixing protein with ethanol without further treatment showed a defined spheroid 

shape and were less than ~100 nm in diameter when observed by SEM, while those formed using 

methanol were smaller with a less defined shape (Figure 18).  The minimum mean diameter of 

nanoparticles in ethanol measured by DLS was in the range of 80 to 120 nm (Figure 19), which 

roughly matches the size observed by SEM, although the time-dependent aggregation makes 

precise measurement by DLS difficult.  The aggregation of the nanoparticles observed by SEM 

is likely due to dehydration and resulting increase in particle concentration that occurs during 

SEM sample preparation.  This explanation is supported by the apparent decrease in solvent 

exposure of the Y169W residue in ethanol (i.e., the blue shift observed, Table 3) when the 

nanoparticle solution was concentrated by air drying.   

 Lyophilization with glucose as a cryoprotectant was used in order to make W1 

nanoparticles more amenable to resuspension in aqueous solutions.  Resuspended nanoparticles 

were analysed by DLS and showed diameters of ~150 nm for samples formed using ~91 % 

ethanol, with some larger species of up to 500 nm in diameter (Figure 20).  The larger size of the 

lyophilized and resuspended nanoparticles measured by DLS compared to the un-lyophilized 
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nanoparticles observed by SEM may be due to swelling and the presence of a hydration shell 

under aqueous conditions.  Lyophilized nanoparticles formed using lower concentrations of 

ethanol were smaller in diameter, overall, with fewer aggregates (Figure 20).   

 Un-lyophilized nanoparticles formed in ethanol or methanol were measured using CD, 

and showed β-sheet-like spectra (Figure 21).  The negative band occurred at a slightly shorter 

wavelength for the particles formed using methanol than for those formed using ethanol.  This 

may be related to the morphological differences between the particles formed in ethanol and 

methanol solutions that were observed using SEM (Figure 18).  No clear difference in the CD 

spectral band structure was observed between the wild-type and tryptophan-substituted W1 

variants.  Therefore, the secondary structure of W1 in the nanoparticle state is not noticeably  

affected by the tryptophan substitutions. 

Tryptophan residues of the nanoparticles formed using the W1 variants showed a high 

level of solvent exposure, regardless of the solvent condition in which the particles were 

suspended, with exposure comparable to the fully exposed heptapeptide control (Table 3). This 

was inferred from the emission maxima measured using tryptophan fluorescence.  The high level 

of solvent exposure observed in all instances indicates that these tryptophan residues are either 

not buried in the nanoparticle interior or that the nanoparticles are sufficiently loosely packed to 

allow for solvent penetration. 

 

 

 

 

 

 

 

 

 

  



76 
 

Chapter 4: Discussion 

 

4.1 Solution-State Assembly of Recombinant AcSp1 

 Micellization, as a protein association event, may involve some degree of conformational 

change to the protein.  Based on the potential CMC of ~20 µM observed previously by pyrene 

fluorescence [91], it would be expected that at 40 µM roughly half of the protein would be 

involved in a micellar state.  However, at a concentration of up to 50 µM, no change in 

tryptophan emission maxima was observed for any of the W1 variants tested (Figure 9).  This 

indicates that either these residues are not buried within any micelle-like structures that are 

formed or that no such structures are formed in significant quantity.  Consistent with these 

fluorescence spectroscopy results, DLS of filtered W1 shows that W1 nanoparticle formation is 

both slow and very low in yield under these conditions (Figure 16).   

 Though somewhat inconsistent, the size distributions of W1 nanoparticles formed after 

filtration through a 0.02 µm filter match previous observations of W1 [91], which showed dual 

populations of ~50 nm and ~200 nm after filtration through a 0.45 µm filter.  The particles 

observed in Figure 16B are larger likely due to the lack of filtration prior to measurement.  The 

roughly linear relationship between the I1/I3 ratio of pyrene and W1 concentration (Figure 14) 

with 30 min incubation would be consistent with binding of pyrene to the protein surface rather 

than incorporation into micelles.  This contrasts with the previous study, which showed micelle-

like behaviour [91] after ~24 h incubation.  The shorter, 30 min incubation was chosen due to the 

observation of significant visible precipitation of the R36W variant after incubation with pyrene 

overnight.  The I1/I3 values cannot be directly compared between the two experiments due to a 

significant difference in the emission spectra.  The spectra for the 24-h incubated samples show 

two maxima at 372 and 389 nm, which were chosen as I1 and I3 respectively [91].  In contrast, 

the spectra obtained in the course of the present study exhibit the 5 expected [98] emission 

bands, with 372.5 and 383.5 nm selected as I1 and I3, respectively, following literature precedent 

[98].  The source of this discrepancy between the two experiments is not clear.  The difference in 

incubation time between the present (30 min) and the prior (24 h) studies is presumably the 

source of the difference and, based on the observation of surface binding and propensity of 

R36W to precipitate in the presence of pyrene with shear force, it is possible that some amount 

of protein aggregation or assembly is induced by the pyrene molecule.  This could be mediated 
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by pyrene molecule binding to and exposing or increasing the hydrophobicity of a particular 

protein surface.   

 It is important to note that the W1 protein does not include the C-terminal and N-terminal 

non-repetitive domains of the native spidroin which are generally believed to contribute to the 

oligomerization of silk proteins [23, 38, 47].  Furthermore, the native-state chemical composition 

in the aciniform gland has not been characterised.  Additionally, a single repeat unit cannot form 

the interlocking arrangements required for biomaterial formation.  However, the W1 protein does 

contain the same potential binding surfaces as a W2 protein and so if micellization of W2 occurs 

then some interaction between W1 proteins such as dimerization should be expected, regardless 

of the ability of W1 proteins to interlock.  In the context of these limitations, the lack of 

significant micellization of W1 does not indicate that micelle-like particles do not form in vivo 

for the native aciniform protein.  These results show that weak interactions between the AcSp1 

repeats can occur and that, under certain solution conditions the native or other recombinant 

AcSp1 may assemble into micellar structures. 

 All W1 variants studied show a relatively high solvent exposure at the tryptophan 

substitution site, based on tryptophan emission maxima (Figure 9) as compared to the fully 

exposed heptapeptide control (Table 1).  The R36W residue, though blue-shifted slightly 

compared to the F146W and Y169W variants, shows a much higher solvent exposure than the 

previous structural modelling-based prediction of only 4% solvent accessible surface area [89].  

By comparison, the F146W and Y169W residues were predicted to have 71% and 93% solvent 

accessibility, respectively [89].  This implies that the in silico structure of the R36W variant [89] 

is somewhat inaccurate, at least regarding the regions nearby residue 36, and that in the R36W 

variant the tryptophan residue is exposed to the solvent in this region.   

 A significant disruption in the region around the residue R36W that makes contact with 

helix-5 [89] and the exposed tryptophan residue are likely responsible for the precipitation of the 

R36W mutant at 65 ºC, as this temperature coincides with the first stages of thermal denaturation 

of W1 [91], and denaturation begins with disruption to helix-5 [89].  This would fit with the 

model that disruption to helix-5 and loosening of the protein surface beneath it [49, 89] initiates 

the conformational transition in the W-unit during fibre formation.  This idea is also supported 

by the binding of pyrene to this region as observed by tryptophan quenching (Figure 15) and the 

observation that shear force induces precipitation of R36W in the presence of pyrene or ANS, 
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but not without.  Interestingly, binding of the detergent dodecylphosphocholine (DPC) prevents 

W2 from forming fibres despite minimal effects on the protein secondary structure [49].  This 

would also support the mechanism introduced above if DPC binds at the same location as 

pyrene.  The loss of ~11% of tryptophan emission intensity is close to the ratio of pyrene to 

protein (0.13), which suggests the formation of a stable complex between pyrene and W1, 

resulting in static quenching of tryptophan fluorescence.  No blue-shift of the R36W emission 

maximum was observed, indicating that interaction with pyrene does not affect the solvent 

exposure of the residue.  This is also consistent with a static quenching mechanism, where the 

ground state is rendered non-fluorescent, instead of a change to the excited state.  Pyrene thus 

appears to bind preferentially to the surface below helix-5, near the R36W residue.   

 An alternative explanation for this observation is that pyrene binding to other, or to 

multiple, surfaces of the protein results in conformational changes that alter the chemical 

environment of the tryptophan residue.  This would result in a decreased quantum yield and 

therefore a decrease emission intensity.  It is important to note that the solubility of pyrene in 

water is <1 µM [215], and so this experiment does not reflect an equilibrium between soluble 

and protein-bound pyrene that would allow for calculation of a binding constant.  Instead the 

protein may pick-up undissolved pyrene from the surface of the cuvette.  No change in emission 

maxima were observed at pH 5.0 compared to pH 7.5, which is consistent with previous CD 

results showing no change in secondary structure of W1 due to change in pH over this range [91]. 

A complication of these pyrene experiments is that dilution of the protein solution with 

buffer containing the same concentration of pyrene results in the continual addition of new, 

pyrene molecules.  If hours of incubation of pyrene with the protein is necessary for diffusion 

into the micellar interior, the continual addition of new pyrene molecules to the system may bias 

the I1/I3 ratio in favour of free or surface bound pyrene. Additionally, the formation of micro-

precipitates due to the long incubation is possible, and dilution of pyrene-containing precipitates 

could mimic micelle dissolution. 

 The observed surface tension decrease over time by W1 surface adsorption roughly fits a 

Langmuir isotherm (Eq. 10), and multiple stages of assembly that would indicate a 

rearrangement at the surface are not apparent (Figure 17).  More specifically, the Langmuir 

isotherm model closely fits the first half of adsorption, but then the data deviate from the 

theoretical prediction which would lead to an expectation of a slightly faster rate of adsorption 
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than the experimental data.  The Langmuir isotherm assumes that no intermolecular interactions 

occur between surfactants and that there are no barriers to adsorption such as steric hindrance.  It 

is also important to note that the Langmuir isotherm relates to surface concentration (Eq. 10), 

while the data collected are surface pressures, and so there is an inherent assumption made that 

surface pressure is directly proportional to surface concentration.   

 Based on these observations, W1 surface adsorption appears to be dominated by the rate 

of diffusion to the surface, and decreasing availability of free space as the protein accumulates, 

with only minor contributions from interactions between proteins at the surface and steric 

hindrance.  Though surface denaturation is likely, it may occur simultaneously with adsorption 

rather than being a slow process.  Although a value for the adsorption constant was estimated, 

this is not meaningful because of the normalization of the data, but was given for reproducibility 

of the curve.  This model is consistent with the inability of W1 monomers to interlock with one 

another to form fibres and the observation that W1 surface layers do not have the same 

viscoelastic behaviour as those formed by W2.  Formation of a viscoelastic surface layer by W2, 

but not W1 implies that this property results from an interlocking network of W2 proteins across 

the surface.  W1 proteins may interact, but are free to diffuse across the surface, and so the 

surface layer is not rigid.   

 Assembly of silk proteins at the air-water interface may be a model for understanding 

protein assembly during fibre formation as dragline [118] and silkworm fibroin [119] silk 

proteins adsorbed to the air water interface form β-sheet conformations.  For hand-drawn W2-4 

fibres, more fibres can be pulled from solution after longer incubation time with a protein 

concentration of ~20 µM [82], which is roughly 10x the concentration used to track W1 

interfacial assembly in this study.  Since surface pressure reached ~75% of the maximum within 

1 min of incubation at 2.25 µM, it is unlikely that the affect of incubation time on yield of hand-

drawn fibres is due to saturation of the surface.  It may instead be due to maturation and 

alignment of proteins at the surface layer or the formation of sub-layers, which would increase 

the number of proteins arranged in a pre-fibrillar state which can be converted to fibre by the 

shear force induced by pulling.  Additionally, the formation of fibres by drawing from the 

solution surface forms a funnel like shape with the silk proteins presumably aligned parallel to 

the outer surface, which may mimic the narrowing of the spinning duct.   
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4.2 Nanoparticle Formation by Recombinant AcSp1 

 Nanoparticles were formed by both salting-out and desolvation.  However, nanoparticles 

rapidly aggregated at high concentrations of potassium phosphate and under aqueous conditions 

in general.  For these reasons, only the desolvation method was pursued for further study because 

the particles could be formed and stored in the alcohol solutions with greater stability.  

Nanoparticles were formed by desolvation using ethanol, which resulted in diameters of less than 

200 nm as observed by SEM (Figure 18) and DLS (Figure 20).  The morphology of these 

particles by SEM (Figure 18) was a defined spherical shape, with apparent aggregation and 

fusion.  This morphology is consistent with that of other silk nanoparticles observed by SEM 

[156, 163, 167, 172], particularly with the caveat that some aggregation is expected due to the 

drying process.   

 Interestingly, the W1 particles produced in ethanol are much better defined than those 

produced in methanol, which are more congealed.  Ethanol and methanol are chemically similar, 

so it appears that the length of the alkyl chain of the alcohol is modulating particle morphology, 

possibly by stabilizing hydrophobic surfaces of the nanoparticles with increased chain length.  

This would also explain the apparent stability and lack of macroscopic aggregation of W1 

nanoparticles in ethanol solutions compared to bulk aggregation in aqueous solutions.  However, 

the W1 particles do appear to coagulate in ethanol over time based the appearance of larger 

aggregates after several minutes (Figure 19).  This may be due to the particles beginning to settle 

towards the bottom of the cuvette, as particles fully settle-out to form a white layer after several 

hours, and can be resuspended by vortexing without any visible aggregation.   

 In considering the effect of ethanol concentration upon W1 particle properties, the size 

distributions observed by DLS demonstrate a shoulder of larger particles formed in ~91% 

ethanol compared to those at lower concentrations, but no notable difference between the 

distributions formed at the lower ethanol concentrations (Figure 20).  This may suggest that a 

minimum amount of hydration is needed to control aggregation.  The larger size of particles 

formed in ~91% ethanol observed by DLS (Figure 20) compared to SEM (Figure 18) may be due 

to swelling of the particles while in solution.   

 W1 nanoparticles exhibit a characteristic [188] β-sheet appearance by far-UV CD 

spectroscopy, with a single negative band at ~220 to 225 nm and positive band at ~198 nm 

(Figure 21).  There is a slight tendency for the negative band to occur at a shorter wavelength in 
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methanol than in ethanol, and with a lower overall intensity (Figure 21).  This suggests that β-

sheet content is lower overall in methanol compared to ethanol, which is consistent with the 

hypothesis that ethanol better stabilizes the hydrophobic surfaces of the nanoparticles.  

Considering tryptophan fluorescence, the tryptophan residues of the W1 variants are still well 

exposed to solvent in the nanoparticle state, as evidenced by emission maxima in a narrow range 

between 343 to 347 nm (Table 2).  One explanation for this behaviour is that these residues are at 

the particle surface.  However, the maxima of the W1 variants are broad compared to the 

heptapeptide control, which is consistent with a situation where some proteins area on the 

interior of the particle and others on the surface.  It is also possible that nanoparticles are packed 

loosely enough to be penetrated by solvent molecules to some depth.  In a sample of Y169W 

nanoparticles which was prepared in ethanol and concentrated by air drying, the maximum is 

slightly blue shifted which suggests that aggregation occurred during the drying process due to 

concentration of the particles. 

 

4.3 Future Directions 

 The surface assembly of W2-4 should be investigated to determine the visco-elastic 

properties of the surface layer and the conformation of the protein at the surface.  Secondary 

structure of the protein at the liquid-air interface could be differentiated from that in bulk 

solution by external reflection Fourier transform infrared spectroscopy [216].  Micellar assembly 

by W1-4 containing the C and N terminal domains should also be probed to determine if the 

terminal domains are required for more consistent and reproducible micelle-like behaviour.  The 

effect of higher concentrations of potassium phosphate on micellization should also be 

investigated, as this can induce micelle formation for some silk proteins [74]. 

 The stability of nanoparticles in solutions of osmolytes such as glucose used as 

cryoprotectants after resuspension and in ethanol should be determined.  Nanoparticles formed 

by W2-4 should be studied and compared with W1 nanoparticles, as the potential for interlocking 

of W-units in larger constructs upon self-assembly may improve particle properties and stability.  

Factors affecting aciniform spidroin nanoparticle production that have yet been investigated 

include mixing rate, protein concentration and effects of other solvents such as acetone or 

DMSO.  For the mixing method, solvent may be added slowly to a protein solution until the 

concentration is enough to precipitate nanoparticles, or protein solution can be added dropwise 
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with stirring to a solution of solvent at some concentration.  Other methodologies to form 

aciniform nanoparticles, such as those discussed in section 1.5.3, could also be investigated.  In 

short, W1 nanoparticles have drug-loading potential [91], but drug uptake and release by W1 

nanoparticles has not yet been investigated and neither has the cellular uptake and 

biocompatibility of these particles. 

 

4.4 Conclusions 

 The repeat unit of aciniform silk (W1) was investigated with respect to its self-assembly 

into micelle-like aggregates and adsorption at the liquid-air interface.  It was determined that 

while W1 forms micelle-like nanoparticles, these are low in number.  It is not clear how this 

relates to the native AcSp1 protein, as the non-repetitive terminal domains are absent from W1, 

and these domains are generally responsible for dimerization or oligomerization of silk proteins 

[23, 38, 47].  However, the formation of particles shows that some weak interaction occurs 

between W1 monomers, and these may play a larger role in the native protein in which at least 14 

repeats are present.  Therefore, other recombinant AcSp1 constructs warrant investigation.  The 

thermal precipitation of the R36W variant that coincides with the denaturation of helix-5, and the 

binding of pyrene to the surface below helix-5 support the hypothesis that hydrophobic 

interactions with the surface below helix-5 could be involved in conformational changes of W1 

relevant to fibre formation.  Specifically, The W1 protein assembles at the liquid-air interface and 

this may result in a change in the conformation of the protein that could be reflective of early 

conformational changes in the fibrillogenic pathway.  The greater viscoelastic properties of W2 at 

the liquid-air interface suggest that a parallel alignment of the protein monomers occurs, which 

may be similar to that which occurs in the spinning gland [66, 67]. 

 Nanoparticles of W1 were formed best by desolvation which resulted in particles of <200 

nm in diameter with a β-sheet-like conformation, representing a novel biomaterial form for 

aciniform-based proteins.  The β-sheet content is seemingly solvent dependent, with 

nanoparticles in ethanol and methanol showing different band wavelengths with lower intensity 

overall for methanol samples.  Nanoparticles were most stable in the alcohol solutions in which 

they were produced, while highly unstable in aqueous solutions.  They were difficult to 

resuspend and required lyophilization with cryoprotectant rather than the centrifugation methods 
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commonly used.  Nanoparticles of W1 and other aciniform silk constructs warrant further 

investigation and optimization.  
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