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Abstract

Silk fibroin is the primary protein component of the threads of Bombyx mori silkworm 

cocoons. Previous work has demonstrated that silk fibroin can self-assemble at solid-liquid 

interfaces to form dense, nanothin coatings that grow continuously from a substrate surface when 

exposed to potassium phosphate, a kosmotropic salt. Herein, the role of potassium phosphate in 

promoting silk fibroin self-assembly in solution and on surfaces is studied and compared to other 

salts on the Hofmeister series. Results show that strong kosmotropes, such as ammonium sulfate 

and potassium phosphate, promote a bimodal distribution of assembled species in solution that is 

indicative of a nucleation-growth mechanism. Interestingly, silk fibroin assemblies formed by 

potassium phosphate contain the highest β-sheet content, suggesting that phosphate-specific 

interactions play a role in silk fibroin self-assembly. In the presence of kosmotropic salts, silk 

fibroin nanoaggregates continuously accumulate at solid-liquid interfaces with varying early- and 

late-stage adsorption rates. Interfacial coatings formed in the presence of potassium phosphate are 

smooth, dense, and completely cover the underlying substrate without evidence of large-scale 

aggregation, whereas other kosmotropes generate rough, heterogeneous coatings. These studies 

thus decouple the kosmotropic effects of phosphate (via disruption of the protein hydration shell) 

from ion-specific behavior in driving silk fibroin self-assembly.

Introduction
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Silk fibroin, a protein naturally derived from the threads spun by Bombyx mori silkworms, 

is often utilized by biomedical researchers for its biocompatibility, biodegradability, and excellent 

mechanical properties1–6. Under certain conditions, this protein undergoes self-assembly, 

transitioning from a soluble protein with predominantly random coil secondary structure to an 

insoluble material rich in β-sheets7–11. Researchers have leveraged this structural transition to 

fabricate silk materials into biomedically relevant morphologies for surgical, drug delivery, tissue 

engineering, and food preservation applications1,12–17

During the natural B. mori silk spinning process, the spinning dope experiences a 

confluence of compositional changes and mechanical stresses, such as ion exchange18, solution 

acidification19,20, dehydration11, and shear flows 20–24 . Metallic cations, including K+, Na+, Mg2+, 

Cu2+, and Zn2+ increase in concentration towards the anterior of the middle division of the B. mori 

silk gland, while Ca2+ ions decrease in concentration18. The pH changes throughout the spinning 

process as well, decreasing from ~8.2 to below ~6.219, closer to the theoretical isoelectric point of 

silk fibroin (4.2)20. Collectively, these changes trigger silk fibroin self-assembly and transition the 

protein from a predominantly random coil soluble protein to β-sheet rich material. 

On a benchtop setting, B. mori silk fibroin self-assembly is often triggered by treating the 

protein with methanol or ethanol, promoting β-sheet formation by dehydrating the protein 

backbone2,7,9,25–29. A less commonly utilized but more biomimetic route towards triggering silk 

fibroin assembly ex vivo leverages phosphate anions9, which have been found to play a role 

promoting β-sheet formation of spidroins during spider silk spinning30.  Phosphate is considered a 

kosmotropic ion, positioned on the Hofmeister series ahead of acetate and citrate and behind sulfate 

in its ability to precipitate (salt out) proteins31. The salting out behavior of kosmotropes is 

conventionally attributed to their favorable interaction with water molecules32–35, which disrupts 
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the hydration layer surrounding proteins and promotes intra- and inter-protein interactions. The 

ability of phosphate to promote self-assembly and β-sheet formation has been demonstrated using 

naturally derived and recombinant spidroins27,36–39. Studies have shown that kosmotropic ions, 

including phosphate, acetate, and citrate, induce liquid-liquid phase separation in spidroin solutions, 

resulting in protein-rich droplets that create hierarchically organized silk fibers enriched with β-

sheets upon acidification and mechanical drawing36,37,40. More specific investigations into the role 

of phosphate, which increases in concentration along a spider’s spinning duct, have suggested that 

phosphate pre-orders spidroins by affecting the ring packing of tyrosine residues flanking β-sheet-

forming polyalanine regions36. Other studies have suggested kosmotropic ions also encourages 

aggregation of C-terminal domains, potentially by driving hydrophobic interactions and tyrosine 

ring stacking within the linker region of the C-terminal domain40. 

The effect of kosmotropic ions on silk fibroin self-assembly is far less understood, and 

phosphate has not been identified in the natural B. mori spinning process. Nevertheless, this topic 

merits study, as kosmotropic ions such as phosphate can offer a biocompatible route towards 

creating tunable silk fibroin materials for a variety of biomedical applications. For example, 

Lammel et al. utilized concentrated potassium phosphate to prepare silk fibroin particles for drug 

delivery, demonstrating control over size, morphology, and secondary structure of the protein 

particles9. Recent work in our lab has demonstrated that a mild phosphate buffer can trigger self-

assembly of silk proteins at a solid-liquid interface into adherent and defect-free nanothin coatings. 

Our work demonstrated that both the recombinant dragline spidroin eADF4(C16)41 and naturally 

derived B. mori silk fibroin42–44 can form continuously growing coatings via phosphate-induced 

interfacial self-assembly without requiring covalent chemistry, surface activation (e.g. high energy 

radiation or plasma treatment), or specific surface chemistry or geometry. We found that these 
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coatings form by a two-stage process that leverages non-specific protein-surface adhesive 

interactions in combination with cohesive protein-protein interactions44. We also demonstrated 

that these coatings are a robust and versatile method for modifying cell-surface interactions41,42 

(i.e. increasing nerve cell adhesion and neurite extension, preventing bacteria attachment) and for 

creating drug-eluting bioactive surfaces43. Structural analysis of phosphate-induced silk fibroin 

self-assembly at surfaces and in solution strongly suggest that phosphate promotes β-sheet 

formation44. However, it remains unclear whether the nature of this behavior is simply kosmotropic 

(i.e. hydration of kosmotropic ions by water, leading to dehydration of the silk fibroin chains) or 

whether there exists a phosphate-specific effect. Here, we explore the role of phosphate in silk 

fibroin self-assembly in solution and on surfaces by evaluating its effects against the effects of 

other salts on the Hofmeister series.

RESULTS AND DISCUSSION

Silk Fibroin Solution-Phase Assembly in Kosmotropic Salts

Though the position of a salt on the Hofmeister series is generally intended to indicate how 

readily it precipitates proteins from solution, exact positioning is often protein-dependent, as ions 

can have varying affinities for interacting with proteins through charge-charge interactions, direct 

backbone binding, or bridging31,45,46. Dynamic light scattering (DLS) was used to characterize the 

solution-phase assembly and stability of silk fibroin in the presence of various Hofmeister salts. 

Strong chaotropic salts, such guanidine thiocyanate and lithium bromide, disrupt the 

intermolecular interactions required for self-assembly to occur and are commonly used to dissolve 

silk fibroin into aqueous solutions2,12,14,47. Therefore, this study is confined to kosmotropic salts 

and “neutral” salts - salts that do not display strong kosmotropic or chaotropic behavior. The salts 

selected in this study were chosen to span across the kosmotropic and neutral (center) sections of 
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the Hofmeister series. In particular, potassium phosphate and ammonium sulfate are commonly 

used in downstream bioprocessing for protein isolation. We also examined potassium sulfate as a 

comparison against potassium phosphate (anion effect) and sodium phosphate as a comparison to 

potassium phosphate (cation effect), though prior studies investigating salt-induced phase 

separation of recombinant spidroins showed that the cationic species did not affect the outcome37. 

Consistent with these studies, Dicko et al. showed that Na+ and K+ cations induce similar changes 

in protein structure when investigating the role of cations in spidroin collected from Nephila edulis 

spiders48 . We also work with dilute silk fibroin solutions (0.05 wt%) compared to other published 

studies of silk fibroin self-assembly, as we have found that dilute concentrations lead to improved 

shelf stability and coating formation. 

Silk fibroin in the presence of kosmotropic salts, such as potassium phosphate, sodium 

phosphate, ammonium sulfate, potassium sulfate, and acetic acid, forms a bimodal distribution of 

assembled sizes indicative of a nucleation-growth aggregation mechanism (Figure 1 and S1). The 

presence of a smaller species, ranging from approximately 25 – 40 nm in diameter, is modulated 

by salt concentration. These smaller species are consumed at higher salt concentrations to form the 

larger, presumably inactive (not able to form coatings) protein aggregates. This bimodal 

distribution of assembly sizes is illustrated in Figure S2; sizes below 200 nm are considered the 

small, active species, whereas sizes above 200 nm are considered large, inactive aggregates. To 

determine the position of a salt on a silk fibroin specific Hofmeister series, the salt concentration 

is simply increased until a precipitation event occurs. Ranking the kosmotropic salts tested, the 

concentrations required to precipitate silk fibroin in ascending order are potassium sulfate (~225 

mM), potassium phosphate (~250 mM), ammonium sulfate (~275 mM), sodium phosphate (>300 

mM), and acetic acid (>800 mM). The ability of kosmotropic salts to promote solution-phase 
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assembly is not surprising, as they promote hydrophobic intermolecular interactions by disrupting 

the hydration shell surrounding the protein.
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Figure 1: Silk fibroin solution-phase assembly diameters measured by DLS in (A & B) potassium 
phosphate, (C & D) ammonium sulfate, (E & F) potassium sulfate, and (G & H) acetic acid buffer. 
Solution pH 5 and silk fibroin concentration of 0.5 mg/mL for all conditions shown. All kosmotropic 
salts form two distinct populations in solution; assembly diameter is shown as green bars and 
distribution percentage is shown by the blue line. (Left) Small, active assemblies that participate in 
coating formation. (Right) Large, inactive aggregates that do not participate in coating formation. 
Assembly diameters are reported as the mean (n = 4) of the distribution and the error bars represent 
standard deviation.
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With neutral salts, such as calcium chloride, potassium chloride, and sodium chloride, silk 

fibroin shows solution-phase stability up to 1.5 – 2 M before a precipitation event occurs (Figure 

2). These three salts form a relatively monodisperse population of silk fibroin assemblies in the 15 

– 25 nm diameter range. Neutral salts, lacking strong kosmotropic character, do not necessarily 

disrupt the hydration shell of the protein until multi-molar concentrations, resulting in solution 

phase stability of silk fibroin at much higher concentrations. Studies of silk fibroin isolated from 

the glands of B. mori silkworms have shown that Ca2+ may induce network formation by bridging 

the carboxyl groups, and that K+ may disrupt network formation by competing for carboxyl groups 

Figure 2: Silk fibroin solution-phase assembly diameters measured by DLS in (A) calcium chloride, 
(B) potassium chloride, (C) citric acid buffer, and (D) sodium chloride. Solution pH 5 and silk fibroin 
concentration of 0.5 mg/mL for all conditions shown, except for citric acid buffer which is tested at 
various pHs. No large aggregates were present for any neutral salt solution tested, indicating a lack of 
solution-phase stability. Assembly diameters are reported as the mean (n = 4) of the distribution and 
the error bars represent standard deviation.
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and by ionic shielding49,50. However, these effects were not obvious in our studies, which utilized 

hydrolyzed (i.e. lower molecular weight and higher dispersity) silk fibroin and did not examine 

rheological behavior. The absence of large-scale aggregation indicative of a nucleation-growth 

mechanism suggests that there is minimal solution-phase assembly in response to potassium 

chloride, calcium chloride, sodium chloride, and citric acid in our system. While the diameter of 

the silk fibroin assemblies does slightly increase with salt concentration, this occurs over hundreds 

of millimolar and is likely the result of complete screening of the electric double layer and 

hydrophobic interactions between proteins at multi-molar salt concentrations. Citric acid deviated 

from the chloride salts and promoted the formation of a slightly larger silk fibroin assembly (~25 

- 35 nm diameter) concentrations over an order of magnitude lower than what is observed with 

chloride salts (~0.05 M vs ~1.5 M). However, this effect is highly variable with solution pH. This 

solution-phase assembly into slightly larger structures may be due to the potential for citric acid to 

form hydrogen bonds with the protein backbone. Citric acid has previous been used to crosslink 

protein hydrogels through hydrogen bonding via a nucleophilic substitution reaction with the 

protein backbone51,52. Due to the apparent solution-phase assembly observed for all the 

kosmotropic salts tested as well as the citric acid buffer, these salt solutions are evaluated for their 

ability to promote continuous protein accumulation at the solid-liquid interface. 

Phosphate Promotes the Highest β-Sheet Content

Previous published work by our group has shown that β-sheet formation drives the 

association of solution-phase silk assemblies and effectively crosslinks neighboring surface-bound 

protein assemblies44. Therefore, the secondary structure of silk fibroin assembles formed in 

kosmotropic salts that promote continuous adsorption were measured using ATR-FITR after 24 

hours of assembly. Deconvolution peak fitting and residuals of the raw ATR-FTIR spectra can be 
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found in Figure S3 – S6. Figure 3 shows that silk fibroin in the presence of potassium phosphate 

forms the highest content of β-sheets at 33.6 ± 5.3%. Sodium phosphate also promoted a similar 

level of β-sheet formation (Figure S7 & S8). The β-sheet content of silk fibroin in ammonium 

sulfate, potassium sulfate, and acetic acid buffer is roughly the same at 13.7 ± 5.8%, 15.9 ± 5.5%, 

and 15.0 ± 4.4%, respectively. This data also shows the significant increase in β-sheet content for 

silk in potassium phosphate is likely formed at the expense of random coil/α-helix content, in 

agreement with literature7–11. Interestingly, β-sheet content does not follow the trend of 

kosmotropic strength of the salts tested, suggesting that phosphate-specific effects play a role in 

silk fibroin self-assembly.

Figure 3: Overall secondary structure content of solution-phase silk fibroin in various kosmotropic 
salts ± standard deviation. Potassium phosphate significantly increases β-sheet content, despite not 
being the most kosmotropic salt. Increase in β-sheet content occurs at the expense of random coil/α-
helical structures. No significant difference in secondary structure content between ammonium sulfate, 
acetic acid buffer, and potassium sulfate. *p < 0.05 (One-way ANOVA w/multiple comparisons, 
Tukey’s post-test).
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Kosmotropic Salts Promote Continuous Silk Fibroin Coating Assembly

Quartz crystal microbalance with dissipation (QCM-D) was used to measure coating 

kinetics in kosmotropic and neutral salts selected from the Hofmeister series. To promote 

continuous protein accumulation at the interface, the adsorption jamming limit of silk fibroin 

adsorption must be surpassed. For example, Figure 4A shows coating kinetics of silk fibroin in 

NaCl and citric acid solutions. These neutral salts do not promote continuous interfacial 

accumulation of silk fibroin, as surface saturation occurs roughly at 3000 ng/cm2. Silk fibroin in 

citric acid buffer was measured at one concentration but at four different solution pHs (3, 4, 5, and 

6). Despite each of these solution conditions promoting different solution-phase assembly 

diameters (Figure 2C), the coating kinetics are nearly identical, illustrating the size of the solution-

phase assemblies formed is not necessarily predictive of continuous interfacial assembly. 
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Figure 4B shows silk fibroin coating kinetics in kosmotropic salts, demonstrating that 

potassium phosphate, potassium sulfate, ammonium sulfate, and acetic acid buffer all promote 

continuous protein accumulation at the solid-liquid interface, as indicated by linear mass 

deposition past the initial adsorption stage. Interfacial silk fibroin accumulation kinetics in the 

presence of kosmotropic salts can be defined by two regions: an early-stage where the surface is 

empty and adsorption is driven by protein-surface interactions, and a late-stage once the substrate 

is completely covered and further accumulation is governed by protein-protein interactions. We 

hypothesize that salts must promote a balance between protein-surface and protein-protein 

interactions for coating growth to occur. To quantitatively compare the early- and late-stage 

Figure 4: Silk fibroin adsorption kinetics measured using QCM-D in various salt solutions. (A) Neutral 
salts (e.g., sodium chloride, citric acid buffer) do not promote continuous adsorption at the solid-liquid 
interface. CAB is an abbreviation for citric acid buffer. (B) Kosmotropic salts promote continuous silk 
fibroin adsorption, surpassing the jamming limit of silk fibroin adsorption shown in (A). Figure inset 
shows a close-up of the early-stage adsorption kinetics in (B). Early- and late-stage adsorption kinetics 
are dependent on the kosmotropic salt in solution.
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adsorption kinetics promoted by these kosmotropic salts, a two-stage interfacial assembly model 

developed in previous work by our group is fitted to the data44. Briefly, the two-stage interfacial 

assembly model (Equation S1) can account for the continuous, non-saturating accumulation of 

protein at the interface, a phenomenon not adequately described by other adsorption models in 

literature. From this model, we extract two parameters to characterize adsorption kinetics: the 

early-stage adsorption rate constant, KaC (ng/cm2s), representing protein-surface interactions, and 

the late-stage adsorption rate constant, Kss (ng/cm2s), representing protein-protein interactions. 

The model fits and residuals can be found in Figure S9 – S12 The early-stage absorption rate 

constants extracted from the QCM-D data in descending order are acetic acid buffer (138.2 ± 18.0 

ng/cm2s), ammonium sulfate (94.0 ± 16.8 ng/cm2s), potassium sulfate (75.9 ± 17.2 ng/cm2s), and 

potassium phosphate (14.5 ± 1.8 ng/cm2s). Conversely, the late-stage adsorption rate constants are 

nearly identical for ammonium sulfate (0.7 ± 0.0 ng/cm2s), potassium sulfate (0.7 ± 0.1 ng/cm2s), 

and potassium phosphate (0.6 ± 0.1 ng/cm2s); acetic acid buffer is the only outlier (0.3 ± 0.0 

ng/cm2s).

Since the early- and late-stage adsorption rate constants represent protein-surface and 

protein-protein interactions, respectively, hypotheses can be made about how these kosmotropic 

salts promote one interaction over the other. Acetic acid, the least kosmotropic salt tested in this 

set, promotes the fastest early-stage and slowest late-stage adsorption kinetics. This implies acetic 

acid buffer does not promote sufficiently strong protein-protein interactions, as coating formation 

in the late-stage is governed by these interactions. While there is little difference in the late-stage 

adsorption kinetics between potassium phosphate, ammonium sulfate, and potassium sulfate, the 

early-stage adsorption rates vary substantially. It can reasonably be postulated that the late-stage 

adsorption kinetics within this coating process simply has an upper limit due to solution-phase 
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aggregation. To promote faster late-stage adsorption kinetics, stronger protein-protein interactions 

would be required, but this would push the system into favoring solution-phase aggregation 

(Figure 1) rather than interfacial adsorption, thus disfavoring early-stage adsorption all together. 

Alternatively, it is the difference in early-stage adsorption kinetics that lends deeper insight 

into the mechanism of silk fibroin interfacial assembly. It may be expected that a greater extent of 

solution-phase self-assembly, promoted by a more kosmotropic salt, would inhibit early-stage 

coating formation, as smaller, more hydrophobic species diffuse faster to a surface and more 

readily adopt protein-surface adhesive interactions. However, based on our DLS results, potassium 

sulfate is the most kosmotropic salt tested, yet it does not promote the slowest early-stage 

adsorption kinetics. Potassium phosphate, the second most kosmotropic salt in this analysis, 

promotes the slowest rate of adsorption in the early stage. The increased β-sheet content formed 

by potassium phosphate in relation to the other salts is likely responsible for the slower early-stage 

adsorption kinetics. If simply promoting stronger hydrophobic protein-protein interactions through 

a kosmotropic disruption of the protein hydration layer does not result in decreasing early-stage 

adsorption kinetics, it suggests a unique behavior induced by potassium phosphate. In the presence 

of potassium phosphate, silk fibroin may preferentially form intramolecular β-sheets, favoring 

hydrogen bonding interactions within the protein assemblies rather than interacting with the 

surface or neighboring assemblies at early timepoints. If silk fibroin formed more intermolecular 

β-sheets, this might result in potassium phosphate promoting faster late-stage adsorption kinetics 

compared to other kosmotropic salts, though this is not observed. A significant increase in 

intermolecular β-sheet formation would likely lead to increased solution-phase aggregation and a 

reduction in both early- and late-stage adsorption kinetics.

Potassium Phosphate Promotes Formation of Smooth, Complete Surface Coverage Coatings
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Analysis of the secondary structures promoted by various kosmotropic salts suggests that 

silk fibroin assemblies may interact with surfaces and neighboring surface-bound assemblies 

differently. It can be reasonably hypothesized that kosmotropic salts which promote less overall 

β-sheet content may not result in the same coating surface structure that is formed in the presence 

of potassium phosphate. AFM height images of silk fibroin coatings formed in potassium 

phosphate, ammonium sulfate, potassium sulfate, and acetic acid buffer after 24 hours of exposure 

to the coating solution are presented in Figure 5. TiO2 was used as a substrate to characterize silk 

fibroin adsorption as this material is commonly used for biomedical devices, but it brings the 

challenge of distinguishing the substrate from the globular silk fibroin assemblies deposited on the 

surface. For all four conditions tested, it is not obvious from the AFM images how to distinguish 

between absorbed protein and exposed substrate. Qualitatively, it appears that there may be 

substrate left exposed in the coatings formed by ammonium sulfate, potassium sulfate, and acetic 

acid buffer. To quantitatively determine the difference between adsorbed protein and underlying 

substrate, masks were applied to the whole image and portions of the image where there appears 

to be holes in the coating to calculate surface roughness (Figure S13).
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Surface roughness of full and partial sections of the protein coatings, determined by root 

mean square measurements (RMS), was calculated and compared to the surface roughness of the 

bare TiO2 substrate. The RMS determined from the full image mask for silk fibroin coatings 

formed in ammonium sulfate, potassium sulfate, and acetic acid buffer were calculated to be 3.71 

nm, 2.17 nm, and 2.50 nm, respectively, all resulting in rougher surfaces than the bare TiO2 

substrate (1.03 nm). RMS analysis of the hypothesized exposed substrate portions of the same 

coatings were calculated to be 1.21 nm, 1.23 nm, and 1.47 nm for ammonium sulfate, potassium 

sulfate, and acetic acid buffer, respectively. While the portions of these coatings are rougher than 

the overall RMS of the bare TiO2, this analysis suggests coatings formed in these three kosmotropic 

salts do not promote uniform coating formation and likely have portions of the underlying substrate 

exposed to solution. It should be noted the AFM cantilever used had a 30 nm tip diameter; a sharper 

Figure 5: AFM height images of silk fibroin coatings formed in potassium phosphate (middle top), 
ammonium sulfate (right top), acetic acid buffer (middle bottom), and potassium sulfate (bottom right). 
Potassium phosphate promotes smooth, uniform globular surface topography. All other kosmotropic 
salts form coatings with exposed underlying substrate (TiO2, left) and are not as uniform. 
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tip would allow for more accurate measurements within small holes of the protein coatings. The 

silk fibroin coating formed in potassium phosphate had a calculated RMS of between 0.71 and 

0.77 nm, nearly 30% smoother than the bare substrate. Additionally, no portion of the underlying 

substrate was found to potentially be exposed, in agreement with prior AFM work examining the 

surface structure of silk fibroin coatings formed in potassium phosphate44.  

Another key distinction of silk fibroin coatings formed in ammonium sulfate, potassium 

sulfate, and acetic acid buffer is the presence of large protein aggregates on the surface (Figure 

S14). These aggregates are anywhere from ~500 nm to multiple micrometers in diameter, large 

enough to clearly see with the optical microscope used to align the AFM laser onto the cantilever, 

and the bare eye. These aggregates likely form in solution before landing on the surface, as large-

scale aggregation in the coating solution is observed after 24 hours of assembly for these three 

kosmotropic salts. No large-scale aggregates have been observed on silk fibroin coatings formed 

with potassium phosphate, indicating the solution-phase and interfacial assembly promoted by 

potassium phosphate is a more controlled process. These observations align with the secondary 

structure analysis shown in Figure 3; potassium phosphate promotes a higher β-sheet content, 

likely intramolecularly, thus internalizing the hydrophobic domains of the protein during this 

structural transition where they do not participate in an uncontrolled aggregation event at coating 

concentrations. Additionally, once the protein assemblies absorb to the surface, the higher β-sheet 

content may allow for neighboring assemblies to interact cohesively, allowing the assemblies to 

pack closer together and more fully cover the underlying substrate.

CONCLUSION AND FUTURE WORK
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Our studies investigate the self-assembly behavior of silk fibroin in response to various 

ions on the Hofmeister series. Our results suggest that phosphate plays a unique role in the 

secondary structure transition of silk fibroin, promoting nearly double the β-sheet content formed 

by other kosmotropic salts. We further explore whether continuous coating self-assembly by silk 

fibroin is driven by a kosmotropic dehydration of the protein or a phosphate-specific effect. 

Kosmotropic ions, such as phosphate, sulfate, and acetate, can promote continuous accumulation 

of silk fibroin on a surface. Salts that do not have strong kosmotropic or chaotropic effects, such 

as chloride salts and citrate, lead to conventional protein adsorption phenomena, where 

accumulation saturates rapidly. Coatings formed using potassium phosphate are smooth and 

completely cover the underlying substrate, whereas coatings formed using sulfate and acetate salts 

are patchy and are populated with large surface aggregates. The intermolecular interactions 

promoted by potassium phosphate, likely the hydrogen bonding required to form β-sheet 

structures, is hypothesized to impart lateral cohesive interactions between surface-bound proteins, 

allowing the silk fibroin assemblies to pack tightly together and completely cover the surface. 

Overall, this work highlights the unique effect of phosphate on silk fibroin self-assembly and 

points to a phosphate-specific self-assembly in solution and at solid-liquid interfaces. Future work 

will focus on elucidating the mechanism by which phosphate ions interact with silk fibroin at the 

molecular scale. 

MATERIALS AND METHODS

General Coating Solution Preparation: Commercially purchased silk fibroin (MW ~ 100 

kDa, extracted and purified from B. mori silk fibers, Advanced Biomatrix, CA, USA) is 

centrifuged at 8400 rcf for 30 minutes to remove insoluble protein aggregates. Protein 

concentration is determined using the A280 method on a NanoDrop One Spectrometer 
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(ThermoFisher, MA, USA) assuming 1 ABS = 1 mg/mL. This assumption is valid to the 

polydispersity of the protein sample caused by hydrolysis during the degumming process53. 

Coating solutions are prepared by diluting silk fibroin to 0.5 mg/mL (unless otherwise stated) into 

ultrapure water and desired salt solutions. Solutions are carefully mixed to avoid shear-induced 

self-assembly. All solutions are buffered or titrated to pH 5 unless otherwise specified. For 

unbuffered salt solutions, coating solution pH is adjusted using small amounts of dilute HCl and 

NaOH while gently stirring with a Mettler Toledo pH probe. The following materials are used in 

this study: ammonium sulfate (Fisher scientific, ACS Grade ≥ 99%), potassium sulfate (Fisher 

scientific, ACS Grade ≥ 99%), potassium phosphate monobasic (Sigma-Aldrich, ACS Grade ≥ 

99%), potassium phosphate dibasic (Fisher scientific, ACS Grade ≥ 98%), sodium phosphate 

monobasic monohydrate (Sigma-Aldrich, ACS Grade ≥ 98%), sodium phosphate dibasic (Sigma-

Aldrich, ACS Grade ≥ 99%), glacial acetic acid (Spectrum Chemical, ACS Grade, 99.7%), sodium 

acetate (Sigma-Aldrich, ACS Grade, ≥ 99%), and silk fibroin (Advanced Biomatrix, 100k kDa).

Attenuated Total Reflectance – Fourier Transform Infrared Spectroscopy (ATR-FTIR): 

Silk fibroin secondary structure content was calculated using FITR on a Vertex 70 Spectrometer 

(Bruker MA, USA) equipped with a Bruker Platinum attenuated total reflection (ATR) diamond 

crystal cell. Wavenumbers 800 – 3200 cm-1 were collected with 128 scans and resolution of 4 cm-

1. The prepared silk fibroin solutions were allowed to self-assemble at room temperature under 

gentle shaking (60 rpm) for 24 hours. Approximately 30 µL of silk fibroin solution was measured 

on the ATR-FTIR crystal for each trial; new solution was used for each trial. To determine the 

secondary structure content of the silk protein, we followed a protocol by Yang et al.54 using the 

second derivative analysis. In this protocol, the identical Gaussian peaks were assigned to the local 

minima of the second derivative of the ATR-FTIR spectra. The number of initial peaks, and the 
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location of the starting wavenumbers, were determined for each individual spectra from the 

number and locations of local minima of the second derivative of the spectra. Multipeak 

deconvolution of the amide I spectra (1600 – 1700 cm-1) using Igor Pro 8 (WaveMetrics Inc. OR, 

USA) was employed to iteratively fit the Gaussian peaks to the original spectra. Peak heights, 

widths, and locations were allowed to iterate without constraints until the software converged to a 

solution. The secondary structure content was calculated from the percent area under the 

deconvoluted peaks within specified secondary structure ranges. Peak assignments were based on 

Lammel et al.9: β-sheets were assigned to the ranges of 1610 – 1635 cm-1 and 1695 – 1700 cm-1, 

random coil/α-helices were assigned to 1635 – 1666 cm-1, and β-turns were assigned to 1667 – 

1695 cm-1. All averaged values contain 4 replicates unless otherwise specified. Statistical analyses 

were performed using GraphPad Prism 9.3.1.

Dynamic Light Scattering (DLS): Protein aggregate diameters were measured using an 

Anton Paar Litesizer 500 Particle Analyzer. All solvents and buffers, except the protein stock 

solutions, were filtered using 0.2 µm polyethersulfone (PES) syringe filters prior to measurement 

to reduce dust contaminants. Silk fibroin solutions were prepared with the filtered solutions and 

allowed to self-assemble at room temperature; the samples were initially mixed then allowed to 

equilibrate for approximately 30 minutes. The samples were loaded into the DLS and allowed to 

equilibrate for 2 minutes prior to measurement to ensure thermal equilibrium; all studies were 

completed at 25°C. Experimental parameters such as number of scans, filtering, and focus were 

automatically determined by the software for individual samples to increase quality of signal. A 

scattering angle of 90° was used for all samples. Reported results are volume-weighted averages 

(n = 4 replicates) as reported from the Kalliope software (2.18.0). Error bars represent the standard 

deviation between the averages of the replicates. Silk fibroin self-assembly forms a bimodal 
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distribution of sizes; small assemblies are any species below 200 nm in diameter, whereas large 

aggregates are considered any species above 200 nm. Representative samples of silk fibroin 

assembly distributions are shown in Figure S2 to illustrate bimodal distribution of assembly 

diameters.

Atomic Force Microscopy (AFM): AFM height images were collected using non-contact 

dynamic mode on a Vista One (Molecular Vista Inc, CA, USA) using Photo-induced Force 

Microscopy (PiFM). AFM cantilevers used are NCH-PtIr PiFM cantilevers with a tip radium of ~ 

30nm. Height images were collected at 256 or 512 pixels, and scanning parameters such as 

scanning speed, setpoint, and gain were optimized for each individual image. 

Quartz Crystal Microbalance (QCM-D): Coating formation is evaluated using a Biolin 

Scientific Q-Sense E-4 series quartz crystal microbalance with dissipation monitoring (QCM-D). 

Coatings are measured on TiO2 coated AT-cut crystal sensors (QSX 310) and cleaned according 

to manufacturer specifications. Briefly, the sensors are immersed in 1% Hellmanex II for 30 

minutes at room temperature, rinsed with water and dried with N2, followed by UV-Ozone 

treatment for 10 minutes immediately prior to use. Coating experiments are conducted at 25°C and 

a flow rate of 250 µL/min (Re ~ 1); flow rate was determined experimentally to not allow for 

convection-limited transport. All solutions are degassed prior to experiment to prevent bubble 

formation in flow modules. Data is collected with QSoft 401 software and imported into QSense 

Dfind data fitting software for viscoelastic modeling55. All coating kinetic curves presented are 

extracted from the viscoelastic modeling package. Early- and late-stage adsorption rate constants 

(kaC and kss, respectively) are determined through fitting our two-stage interfacial assembly model 

(Equation S1). The uncertainty is reported at 1 standard deviation (n = 3 replicates).
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