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Abstract

The self-assembly of B-sheet rich proteins such as silk are triggered by physiochemical
factors such as salts, pH, and flow. Anions in particular have been shown to significantly
influence protein self-assembly in amyloids and spider silk, however their effect on silkworm
silk has not yet been investigated. This study evaluated the influence of metal ions on silk
gelation kinetics by utilising a recently developed system to dissolve undegummed B. mori
cocoons. While the influence of cations agreed with previous observations, with divalent
cations delaying gelation more than monovalent ions, we report that anions are more
influential, with phosphate and sulphate anions accelerating gelation, regardless of the
valency of the associated cation, while bromide was found to delay it. Interestingly we
discovered chloride stabilised silk regardless of the cation. Using these results, a linear
relationship was established between gelation time and apparent dynamic hydration number,
a quantitative measure of salt-water interactions. This relationship more accurately predicted
silk behaviour than the traditionally used Hofmeister series. Thus, it was possible to
accurately predict gelation behaviour for any salt for which this number has been calculated,
allowing for better designs of systems that require fine control of gelation such as wet-
spinning and 3D printing This work demonstrates the significance of anions in controlling
silkworm silk stability, expanding upon the currently perceived mechanism for self-assembly.
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1. Introduction

Silkworm silks are among the toughest fibres found in nature. Yet, the exact mechanism
underlying fibre formation is not completely understood. The self-assembly of the silk solution
into a hierarchical fibre is a complex physiochemical transition. The role of pH,'" metal salt
cations,>” temperature,” and flow are now beginning to be understood.® ! ! Several metal
cations have been identified within the gland, with potassium, sodium, calcium and magnesium
being most prevalent.* > % 12 Divalent cations such as calcium and magnesium are believed to
stabilise native silk fibroin feedstock and prevent premature aggregation during the early stages
of silk production.’ This stabilisation is thought to occur through the formation of carboxylate

4 13,14 preventing B-sheet formation.> As silk migrates down the gland

mediated salt bridges,
duct, the concentration of monovalent cations such as potassium and sodium increases. These
displace the divalent cations, disrupting the salt bridges and facilitating B-sheet formation.* ° It

is therefore believed that cations play a role both in the initial stages of silk protein production

and during the final spinning process.

However, the role of anions in silkworm silk’s structural transitions are less explored. Sulphur,
phosphorous and chlorine have been identified within silk dissected from the gland using
Inductively Coupled Plasma Optical Emission Spectroscopy and Energy Dispersive
Spectroscopy.” ® However, these techniques cannot distinguish between individual elements
and molecules composed of several elements. It has therefore been difficult to differentiate

between sulphur chelating with silk and sulphur present within fibroin amino acids (Cys, and

Deakin - Restricted to Staff



56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

Met) and the disulphide link between heavy and light chains. Similarly, identification of free
phosphate anions in the gland is challenging since phosphorylation plays several roles broadly

5> immune response,'® and also silk

in Lepidopterans such as regulating the metabolism,!
production.!” '8 Phosphate is involved in fibroin synthesis and secretion from the posterior
gland,!” but are also thought to have a role in fibre self-assembly at the anterior.'® !° On the
other hand, pH is enzymatically regulated by the secretion of carbonic anhydrase by type IV
epithelial cells, > 2° leading to the progressive acidification of the gland lumen between the
posterior and anterior gland.?® While alkaline conditions have been shown to stabilise silk,> 2!
a decrease in pH along the spinning gland is believed to initiate fibre formation.?> However,

21.23,24  and it is

the role of pH is usually studied using a metal salt buffer, such as phosphate
therefore unclear whether these metal salts contribute to changes in silk solubility in a way that
does not reflect naturally occurring conditions in the gland. Therefore, to remove the influence

of metal salts, pH should be evaluated using a range of metal salts, ideally a salt pair that

induces gelation and one that delays gelation.

The effect of cations and anions on proteins is commonly understood through the Hofmeister
series, which ranks the ions for their ability to alter the proteins solvency.? Originally, the
Hofmeister series was determined experimentally using serum globulin and albumin proteins.?
Model polymers such as poly(N-isopropylacrylamide) (PNIPAM) were then used to further
understand the series.?® Anions were found to bind directly to the PNIPAM side-chain moieties,
and polarise water molecules hydrating the polymer, raising the surface tension at the
polymer/water interface. While the paired cation also influences solvency, the anion has been
found to be more influential due to their specific radial charge densities, ion solvation, and ion
polarizability.?’® Although anions have been explored in both model polymers and well-
characterized natural silks, such as spider major ampullate silk,*!*? these systems differ

markedly from silkworm silk. In addition to significant differences in amino acid sequences,
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silkworm silk comprises a far more complex protein mixture (over 200 proteins),** which may
complicate the self-assembly process. To better understand silkworm silk-ion interactions,
experimental data evaluating several salt pairs is required to establish the relationship between

metal ions and silk stability.

This study therefore aimed to understand the relative importance of cations, anions and pH to
the stability of silkworm silk by incubating silk solutions with a range of salts and at different
pHs. Regenerated, undegummed silk (RUS) solution recently developed by our group was
utilised since it more closely resembles molecular weight and composition of silk as it is spun
compared with degummed, regenerated silk.>> Gelation times in these different environments
were measured through monitoring changes in turbidity. Finally, the results of this work were
used to build a complete picture of the relative roles of these variables, enabling the prediction
of the effect of any combination of anion and cation. This work not only expands on current
understanding of silkworm silk self-assembly but will guide the design of spinning dopes and

baths to produce superior artificial fibres.

2. Materials and methods
2.1. Chemicals and materials

Bivoltine Bombyx mori (B. mori) reeled, undegummed fibres were purchased from an SRR
Silk Reeling Unit (Ramanagara, Karnataka, India) and cut into 2 mm pieces using a Pulverisette
25 power cutter mill (Fritsch, Idar-Oberstein, Germany). The salts lithium bromide (LiBr,
99%), sodium carbonate (Na,CO3, 99.5%), sodium hydroxide (NaOH), lithium chloride (LiCl),
sodium chloride (NaCl), calcium chloride (CaCly), calcium hydroxide (CaOH»), calcium

carbonate (CaCQOs), magnesium chloride (MgCly), magnesium hydroxide (MgOH>),
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magnesium sulphate (MgSQ4), potassium chloride (KCl), potassium bromide (KBr), potassium
hydroxide (KOH), potassium phosphate monobasic (KH>POs), potassium phosphate dibasic
(K2HPO4), and acids hydrochloric acid (HCI), sulphuric acid (H2SO4) were purchased from

Sigma-Aldrich (St Louis, MO, USA).

2.2. Sodium carbonate degumming of B. mori silk

Na,COs degumming was done using a previously described method.?® Briefly, B. mori silk
fibers were degummed using 500 mL aluminum pots in an Ahiba IR Pro rotary dyeing machine
(Datacolor, Lawrenceville, USA) with a raw silk (g): liquor (ml) ratio of 1:50. Raw silk was
degummed for 30 minutes at 98 °C using 0.2% (w/v) Na;COs. A weight loss of 28.5% (w/w)

was calculated using the dry weights before and after degumming.¢

2.3. Preparation of Regenerated Silk solutions

Regenerated silk solutions were prepared using a previously described method, with minor
modifications.’® Briefly, degummed and raw silk was dissolved in 9.3 M LiBr solution with a
silk (g): liquor (ml) ratio of 1:16 at 60 °C for 4 hours. The solutions were dialysed using 3.5
kDa dialysis tubing in a custom-made flowing deionised water bath for 2 days at 4 °C. To
remove insoluble fractions, solutions were centrifuged twice at 7000 RCF for 10 minutes at 4
°C. Regenerated silk solutions were concentrated using a modified version of previously
described methods,*”: 3® briefly, solution was added to 3.5 kDa dialysis tubing and left to dry
against air in a fume hood, with the aid of a small fan, leading to gradual increase in
concentration. The concentration (w/w) was calculated gravimetrically by drying 1g at 60 °C

for a minimum of 5 hours and weighing the dried film.
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A matrix of silk solutions containing different concentrations of metal ions at different pHs
were prepared by diluting 12% (w/w) stock silk solution with different volumes of 2 M aqueous
salt solution to achieve final concentrations of 100 and 200 mM salt with 10% silk. Previous
studies have shown that concentration influences the gelation kinetics of RUS.?® Increasing the
concentration above 15% inhibited gelation, while below 5% RUS gelled quickly. Therefore,
a concentration of 10% was selected to maintain an optimal gelation rate. Prior to dosing, all
salt solutions were sterilised at 121 °C for 45 minutes using an Tomy SX-700E Toploading
Autoclave (Bio-Strategy, Tullamarine, Victoria) to minimise microorganism contamination.
Different cations, anions and pH were evaluated. To evaluate the role of various ions, salt
solutions were buffered to pH 7 to eliminate pH effects on silk (Table 1). pH adjustment was
achieved using different methods, depending on the salt. Phosphate salt solutions were buffered
by adjusting the amount of monobasic (KH>PO4) and dibasic (K;HPOj4) salt. Depending on the
pH, phosphate buffer consists of either more HoPO4™ or HPO4>". Therefore, phosphate reported
in this study relates to H,POs = HPOs*. To maintain simplicity throughout, potassium
phosphate has been reported as K3PO4. Chloride and bromide solutions were altered with
10mM HCI or the respective hydroxide salt. Sulphate salt solutions were altered using 10mM
of the respective metal hydroxide and sulphuric acid. Due to the poor solubility, the only

divalent-polyanion evaluated was magnesium sulphate.

Conversely, to evaluate the effects of pH, 100 mM KCI and K3PO4 buffered to pH range in the
gland (5, 6, 7, and 8) were dosed into 10% RUS solution.' % * However, 100mM K3POj at

pHS instantly gelled silk after addition and could not be further evaluated.

Table 1. Acids and Bases used to adjust pH of the salts in this study

Salt Acid Base
KCl HCI KOH
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NaCl HCI NaOH
MeCl HCI MgOH,
CaClz HCI CaOH;
KBr HCI KOH
K>SOy H>SO4 KOH
K3POg4 KH>PO4 KoHPO4
MgSO4 HzSO4 MgOHz

2.4. Molecular weight distribution

The molecular weight was evaluated with Sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) based on the Laemmli method,*® and using an Invitrogen Mini
gel tank (ThermoFisher, Waltham, MA, USA) coupled with a PowerPac Basic power supply
(Bio-Rad, Hercules, CA, USA). 30 pg of protein and 10 pl of eachmolecular protein ladder
(Novex Sharp Prestained Protein Standard) was loaded onto a NuPAGE 4-12% Bis-Tris gel.
To improve separation at low SDS concentration gradients and prevent overheating,
electrophoresis was undertaken with a stepped increase in voltage of 80 V for 20 minutes and
then 100 V for 50 minutes, followed by 150 V for 20 minutes.*' The resulting gel was stained
using a Colloidal blue staining kit for 3 hours, de-stained overnight in Milli-Q water, and
imaged using a gel imaging system (ChemiDoc XRS+, Bio-Rad, Hercules, CA, USA). Gel
analysis was performed using Origins Gel Molecular Weight Analyzer to determine the MW
of the bands observed.*” All SDS-PAGE consumables were obtained from ThermoFisher

(Waltham, MA, USA).

2.5. Gelation Kinetics

Gelation kinetics were evaluated using a previously reported method with minor
modifications.?® Briefly, silk solutions at different concentrations were evaluated in covered
96-well plates. A 300 uL aliquot of solution was gently pipetted into each well to avoid

premature shear-induced gelation. To limit fluctuations at ambient conditions, the lid was
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sealed onto the plate with parafilm, and the samples were stored light-free at 30 °C in an
incubator (HeraCell 1501, ThermoFisher Scientific, Waltham, MA, USA). Turbidity changes
at 550 nm were monitored with a Varioskan LUX microplate reader (ThermoFisher Scientific,
Waltham, MA, USA). Each variable was dosed in triplicate and Standard deviation reported as
the shadow. All stability figures reported in the main text were normalised. Original figures are

available in the SI (Supporting Figure 4)

2.6. Analysis of Precipitate

Fourier Transform Infrared (FTIR) Spectroscopy was utilised to identify the precipitate formed
when calcium chloride was added to RUS solution. The precipitate was washed thoroughly
with deionised water and then dried at 60 °C. Additionally, salt-free RUS solution was cast
into a film at 60 °C. FTIR spectra were measured using a Bruker LUMOS II FTIR microscope
(Billerica, MA, USA) equipped with a Germanium ATR crystal. Spectra were scanned over

the range of 4000 — 600 cm™! with a resolution of 2 cm™ and 128 scans per sample.

3. Results and discussion

This study utilised regenerated undegummed silk (RUS), a recently reported rew class of
regenerated silk solution.’® Physiochemical parameters are usually evaluated using either
native fibroin dissected directly from the gland (native silk fibroin, NSF) or regenerated silk
fibroin (RSF). Extracting gland protein is the most reliable way to obtain intact (undegraded)
silk and gives direct insight to the concentration of metal ions and pH at a given section of the
gland. The effect of sodium chloride and potassium chloride on the gelation kinetics of dilute
NSF (0.1%) has been previously investigated.” Increasing the salt concentration from 2.3% to
8.4% reduced the temperature required to induce turbidity of gland silk. At these

concentrations, the salts were thought to reduce water's chemical affinity to the silk proteins,
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thereby promoting gelation. However, the tested salt concentrations were higher than those
typically found in the gland.*>!?> On the other hand, RSF can be effectively dialysed to analyse
the roles of individual metals. To produce RSF, silk must first be degummed, a process that
removes sericin and improves the solubility of fibroin. However, degumming may hydrolyse

36,43, 44 impacting and increasing the distribution of the effective molecular weight

the proteins,
between chemical entanglements and increase the free volume and thus mobility of the system
which could lead to unreliable measurements.'!> *>- 46 Therefore, it is difficult to separate the
effect of metal ions from the influence of protein degradation. Recent work by our group has
developed a method to dissolve silk from Bombyx mori (B.mori) cocoons without degumming.

The resulting RUS solution maintains the molecular weight of silk without removing sericin,

making it an excellent model to evaluate the influence of cations, anions and pH.*

3.1. Cations

The influence of cations on silk gelation kinetics was evaluated by dosing 100 and 200 mM
metal chloride salts into 10% RUS at pH 7 (Figure 1), mimicking the upper salt concentration
limit in the silk gland (Supporting Table 1).* When incubated in a sealed, dark microwell at
30 °C, salt-free silk solution gelled within 19 days. The addition of chloride, regardless of the
cation present or concentration, delayed gelation. At 100 mM, the gelation times ranged from
21 days for sodium chloride to 37 days for magnesium chloride. This effect was more
pronounced at 200 mM, with the sodium chloride silk sample gelling 23 days later, while the
200 mM magnesium chloride sample did not gel at all over the 45-day incubation period.
Surprisingly, when calcium chloride was added to RUS, precipitate formed, which likely led
to the observed increase in turbidity for the baseline. Upon further inspection, the precipitate
corresponded to the formation of calcium carbonate that likely formed when absorbed
atmospheric CO; displaced chloride ions within the solution (Supporting Figure 2).*” The

formation of calcium carbonate would decrease the availability of free calcium, which in turn
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216  diminishes its ability to delay silk gelation. However, the baseline levels for both the 100 mM
217  and 200 mM solutions were similar, suggesting that calcium carbonate production is limited
218  and that the 200 mM calcium chloride solution contains an additional 100 mM of free calcium.
219  Overall, monovalent cations, sodium and potassium, were less effective than the divalent

220  cations, calcium and magnesium with general stability organised in the following order:

221 No Salts < NaCl < KCl < CaCl, < MgCla.

222 This effect observed for divalent cations aligns with previous findings, where calcium delays
223 gelation more than potassium in RSF.*® During the early stages of silk production, calcium is
224  believed to stabilise the concentrated solution through formation of salt bridges,* & 13 14
225  preventing premature aggregation. As silk migrates along the gland duct, the monovalent ions
226  compete with divalent ions, disrupting the salt bridges and random coil interactions, allowing
227  the silk to move freely which in turn enables the formation of B-sheets. Our observations are
228  generally in line with this theory: divalent cations delayed the gelation more effectively than

229  monovalent cations. However, monovalent ions still delayed the gelation, suggesting the

230  chloride anion may contribute to silk stability via specific attractive charge-charge interactions.

231
100mM Metal Chlorides 200mM Metal Chlorides
E | i | Delayed gelation
§ «— No Salts ! Delayed gelatlon I-
v | —=—KCd 4 rv P )
% | —=—NaCl f |
2| ——caCR /
B | —»MgC2 ‘ / o| Halfway (sol
E [ / —+— No Salts E /.— YA
5 [ / —=—KCl W\
2 | [ —s—NaCl
s / 4 —a—CaCl2
£ 1 . End (gel
s ){ l —w— MgCI2 T Y. ( .
Z | g | )
AaAASd: SAAA T F YT T Ty ¥
0 5 10 15 20 25 30 35 40 45 0 5 10 15 20 25 30 35 40 45
Time (days) Time (days)
232 . . . . . . . . .
233 Figure 1. Cation influence on silk gelation kinetics. Turbidity measurements over time for 10%
234 RUS solution at pH 7 with various metal chloride salts dosed at A) 100 mM and B) 200 mM.
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Where Yeror =+ SD is represented in by the shaded regions, and n = 3. C) Macroscopic images

illustrating the typical transition of solution to a gel for all silk solutions studied.

3.2. Anions

To quantify the influence of chloride on delaying silk gelation, the effect of anions was
explored by evaluating potassium salts with varying anions (Figure 2A and 2B). The choice
of anions significantly altered the gelation profile of silk. Polyvalent phosphate and sulphate
anions accelerated the gelation rate, while monovalent chloride and bromide anions delayed
gelation time, with 200 mM bromide completely preventing gelation throughout the entire test.
To ensure the cation valency did not alter anion behaviour, magnesium sulphate and chloride
were also evaluated (Figure 2C and 2D). Magnesium chloride was the most effective metal
chloride in delaying gelation, while magnesium sulphate significantly accelerated the gelation.
Overall, these comparisons strongly indicate that anions drive the changes in solubility of silk
more strongly than cations. Salts which contained the same anion (for example potassium
sulphate vs magnesium sulphate) had very similar gelation times (15 days for potassium
phosphate and 17 days for magnesium sulphate). In contrast when keeping the cation
consistent, but changing the anion (for example magnesium chloride vs magnesium sulphate)
the gelation behaviour changed significantly (37 days for magnesium chloride and 17 days for
magnesium sulphate). Whilst our turbidity measurements clearly demonstrate the impact of
anion/cation pairs on bulk gelation, future studies are planned to dive deeper into this area and

explore this systems gelation kinetics in more detail.% 23 4°-5!
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Figure 2. Anion influence of silk gelation kinetics. Turbidity measurements over time for 10%
RUS solution at pH 7 with various potassium (A and B) and magnesium (C and D) salts dosed
at 100 mM and 200 mM. Where Yerwor = = SD is represented in by the shaded regions, and n =

3.

3.3. Influence of pH, sericin, and molecular weight

To identify whether pH significantly altered the influence of salts, silk gelation was tested using
100 mM potassium chloride and potassium phosphate at pH 5, 6, 7, and 8 (Figure 3). The silk
solution containing potassium phosphate at pH 5 gelled almost instantly and therefore could
not be evaluated. For both salts, decreasing the pH, decreased gelation time. This trend agrees

with literature, as acidification is well known to induce gelation of silk.? Increasing the pH of
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potassium chloride from 7 to 8 by adding potassium hydroxide delayed gelation, with pH 7
solution gelling at 20 days and pH 8 at 30 days, delaying gelation by an additional 10 days.
However, all phosphate-containing solutions regardless of pH gelled earlier than the solution
with no salts, indicating that salt, especially phosphate, can be as influential as pH. From these
results, we suggest that future pH studies evaluate potassium chloride (adjusted with KOH and

HCI) alongside their buffer.

Degummed silk fibroin was also tested with several salts to ensure that sericin and molecular
weight did not modify the salts interaction with fibroin (Supporting Figure 1 and 3). The
gelation profiles of the degummed silk with different salts closely matches undegummed silk,
indicating that sericin does not significantly alter how the ions interact with silk fibroin in
solution. As for RUS, chlorides delayed gelation, with divalent cations having a stronger
influence, while phosphate induced gelation. Therefore, it is unlikely that sericin significantly

alters the ion influence on the silk fibroin sol-gel transition at the tested salt concentration.

Interestingly, RSF presented a slower gelation rate compared to RUS. For instance, RSF with
100 mM potassium chloride gelled over the course of 12 days, whereas RUS under the same
conditions gelled in just 2 days. Variation can be influenced by microorganisms and
thermodynamic factors, such as entropy and temperature.” > However, temperature was kept
constant and samples were sterilised prior to testing and are unlikely to have influenced this
study. Solubility typically decreases with increasing molecular weight. RUS, with its higher
molecular weight, more readily forms hydrogel networks due to its enhanced capacity for chain
entanglement, physical crosslinking, and Van der Waal interactions leading to the observed

faster gelation rate compared to RSF.!!- 4546

Additionally, polymer concentration plays a critical role. As shown in a previous study,

increasing polymer concentration reduced gelation time.? This is likely due to the availability
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of additional interactive sites within the system which promotes network formation.>® >4

Contrary to pure RSF, increasing RUS concentration was previously found to increase gelation
time,* with sericin likely contributing to the delay in gelation time.* Although the overall
concentration was constant, degummed RSF contained a higher proportion of fibroin than the
sericin-rich, undegummed RUS. Based on fibroin content, RSF would be expected to gel
earlier, especially as sericin has been reported to have a stabilizing effect.”* However, both
solutions finished gelling at similar times and shifted depending on the salt, indicating that salt
type is the dominant factor in gelation at the polymer concentrations tested. Additionally, it is
possible that the two systems (RSF and RUS) may behave differently at varying polymer

concentrations, which will be explored in future work.

A B

100mM KClI 100mM K;PO,
g Accelerated gelation ;| Delayed gglation Accelerated gelation | Delayed gelation
o) - " . < I - |
0 ¢
-
©
>
=
9
a
—_
=
-
3 +— No salts
2 —=—5
g —+—6
5 f‘ f T
prd | 4 .
S o1 v—8
T T T T T T T T T T T T T

0 5 10 15 20 25 30 I 35
Time (days) Time (days)

Figure 2. Influence of pH on silk gelation kinetics. Turbidity measurements over time for 10%
RUS solution at varying pH using A) 100 mM KCI adjusted with HCl and KOH and B)100

mM K3PO4 buffer. Where Yewor =& SD is represented in by the shaded regions, and n = 3.

3.4. Correlating gelation time with metal ions
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The stability profiles of the different salts in this study closely match the Hofmeister series.?
The series categorises ions by their ability to improve or reduce protein solubility depending
on how the ion interacts with both water and the protein.?® While it was originally developed
using model proteins (albumin and serum globulin),? this series is widely accepted as a starting

point to predict solubility of many proteins, including silk.3% 3! 336

Based on the Hofmeister series, one would expect bromide, nitrate, and thiocyanate anions to
significantly delay gelation and effectively dissolve silk and in fact, this is the case in practice
for silk.>’° Similarly, the Hofmeister series predicts that citrate, phosphate, and sulphate
promote solidification. As expected, these anions do decrease silk solubility and are therefore
commonly used as coagulants in spinning baths.’” ° Furthermore, in spider silk, chloride
alongside divalent cations hypothetically prevents gelation during silk storage, while phosphate

triggers the solidification into a fibre.¢!

However, while useful, the Hofmeister series ranks anions and cations separately, making it
challenging to understand the behaviour of the salt as a whole. Therefore, this study proposes
an alternative approach that utilises a calculated value for each salt referred to as the apparent
dynamic hydration number (ADHN). ADHN was proposed as a quantitative method to explain
how water binds to ions through measuring their retention time when run through a
Sephadex® G-10 size exclusion chromatography column (Supporting Table 2).5*  ADHN
was calculated using the apparent molecular weight for a neutral salt, and the excess molecular
weight (in the form of tightly bound water molecules) obtained through the column. As the
ADHN of cations did not differ when determined with either chloride or formate salts, it was
concluded that the ADHN of strongly hydrated ions does not depend on the counter ion. This
means that weakly hydrating ions such as K™ and CI" do not influence their counter parts and

ADHN for individual ionic species could be defined. However, it also highlights the limitation
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to this approach: when there are two strongly hydrating ions. Unfortunately, experimental
values for these salts have not been explored yet. Additionally, ADHN differs from hydration
number where the total number of water molecules are considered to be part of the hydration
shell but rather the number that are strongly enough associated to behave as part of the diffusing
entity. For example, Cl has a hydration number of 6, but has a ADHN of 0, indicating that no
water molecules are tightly bound to CI". This previous work highlighted the importance of the

hydrated size of the salt in driving interactions in biological environments.

The present study builds on this work; here, we have adapted ADHN by assigning a negative
value to anion-dominant salts (Supporting Table 3). Considering salt pairs as cations and
anions competing for water offers a more complete understanding. At a positive ADHN, the
cation is strongly hydrated and the anion weakly hydrated; conversely, at a negative ADHN,
the cation is weakly hydrated while the anion is strongly hydrated. This enables the gelation
times of different salts (100mM) to be plotted against their literature ADHN (Figure 4B).
Remarkably, this plot produced a strong linear relationship for silk gelation (R>=0.98). Using
this newly discovered relationship, it is possible to predict the gelation time for any salt which
has a calculated ADHN. To demonstrate, 5 additional salts were plotted against the trendline,
leading to predicted gelation times ranging from 5 days (for potassium fluoride) to more than
45 days (for chromium (III) chloride, Figure 4B). While trivalent cations may complex with
certain functional moieties, they are unlikely to have a significant influence on the gelation
kinetics due to their low solubility and slow diffusion.®* %5 Furthermore, this relationship can
be combined with the Hofmeister series to evaluate the influence of anions and cations
alongside the whole salt pair (Figure 4A and 4C). We propose that the order of anions
presented in the Hofmeister series is useful to determine the effective range for gelation time
and beyond that, the ADHN trend can be used to determine variations within this range based

on the cation used. Just as the trendline can been used to predict gelation times of untested
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salts, the experimental values of gelation time can be used to predict the ADHN of salts. For
example, extrapolating the gelation time for MgSO4 would provide a ADHN value of ~ -1.5,

indicating that SO4> is more strongly hydrated than Mg*".

While promising, the final step in validating this model would ideally be to experimentally
measure gelation time for these salts and compare with the predicted times. However, it was
not possible to do this. Aluminium, chromium, and zinc have limited solubility at pH 7, and
potassium fluoride potentially forms hydrofluoric acid, which could chemically alter the silk
proteins (Supporting Table 3). Beyond this, the ADHN for other salts have not been published

so cannot be plotted against the trendline.

ADHN is not widely used in protein solubility studies, but this work demonstrates that there
may be value in screening more salts such as lithium bromide, ammonium sulphate, and
calcium nitrate using this method. We anticipate that lithium bromide would act similarly to
potassium bromide, exhibiting a high positive ADHN and consequently delaying gelation. In
fact, highly concentrated lithium bromide solutions are frequently used to dissolve silk.*>
Conversely, ammonium sulphate would exhibit a negative ADHN and is expected to resemble
potassium and magnesium sulphate, and thereby promotes silk gelation. Likewise, ammonium

sulphate is widely used for protein precipitation.®’->% 67
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Figure 4. Correlation of silk gelation kinetics. A) Hofmeister series, B) Experimental gelation
times of 100 mM salts in 10% RUS plotted against ADHN alongside predicted gelation time
of untested salts using trendline obtained from the tested 100mM salts. The trendline is y =
2.87x + 20.4with a R?=0.98 C) Gelation order assessed in this study, along with the number of

days taken for a 10% RUS solution containing 100 mM salts to undergo gelation.

3.4. Speculative role of metal ions in silkworm silk
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Having established that within the salt ion pair, anions are the driving force for the silk sol-gel
transition, we attempted to update the role of metal ions in native silk fibre spinning (Figure
5). Silks aquamelt behaviour would rely significantly on water to orchestrate its self-
assembly.” % 6% In this study, the high correlation between ADHN, which describes a salts
affinity to water, and gelation time indicates that the salt alters waters interaction with silk
thereby modifying the gelation speed. Traditionally, it is thought that calcium is introduced at
the anterior silk gland to help prevent premature gelation and that potassium displaces calcium
as silk approaches the spinneret.> However, our work has shown that anions are more
influential than cations in altering the gelation kinetics. Therefore, it is likely that the anions
paired with calcium and potassium within the spinning gland control the sol-gel transition, not
just the cations present. We theerise speculate that, like spider silk, chloride anions, alongside
divalent cations, may provide stability in the posterior gland while phosphate anions trigger
self-assembly into fibres in the anterior gland prior to spinning.®!: 7% 7! Although RUS contains
the proteins found in the final spun fibre, it does not fully represent silk as it exists in the gland
before spinning. Some proteins, including sericin, are initially partitioned and coat fibroin
during spinning, while in RUS, sericin and fibroin are dissolved into a mixed solution. Figure
5 represents an illustration of a theoretical update to the knowledge of ion transport in the
spinning gland based on the in vitro work presented here. It should be noted that the presence
of these anions in the spinning gland have not yet been established and therefore, determining
the relative abundance and distribution of anions in vivo could offer valuable insights into the

role of ionic regulation during silk spinning.
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Figure 5. Perspective illustration of a silkworm spinning gland divided into three parts

alongside the proposed update to the movement of ions.

4. Conclusion

This study highlights for the first time the critical role that anions play in silkworm silk
stabilisation. Like spider silks, monovalent anions such as bromide and chloride were found to
significantly stabilise silkworm silk, preventing gelation for more than a month while
multivalent anions such as sulphate and phosphate significantly accelerated gelation.
Compared with the established role of cations during natural spinning, altering the anion had a
more significant effect on gelation, suggesting that anions are more important in driving the
sol-gel transition. This work also introduces the apparent dynamic hydration number (ADHN)
as a quantitative method to compare the influence of any salt (anion/cation pair) on silk
gelation, but might be applicable to other proteins. Overall, the knowledge obtained from this
could be used to improve all facets of silk material manufacturing including silk storage,
dissolution and the development of controlled coagulation systems for improved artificial

spinning and bio printing.
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