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Abstract

Surfactants, block-copolymers, and other types of micellar systems are used in a

wide variety of biomedical and industrial processes. However, most commonly used

surfactants are synthetically derived and pose environmental and toxicological concerns

throughout their product life cycle. Because of this, bio-derived and bio-degradable sur-

factants are promising alternatives. For bio-surfactants to be implemented industrially,

they need to be produced on a large scale and also have tailorable properties that match

those afforded by the polymerization of synthetic surfactants. In this paper, a scalable
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and versatile production method for bio-surfactants based on a hydrophilic intrinsically

disordered protein (IDP) sequence with a genetically engineered hydrophobic domain

is used to study variables that impact their physicochemical and self-assembling prop-

erties. These amphiphilic sequences were found to self-assemble into micelles over a

broad range of temperatures, pH values, and ionic strengths. To investigate the role of

the IDP hydrophilic domain on self-assembly, variants with increased overall charges

and systematically decreased IDP domain lengths were produced and examined for

their sizes, morphologies, and critical micelle concentrations (CMCs). The results of

these studies indicate that decreasing the length of the IDP domain and, consequently,

the molecular weight and hydrophilic fraction, leads to smaller micelles. Additionally,

significantly increasing the amount of charged residues in the hydrophilic IDP domain

results in micelles of similar sizes, but with higher CMC values. This represents an ini-

tial step in developing a quantitative model for the future engineering of bio-surfactants

based on this IDP sequence.

Introduction

Most commercially used surfactants are derived from hydrocarbon sources, and encompass

both conventional surfactants consisting of simple ionic head groups attached to hydrocarbon

tails as well as macromolecular block-copolymers consisting of hydrophilic and hydrophobic

domains. The properties of commonly used synthetic surfactants have been heavily re-

searched and they have well-understood physicochemical properties that can be tailored

to address specific application needs.1–4 By altering the hydrophobicities, chain lengths,

charges, and geometries, the bulk self-assembly properties in a known context can be pre-

dictably modified.5–10 Unfortunately, many synthetically derived surfactants show human

or environmental toxicity due to their innate activities or those of their degradation prod-

ucts.11–13 Due to the widespread use of surfactants, there have been renewed efforts to develop

bio-derived and bio-degradable alternatives.14,15 However, large-scale production of designer
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bio-surfactants for medical or environmental purposes remains a challenge in terms of eco-

nomic viability, compared to their synthetic counterparts.16,17 Furthermore, the design rules

that govern the ability of bio-molecules to perform as surfactants are poorly understood,

which impedes the development of novel constructs with direct applications.

Intrinsically disordered proteins (IDPs) mimic the disordered nature of the polymer chains

of synthetic block-copolymers, thus making them promising building blocks for bio-derived

and bio-degradable alternatives. Unlike synthetic polymers, which generally comprise just

one or two monomeric building blocks, IDPs can be produced from a toolbox consisting of the

20 naturally occurring amino acids, each with unique hydrophobicity, charge, and aromaticity

properties. Additionally, protein-based polymers also benefit from precise monomer-level

control over polymer chain length and position —a feat that is extremely difficult to achieve in

synthetic polymerization reactions.1 One of the most commonly studied types of IDPs for bio-

material applications are elastin-like proteins (ELPs), which undergo temperature-dependent

phase transitions from monomeric proteins to globular assemblies. The temperature at which

this phase transition occurs can be altered by changing the identity of the variable amino

acid X (where X 6= P) in the repeating ELP sequence motif (VPGXG)n.18–22 Constructs

with favorable transition temperatures have been used in a wide range of applications in

drug delivery and as bio-materials.23–27 However, ELPs only constitute a small portion of all

IDP sequences, which are abundant across all domains of life and display a diverse range of

properties and functions.28,29 One such IDP is a highly hydrophilic sequence derived from the

neurofilament heavy arm side-chain protein found in human neurons (Figure 1a). This IDP

has been shown to undergo expansion and contraction in response to charge alteration by pH,

salt, and phosphorylation.30–34 Furthermore, while the IDP protein (termed 1.0-IDP from

herein) exists as a monomer at room temperature, DLS analysis over a broad range of pH and

buffer conditions indicates that the protein undergoes a thermo-responsive aggregation at

temperatures above 50 °C (Figure 1b). This behavior is similar to commonly used hydrophilic

polymers such as poly(ethylene oxide) (PEO) and ELPs.18–22,35 Using the 1.0-IDP sequence
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as a hydrophilic domain, we previously added a genetically encoded hydrophobic domain

(2Yx2A) at the C-terminus of the protein. This genetic fusion, 1.0-IDP-2Yx2A, was solubly

expressed in E. coli and after purification was found to undergo controlled self-assembly at

room temperature to form nanoscale micellar structures in all tested buffer and temperature

conditions (Figure 1c).36 Due to its ability to encapsulate hydrophobic cargo at low protein

concentrations, the 1.0-IDP-2Yx2A sequence acts as a biological mimic of synthetic block-

copolymers and possibly opens the door to a promising new class of bio-surfactants based

on this IDP sequence.

Although suitable for initial studies, the soluble expression system was not amenable

to substantial mutations to the sequence space and thus limited the analysis of factors that

impact the self-assembling properties of the micelles. By switching to an insoluble expression

system, the yield, stability, and purification process improved along with the tolerance to

multisite mutations and deletions to the sequence space, resulting in significant changes

to the protein net charge and molecular weight. The ability to alter and create a diverse

sequence space is key to developing a systematic approach to understanding how alterations

to the charge, relative hydrophobicity, and hydrophilic domain length affect the self-assembly

behavior and physicochemical properties of these IDP-based bio-surfactants.
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Figure 1: Generation of self-assembling IDP micelles. (a) The intrinsically disordered protein (IDP) domain
derived from the human neurofilament protein protrudes from the neurofilament core. The 1.0-IDP sequence
is highly hydrophilic and is largely comprised of the repetitive motif SPXEXK, where X is G, A, or V. At
neutral pH, this results in two oppositely charged residues per repeat: a negatively charged glutamic acid
(E) and a positively charged lysine (K). (b) When heated in aqueous solutions (pH 3.7-9.7, 0-200 mM PB),
the monomeric 1.0-IDP aggregates into larger structures, as observed by DLS and pyrene excimer emergence
(SI Figure 1). (c) By genetically encoding a hydrophobic 20 amino acid segment (2Yx2A) at the C-terminus
of IDP, the new amphiphilic protein 1.0-IDP-2Yx2A was found to self assemble spontaneously into ordered
micelle structures in a range of buffer and temperature conditions.

As this IDP sequence has not been extensively studied in an assembly context, the first

variables we sought to examine were the nature of the charge and length of the 1.0-IDP

sequence itself. Herein, we discuss the development of an insoluble expression and purifi-

cation platform that was used to create an array of IDP-2Yx2A mutational variants with

systematically decreasing IDP lengths while maintaining a neutral charge and the hydropho-

bic 2Yx2A assembly domain. Additionally, a "supercharged"37 variant that maintained IDP

length, but with double the overall positive charge, was also constructed. These variants

were then used to investigate the role of the IDP length and charge on physicochemical

properties such as size, morphology, and critical micelle concentration (CMC). From these

studies, several trends have emerged.
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Results and discussion

To gain access to a wider variety of mutations, while also increasing yield, and lowering the

cost of production, DNA encoding the 1.0-IDP-2Yx2A sequence was inserted into a pET-

31b(+) plasmid at the C-terminus of the inclusion body directing fusion protein KSI. A

single methionine residue was included between these regions to allow cleavage with cyanogen

bromide (CNBr, Figure 2a).38 Protein expression was carried out in LB media at 18 °C for

16-24 h after induction by 0.5 mM IPTG. Due to the insoluble nature of the KSI fusion

protein, protein purification was easily achieved as a series of centrifugation steps following

cell lysis. This resulted in an overabundance of the desired fusion protein KSI-1.0-IDP-2Yx2A

in solution when analyzed by LCMS (Figure 2b). To remove the KSI fusion tag from 1.0-

IDP-2Yx2A, CNBr was used to cleave at the single Met residue between the two sequences.

After cleavage, the desired 1.0-IDP-2Yx2A protein was soluble in aqueous conditions while

the KSI protein remained in the insoluble fraction and could be removed via centrifugation.

The level of purity typically achieved after these subsequent rounds of precipitation and

centrifugation is suitable for many applications, as it still shows assembly and surfactant

behavior (SI Figure 3). Importantly, the purification process uses minimal solvent and

is easily performed, making it amenable to scale up with protein yields between 100-300

mg/L. For this study, where precise measurements were sought, preparatory scale HPLC

was performed as additional purification step (Figure 2c). When compared with the 1.0-

IDP-2Yx2A sequence produced by soluble expression, 1.0-IDP-2Yx2A produced through this

insoluble scheme showed similar size, morphology, and stability properties when analyzed by

DLS, AFM, and pyrene fluorescence, respectively.36
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Figure 2: Insoluble expression of IDP-2Yx2A proteins. (a) The 1.0-IDP-2Yx2A is genetically encoded at the
C-terminus of KSI following a single Met residue. Purification is achieved through a series of centrifugation
and precipitation steps, followed by an optional HPLC purification step. (b) LCMS analysis of the KSI-
1.0-IDP-2Yx2A protein recovered from inclusion bodies after centrifugal purification is shown. Expected:
31132 Da, observed: 31130 Da. (c) SDS PAGE gel analysis is shown for the purification steps outlined
in (a). KSI-1.0-IDP-2Yx2A and 1.0-IDP-2Yx2A have apparent molecular weights of 40 kDa and 30 kDa,
respectively.

Using this insoluble expression and purification protocol, five additional variant variants

of 1.0-IDP-2Yx2A were produced. A positively charged version, (+)1.0-IDP-2Yx2A, was

developed by genetically replacing all the glutamic acid residues (E) in the original sequence

with lysine residues (K). This resulted in 45 total positively charged residues and an overall

charge of +45 at neutral pH. Additionally, 3 variants with decreasing IDP lengths were pro-

duced, 0.75-IDP-2Yx2A, 0.5-IDP-2Yx2A and 0.25-IDP-2Yx2A, where the IDP domains are

described as fractions of the full sequence in the naming scheme. Finally, a negative control

variant (1.0-IDP), which contains the full-length IDP domain, but no assembly region was

also expressed. This variant, which has no hydrophobic domain at its C-terminus, contains

only one aromatic residue in the entire sequence for monitoring by UV-vis (Figure 3a). While

the positively charged variant maintains a similar molecular weight and hydrophilic fraction

(molecular weight hydrophilic domain/molecular weight total protein), the variants with de-

creasing IDP lengths have a corresponding decrease in the hydrophilic fraction and the overall

molecular weight (Figure 3b). All variants were produced and isolated with a high degree of

purity and analyzed by mass spectrometry (Figure 3c). When analyzed by DLS in 100 mM

PB pH 5.7, the 1.0-IDP negative control variant showed a small distribution centered about

7.9 nm for its mean diameter, and no apparent self-assembly behavior at room temperature

(25 °C) by DLS in any analyzed conditions (pH: 1-12, phosphate buffer [x]: 0-200 mM) (SI
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Figure 2). When appended with the 2Yx2A domain, 1.0-IDP-2Yx2A showed a large increase

in its apparent diameter and size distribution, indicating self-assembly (Figure 3d). DLS

analysis was performed for all variant proteins at multiple pH values and concentrations.

While changing the overall charge of the variant showed only a slight, not significant, in-

crease in overall size and an increase in polydispersity, decreasing the IDP domain results in

a respective decrease in average mean diameter (Figure 3e). Other DLS properties were also

analyzed, including %Intensity spectra (SI Figure 6) and the averaged diffusion coefficients,

Z-averages, and polydispersity indices (SI Figure 5).
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Figure 3: Generation of IDP variants with increased charges and decreasing lengths. (a) Using the insoluble
expression and purification system, six protein constructs, including a non-assembling 1.0-IDP control, were
expressed and purified. (b) The sequences varied in charge, length, and hydrophilic content. The parent
construct, 1.0-IDP-2Yx2A, corresponds to the full length and charge-balanced 1.0-IDP domain appended with
2Yx2A. The (+)1.0-IDP-2Yx2A sequence has replaced every negatively charged E residue for a positively
charged K. The 0.75-IDP-2Yx2A5, 0.5-IDP-2Yx2A, and 0.25-IDP-2Yx2A variants have decreasing fractions
of the charge-balanced IDP domain and a corresponding decrease in mass fraction of the hydrophilic domain.
(c) Mass spectra of the purified variants: 1.0-IDP-2Yx2A expected: 17547 Da, observed: 17547 Da; (+)1.0-
IDP-2Yx2A expected: 17528 Da, observed: 17528 Da; 0.75-IDP-2Yx2A expected: 13975 Da, observed: 13974
Da; 0.5-IDP-2Yx2A expected: 10459 Da, observed: 10458 Da; 0.25-IDP-2Yx2A expected: 6929 Da, observed:
6929 Da; 1.0-IDP expected: 15110 Da, observed: 15110 Da. (d) Representative DLS spectra of 1.0-IDP-
2Yx2A and the 1.0-IDP control in 100 mM PB, pH 5.7. (e) Averaged mean diameter values determined by
DLS for each variant in 100 mM PB, pH 5.7: 1.0-IDP-2Yx2A: 28.9 ± 1.3 nm, (+)1.0-IDP-2Yx2A: 29.9 ±

6.2 nm, 0.75-IDP-2Yx2A: 21.7 ± 5.0 nm, 0.5-IDP-2Yx2A: 19.6 ± 4.9 nm, 0.25-IDP-2Yx2A: 19.1 ± 2.4 nm,
1.0-IDP: 7.9 ± 0.6 nm.

The decrease in size corresponding to a decrease in IDP length was also investigated

by atomic force microscopy (AFM). The four IDP-2Yx2A variants with decreasing lengths

and 1.0-IDP as a non-assembling control were deposited on atomically flat mica in low µM

concentrations (1-5 µM) and subsequently imaged by AFM in air using soft tapping mode

(TM-AFM). All the variants containing the 2Yx2A assembly domain showed the formation
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of small spherical particles, while 1.0-IDP alone showed no aggregation behavior. Using

a watershed segmentation method (as defined in the ISO 25178-2 standard in Mountains

Software) the maximum heights (Z-max) and diameters of the particles were obtained. Hill

motifs were detected after pre-processing the images using a 3x3 filter size. Further height

pruning was performed by merging motifs of <5% of the maximum height. The Z-max

distributions showed that with each decreasing IDP length, there was a significant decrease (p

= 0.0045 - <0.0001) in particle height between each consecutive variant. This was especially

significant in comparison to the 1.0-IDP control, with representative images shown in (Figure

4a). Although the Z-spatial resolution in AFM is high (0.1 nm), the measured height might

not reflect the actual micelle diameter as the material is chemo-adsorbed and dried on the

surface. This has resulted in a flattened structure as in other micelle systems observed by

AFM.39,40 In addition, the XY-spatial resolution depends highly on the radius of curvature

of the AFM tips, which could change upon repeated scanning. Nevertheless, soft TM-AFM

analysis allowed an approximate estimation of the assembly diameters. A comparison of

the particle diameter distributions showed better consensus with the diameters obtained by

DLS size data with only 1.0-IDP-2Yx2A being significantly larger than the other variants.

Applying the same analysis parameters to the 1.0-IDP control could not be accomplished

as no distinct particle features were observed (Figure 4b).This analysis both confirms the

formation of micelle structures for all of the IDP-2Yx2A variants containing an assembly

domain, and validates the DLS results that indicated a respective decrease in assembly size

with decreasing IDP domain length.
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Figure 4: AFM analysis of IDP variants with decreasing lengths. (a) 2D height and amplitude error
profiles showed tight packing of micelles with spherical morphologies for all variants with the 2Yx2A assembly
domain. 2D amplitude error projections highlight the layering of the taller particles on top of the closely
packed smaller particles. This effect is especially evident for the 1.0-IDP-2Yx2A variant. (b) Projection of
height profiles in 3D along with particle analysis (watershed detection method) revealed decreasing Z-max
values as IDP length decreased, p < 0.0001 for all variants, except for the transition between 0.5-IDP-2Yx2A
to 0.25-IDP-2Yx2A where p = 0.0045. All variants with the 2Yx2A domain also had significantly larger
z-max profiles than the IDP control (p < 0.0001). (c) The mean diameter in the X-Y plane for each IDP-
2Yx2A variant was determined using a watershed detection method. 1.0-IDP-2Yx2A -> 0.25-IDP-2Yx2A:
29.88± 9.36 (N = 2939), 24.98± 7.44 (N = 884), 23.24± 4.22 (N = 844), 24.8± 7.23 (N = 1855). 1.0-IDP
could not be evaluated for its mean diameter as no spherical particles were detected.

The most interesting and perhaps useful property of the IDP-2Yx2A variants is their

ability to encapsulate hydrophobic molecules into the micelle interior at low protein concen-

trations. To observe the effect of IDP length and charge on these properties, the critical

micelle concentrations (CMCs) of the IDP-2Yx2A length variants were determined by using

a solvatochromatic pyrene assay. When encapsulated in the hydrophobic micelle interior,
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pyrene exhibits a unique I3 vibronic band emission at 384 nm due to the solvatochromatic

nature of the molecule. Additionally, pyrene excimer formation (ex) at approximately 450

nm is observed when a large proportion of the pyrene in solution is encapsulated in close

proximity in the interior of the micelle.41–43 While the 1.0-IDP negative control shows no

characteristic excimer formation at any protein concentration analyzed (0 - 150 µM), when

resuspended in the same pyrene containing buffer all of the variants with the 2Yx2A do-

main exhibited prominent excimer peaks at higher protein concentrations (Figure 5a). All

variants with the 2Yx2A domain also showed the characteristic I3 band emergence at high

concentrations and its disappearance at lower concentrations as the micelles disassembled

and the hydrophobic core was disrupted. The 1.0-IDP control sample showed no I3 band

emergence at concentrations up to 100 µM (SI Figure 8). CMC values for all the variants

with the 2Yx2A domain were derived by plotting the ratio of the intensity of the I1 (372 nm)

to the I3 (384 nm) band or the I1 to the excimer (444 nm) over a range of concentrations.

This resulted in sigmoidal data plots. By fitting a logistic function to both the I1/I3 and

I1/ex data sets, the CMC values could be interpreted as either the inflection points (EC50)

or the interceptions of the rapidly changing portion of the curve with the nearly-horizontal

lower concentration regime. These values closely matched the derived EC20 value and are

what we report.? In all cases the CMC values derived form the I1/ex were lower compared

to the values derived from the I1/I3 band ratios. For all variants with the assembly 2Yx2A

domain, the CMC values calculated using either method were in the low µM range. (SI Table

3, Table 4). Notably, when comparing the pyrene fluorescence data for 1.0-IDP-2Yx2A to

those of the positively charged variant (+)1.0-IDP-2Yx2A, a significant increase in the CMC

(EC20, EC50) value was observed when calculated by both the I1/I3 (p = 0.0029, 0.0103) or

I1/ex (p = 0.00015, 0.0016, Figure 5b). While still in the µM range, the increase in CMC

for (+)1.0-IDP-2Yx2A is likely due to charge repulsion on the IDP side chain.

To determine if the harbouring of hydrophobic molecules in the micelle interior disrupted

micelle formation, DLS was performed on IDP-2Yx2A samples loaded with pyrene molecules.
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In comparison to the unloaded protein micelles, no substantial changes to the size were

observed at high protein concentrations. However, when the protein is diluted and the

pyrene concentration is kept constant, an increase in micelle size is observed for all variants.

Consistent with (+)1.0-IDP-2Yx2A having a larger CMC than the other variants, it also

swells to form larger particles in comparison to the other variants at the same concentration

(Figure 5c). This phenomenon is likely due to a swelling effect around the hydrophobic

molecule core as the concentration of protein in solution decreases relative to the hydrophobic

molecule.

One major application of bio-surfactants is as their use in the delivery and solubilization of

hydrophobic drugs. To test if an active drug molecules could also associated with the protein

micelles, 1.0-IDP-2Yx2A (5 µM) was loaded with the hydrophobic chemotherapeutic agent

SN-3844 (40 µM) and examined by AFM to determine if the size or morphology was changed

by the presence of SN-38. Indeed, spherical micelles with a similar Zmax (loaded: 5.76±1.36,

unloaded: 5.42 ± 1.84) and diameter (loaded: 25.88 ± 6.11, unloaded: 29.88 ± 9.36) were

observed, indicating that neither size nor morphology is appreciably altered by the presence

of SN-38 (Figure 5d).
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Figure 5: Encapsulation of hydrophobic molecules in the micelle core. (a) Representative fluorescent spectra
of IDP-2Yx2A variants (30-50 µM) and 1.0-IDP control (100 µM) in the presence of 2 µM pyrene buffer are
shown normalized for their emission at 394 nm. All variants except the 1.0-IDP control showed excimer
fluorescence at 450 nm, which decreased with decreasing concentration. (b) I1/I3 and I1/ex ratios derived
from the pyrene fluorescence spectra for 1.0-IDP-2Yx2A and (+)1.0-IDP-2Yx2A variants at concentrations
of 0.01-100 µM. CMC values were determined by fitting a logistic function to three independently run data
sets of both the I1/I3 ratio: 1.0-IDP-2Yx2A: (EC20, EC50) = I1/I3: (7.4 ± 0.4, 22.6 ± 1.8 µM), (+)1.0-
IDP-2Yx2A: (15.1 ± 3.7, 61.3 ± 24.9 µM), and the I1/ex ratio: 1.0-IDP-2Yx2A: (EC20, EC50) = I1/I3:
(2.3 ± 0.1, 7.7 ± 0.3 µM), (+)1.0-IDP-2Yx2A: (5.2 ± 0.8, 24.4 ± 7.3 µM). (c) DLS analysis of IDP-2Yx2A
variants loaded with hydrophobic pyrene shows that size was unaffected by the presence of 2 µM pyrene at
high protein concentrations. As protein concentration was decreased, an increase in size is observed for all
variants. (d) AFM analysis of 1.0-IDP-2Yx2A loaded with SN38 exhibits spherical micelles with Zmax and
diameter values of 5.76± 1.36 nm and 25.66± 6.11 nm, respectively.

In summary, it was found that mutations to the hydrophilic IDP domain of IDP-2Yx2A

protein micelles can impact the physicochemical properties of self-assembly. By using an

insoluble expression system, IDP-2Yx2A variants with high positive charge densities and

variable hydrophilic domain lengths were expressed and purified with ease. In contrast to

the 1.0-IDP protein alone, when the 2Yx2A hydrophobic domain was appended, self-assembly

into micelle structures was observed for all variants. As the IDP domain length is decreased,
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spherical micelle morphology was maintained, but the overall particle diameter decreased.The

ability to harbor hydrophobic molecules in the micelle interior without disrupting morphology

was further confirmed for all variants with the 2Yx2A assembly domain. Importantly, it

was found that by increasing the charge of the hydrophilic IDP domain by replacing every

gultamic acid residue with a lysine residue, the CMC value of the positively charged variant

(+)1.0-IDP-2Yx2A was significantly higher than that of the neutral IDP sequence, indicating

that this variant formed a less stable assembly likely due to charge repulsion.

This study represents a systematic approach to investigate the impact of charge and

domain length on the self-assembly of protein micelles based on this IDP sequence. Overtime,

data set such as these are envisioned to build a complete picture of the self-assembly behavior

of these IDP-based bio-surfactants. However, further studies using this diverse insoluble

expression system will aim to expand the sequence space and examine new parameters that

may influence the physicochemical properties of these bio-surfactants.
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