
 

Old polymers for new tricks: structure and function of protein-
polymer surfactant biohybrids
Citation for published version (APA):
Atkins, D. L. (2020). Old polymers for new tricks: structure and function of protein-polymer surfactant biohybrids.
[Phd Thesis 1 (Research TU/e / Graduation TU/e), Chemical Engineering and Chemistry]. Technische
Universiteit Eindhoven.

Document status and date:
Published: 22/04/2020

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://research.tue.nl/en/publications/7de918f9-ae71-4134-b091-100fc7b8ac57


 
 
 
 
 

Old polymers for new tricks: 
Structure and function of protein-polymer surfactant biohybrids  

 
 
 

PROEFSCHRIFT 
 
 
 

ter verkrijging van de graad van doctor aan de Technische Universiteit Eindhoven, 
op gezag van de rector magnificus prof.dr.ir. F.P.T. Baaijens,  

voor een commissie aangewezen door het College voor Promoties, in het 
openbaar te verdedigen op woensdag 22 april 2020 om 16:00 uur 

 
 
 

door 
 
 
 

Dylan Luke Atkins 
 
 
 

geboren te Newcastle, Australië 
 



Dit proefschrift is goedgekeurd door de promotoren en de samenstelling van de 
promotiecommissie is als volgt:  
 
 
voorzitter:   prof.dr. R.P. Sijbesma 
1e promotor:   prof.dr.ir. I.K. Voets 
2e promotor:   prof.dr.ir. J.C.M. van Hest 
leden:   prof.dr. S. Salentinig (Université de Fribourg) 
  prof.dr. A. Herrmann (RWTH Aachen) 
  prof.dr. P.P.A.M. van der Schoot  
adviseur:  dr. R.J. de Vries (WUR) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Het onderzoek of ontwerp dat in dit proefschrift wordt beschreven is uitgevoerd in 
overeenstemming met de TU/e Gedragscode Wetenschapsbeoefening. 



 

 

 

 

 

 

 

 

 

 

 

 

 

In memory of my dad 

And a celebration of my mum  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cover design: Laura Woythe and Dylan Atkins 

Printed by: ADC Nederland 

 

A catalogue record is available from the Eindhoven University of Technology Library. 
ISBN: 978-90-386-5025-8 

 

This work was financially supported by the European Union (ERC-2014-StG Contract No. 
635928) and Dutch Ministry of Education, Culture and Science (Gravity Program 
024.001.035). 



Table of Contents 
 

 

i 

Table of Contents 

1 Introduction 1 

 1.1 Structure and self-assembly of proteins 1 

 1.2 Proteins are biomacromolecular machinery powered by water 3 

 1.3 Enzymes are useful but unstable machinery 3 

 1.4 PEGylated proteins as a gold standard in therapeutic stability 4 

 1.5 Beyond covalent PEGylation 6 

 1.6 Surfactants as functional polymers to prepare biohybrids 9 

 1.7 Protein-polymer surfactant biohybrids 12 

 1.8 Aim and Outline 15 

 1.9 References 18 

     

2 Tandem catalysis in multicomponent solvent-free biofluids 26 

 2.1 Introduction 27 

 2.2 Results and Discussion 28 

  2.2.1 Biohybrid preparation and characterization 28 

  2.2.2 Multi-enzyme biofluids for solvent-free tandem 
catalysis 31 

 2.3 Conclusion 36 

 2.4 Experimental Section and Supplementary Discussions 37 

  2.4.1 Protein-polymer surfactant biohybrid preparation 37 

  2.4.2 Protein solvation computation 38 

  2.4.3 Protein surface electrostatics computation 38 

  2.4.4 Thermogravimetric analysis 39 

  2.4.5 Differential scanning calorimetry 40 

  2.4.6 Optical microscopy 42 

  2.4.7 Temperature-dependent rheology 43 

  2.4.8 Circular dichroism spectroscopy 44 

  2.4.9 X-ray scattering data acquisition, reduction and 
analysis 44 

  2.4.10 Kinetics of biohybrids 46 

  2.4.11 Synthesis and characterization of carboxylated Brij® 
L23 (C12EO22) 48 

  2.4.12 Synthesis and characterization acetylated glucose 
(AcGl) 50 

 2.5 References 53 

     



Table of Contents 
 

 

ii 

3 Liquefaction and enhanced activity of covalently PEGylated 
proteins 56 

 3.1 Introduction 57 

 3.2 Results and Discussion 59 

  3.2.1 Synthesis of covalent and non-covalent protein-
polymer surfactant hybrids 59 

  3.2.2 Solution-state structure and morphology 60 

  3.2.3 Enhanced activity afforded by an anisotropic corona 64 

  3.2.4 Liquefaction of covalent biohybrids 66 

  3.2.5 Hierarchical bulk-structures 67 

 3.3 Conclusion 70 

 3.4 Experimental Section and Supplementary Discussions 71 

  3.4.1 Biohybrid preparation 71 

  3.4.2 X-ray scattering data acquisition, reduction and 
analysis 72 

  3.4.3 Circular dichroism spectroscopy 74 

  3.4.4 Kinetics assays using large biomacromolecular 
substrates 75 

  3.4.5 Differential scanning calorimetry 76 

  3.4.6 Polarized optical microscopy 77 

 3.5 References 78 

     

4 Protease compartmentalization promotes stability against 
denaturants and offers protection to enzymes against 
proteolysis 81 

 4.1 Introduction 82 

 4.2 Results and Discussion 83 

  4.2.1 Preparation and liquefaction of a protease biohybrid 83 

  4.2.2 Solution-state structural characterizations 84 

  4.2.3 Proteolytic activity towards small molecular substrates 86 

  4.2.4 Bioactivity and proteolytic protection of large 
biomacromolecular substrates 88 

 4.3 Conclusion 90 

 4.4 Experimental Section and Supplementary Discussions 91 

  4.4.1 Protease biohybrid preparation 91 

  4.4.2 Differential scanning calorimetry 91 

  4.4.3 Thermogravimetric analysis 92 

  4.4.4 X-ray scattering data acquisition, reduction and 
analysis 93 



Table of Contents 
 

 

iii 

  4.4.5 Circular dichroism spectroscopy 96 

  4.4.6 Kinetics assays using small-molecule substrate 96 

  4.4.7 Kinetics assays using large biomacromolecular 
substrates 99 

 4.5 References 104 

     

5 Towards (precision) encapsulation of discrete oligomers using 
polymer surfactants 107 

 5.1 Introduction 108 

 5.2 Results and Discussion 109 

  5.2.1 Preparation and characterization of UOX biohybrids 109 

  5.2.2 Resolving the activity of biohybrid enzymes 111 

  5.2.3 Future work: an alternative approach to surfactant 
conjugation 115 

 5.3 Conclusion 116 

 5.4 Experimental Section and Supplementary Discussions 117 

  5.4.1 Biohybrid preparation 117 

  5.4.2 X-ray scattering data acquisition, reduction and 
analysis 117 

  5.4.3 Kinetics assays of biohybrid enzymes 119 

  5.4.4 pH-dependent kinetics assays of UOX 119 

  5.4.5 Static light scattering data acquisition, reduction and 
analysis 120 

 5.5 References 122 

     

6 Perspectives 124 

 6.1 Storage and formulation of biopharmaceuticals 125 

 6.2 Biopharmaceutical delivery and trafficking 126 

 6.3 Biocatalysis in harsh environments 128 

 6.4 References 131 

     

 Summary 134 

     

 Curriculum Vitae 137 

     

 List of Publications 138 

   

 Acknowledgements 139 
 



 

 



 
 

Chapter 1 

Introduction 

 

1.1 Structure and self-assembly of proteins 

Proteins are without question the most complex, and structurally and functionally diverse 
biopolymers known. In an evolutionary context, these features have been developed and 
optimised over billions of years, which has engendered elegant solutions to problems such 
catalysis, signalling, and transport. The capacity for individual proteins to perform their 
function is underpinned by the structural conformations which they adopt. Nature achieves 
this through a bottom-up design approach of producing polypeptides with specific and 
unique amino acid sequences (primary structure) for each protein. 

Long chains of amino acids (polypeptides) consist of a repeating sequence of atoms (a 
backbone) with functional side chains which, at the simplest level, can be considered to be 
either hydrophilic or hydrophobic (Figure 1.1). For globular proteins, the hydrophobic effect 
is crucial if not directive for protein assembly, and amounts to an aggregation of 
hydrophobic side chains in ubiquitous solvent water. The α-helix and β-sheet structural 
patterns (secondary structures) are pervasive throughout biology, and are typically formed 
through networks of weak (non-covalent) interactions involving hydrogen bonding, ionic 
interactions, and van der Waals attractive forces. While these individual interactions are 
weak, their networks of many interactions are strong, facilitating the tight folding of 
polypeptides into functional structures. Together, these energetic considerations generally 
sum to a polypeptide adopting a final overall conformation (tertiary structure) in which its 
free energy is minimized. In many instances, functional higher-order assemblies are 
constructed from multiple folded polypeptides. 
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Figure 1.1. a) Polypeptide backbone with hydrophilic and hydrophobic sidechains collapses into a 
hydrophobic core with solvent-exposed sidechains. b) α-helix and c) β-sheet secondary structures are 
formed by networks of interactions. d) The overall adopted conformation is the tertiary structure of 
a protein (e.g. Myoglobin, pdb 1YMB1). e) Higher-order assemblies such as the homotetrameric barrel 
of urate oxidase can be formed from folded polypeptides (pdb 3L8W2). Figure adapted with 
permission from3. 
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1.2 Proteins are biomacromolecular machinery powered by water 

Although polypeptide chains adopt an energetically preferred conformational structure – 
they are far from static, with protein dynamics playing a crucial role in permitting activity.4 
It is useful to consider proteins as functional biomacromolecular machinery, with 
synchronous motions operating over many length- and time-scales.5 However, the protein 
alone is passive.6 Crucially, its slow, large-scale motions and shape fluctuations are powered 
by fluctuations of the bulk solvent in a diffusive manner.7–9 The fast and small-scale motions 
such as ligand migration are then powered by fluctuations in the hydration shell.10,11 In this 
way, a protein can be considered to be slaved to solvent motions. 

The dependence of solvent motions for protein dynamics is supported by a minimum 
degree of hydration h (a weight ratio of water to protein) which is suggested to be required 
(h ∼ 0.2, approximately a monolayer of hydration) for activity if large-scale shape 
fluctuations are not essential.12 This is probably much larger (h > 1) for many proteins. 
However, it is also speculated that a proteins surface topology may be evolutionary honed 
to direct the organisation of waters, effectively perturbing their fluctuations.13 This suggests 
proteins are in fact architects of their own hydration shell, exploiting it in order to 
orchestrate motions to a degree which is favourable for their function.14 So, who is slave to 
who? What remains clear is the crucial and pervasive role of water in facilitating motion for 
the biomacromolecular machinery to operate. 

1.3 Enzymes are useful but unstable machinery 

Enzymes are proteins with the remarkable biocatalytic power to mediate a broad landscape 
of chemical conversions with exquisite control. This has long been thought to derive from 
their preorganization of active sites, enabling them to stabilise transition states of chemical 
reactions and thereby lowering the activation energy.15 However, there are many examples 
of enzyme conformational changes throughout a catalytic cycle,16–19 which facilitate 
processes like substrate binding, catalysis, and product release. Whilst it is accepted that 
dynamics play a role in the precise positioning of active site residues,20 the participation of 
protein conformational fluctuations on the  chemical conversion step itself remains highly 
controversial.21–33 Despite this, the necessity for small and large scale fluctuations for 
enzymatic catalysis is clear. 

Due to their capacity to catalyse a broad scope of chemical transformations with regio- and 
stereo-selectivity, enzymes are increasingly attractive for industrial integration.34–36 
However, the poor stability of biocatalysts in often harsh industrial settings such as high 
temperature and pressure, extreme pH, or a non-aqueous reaction environment, is a key 
barrier toward their implementation.37–40 To this end, many strategies have been developed 
aiming to enhance the thermodynamic and kinetic stability of biocatalysts including protein 
engineering, chemical modifications, as well as immobilization, entrapment or 
encapsulation.37,40,41 However, increased stability and tolerance to adverse reaction 
environments via post-translational engineering strategies often comes at the cost of 
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decreased catalytic potency or substrate specificity. Further, protein engineering strategies 
are protein specific, expensive, and suffer significant lag time. 

Whilst enzyme implementation in bioindustries is increasing, biopharmaceutical industries 
have seen explosive growth recently compared to traditional synthetic small-molecule 
therapeutics.42 This is because biologics such as antibodies, peptides, and proteins can 
operate with high specificity while typically inducing little immune response for a broad 
spectrum of diseases.43–45 Whilst promising, a key hindrance to the broad implementation 
of therapeutics is their chemical and structural stability, and the requirement for an 
effective means of delivery.46–49 A well-implemented and broadly explored strategy to 
overcome this challenge is the covalent tethering of polyethylene glycol (PEG) to biologics 
(PEGylation), which offers increased solubility, proteolytic tolerance, and enhanced 
bioavailability and biodistribution.50–53 

1.4 PEGylated proteins as a gold standard in therapeutic stability 

PEGylation has historically been implemented via covalent conjugation approaches. 
Examples of early PEGylation (< 5 kDa) approaches are crude, with poor site selectivity, 
toxicity, and unstable linkages.53 For example, cyanuric chloride (2,4,6-trichloro-s-triazine) 
activated PEG was first shown to react with catalase and bovine serum albumin (BSA) in a 
non-specific manner, reacting with Lys/Ser/Tyr/Cys/His residues (Figure 1.2).54–56 This could 
be improved by incorporation of branching, for example implementation of PEG2 triazine, 
which improved selectivity toward Lys/Cys residues.50,57 Crucially, branching was found to 
improve PEGylation by requiring lower grafting densities to achieve similar 
bioavailabilities.54,58 

The need for next-generation PEG reagents is primarily driven by the requirement for higher 
molecular weights (> 20 kDa), as well as improving overall conjugate activity, site-selectivity 
and stability. These are typically based upon reagents with N-terminal, thiol, or amino acid 
specific targets.50,53 For example, N- hydroxysuccinimide head groups (PEG-NHS) favourably 
bind to accessible primary amine (Lys) residues, and have been successfully combined with 
asymmetric branched substitutions. In general though, complete conjugation of all 
accessible Lys residues is uncommon. This leads to a mixture of products modified at 
different positions, as well as with different total degrees of conjugation. Efforts to target 
less common surface-accessible amino acids such as Cys are promising,59 and there also 
exists tremendous opportunity for combinatorial approaches of protein engineering 
coupled with post translational modifications.60 
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Figure 1.2. a) Early example of PEGylation (primary amines in proteins, H2N-R) achieved using PEG-
dichlorotriazine, b) branching to achieve PEG2-chlorotriazine improved PEGylation effectiveness, c) 
Modern PEGylation is residue specific, such as the asymmetric 1,2-substituted PEG-N-
hydroxysuccinimide (PEG2-NHS) for Lys residues. 

Crucially, PEGylation strategies do not typically impart large conformational changes in 
protein secondary structures compared to their native counterparts,61–64 with conflicting 
reports regarding its effect on thermal tolerance of proteins.65–68 To date, there are at least 
12 marketed examples of PEGylated drugs. These vary in PEG size and employ both first and 
second generation conjugation approaches described above, as well differing in their 
resultant graft density and distribution.53 Further benefits of PEGylation include the 
stabilisation of oligomers such as the enzyme urate oxidase (uricase), a tetrameric barrel 
assembly with inactive monomers given that the active sites are formed by the binding 
interfaces.5 A large degree of dissociation of the barrel occurs upon deviation from the 
optimum pH of 8.8, with inactive monomers exclusively observed near the isoelectric point 
(pH 5.8).69,70 PEGylation (PEGuricase®/Krystexxa®) was observed to enhance the acidic 
tolerance of the functional oligomeric assembly, presumably due to a compressive effect of 
the PEG corona.53 

To date, the scope of covalent polymer-conjugated biopharmaceuticals has moved far 
beyond PEGylation, with two distinct chemical approaches having been reviewed 
extensively. These are the standard “grafting to” approach consisting of polymer 
conjugation post-polymerization, and a “grafting from” approach, which involves the initial 
grafting of a functional initiator for polymerization directly from the protein surface.71–79 
Currently, there are many rationally-designed approaches under investigation for the 
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replacement PEGylation, which can be broadly defined by their architecture, and 
degradability (Figure 1.3).78,79 

 

Figure 1.3. Examples of alternatives to PEG currently in use and development. PCB, 
poly(carboxybetaine); POZ, poly(2-oxazoline); PVP, poly(vinylpyrrolidone); pHPMA, poly(N-
hydroxypropyl)methacrylamide); pNAcM, poly(N-acryloylmorpholine); pPEGMA, poly(poly(ethylene 
glycol) methyl ether methacrylate); PG, poly(glycerol); PGA, polyglutamic acid; PSA, polysialic acid; 
HES, hydroxyethyl starch. Figure reproduced with permission from78. 

1.5 Beyond covalent PEGylation 

Supramolecular conjugation offers a means to overcome the challenges associated with 
covalent PEGylation. These approaches enable specific, tuneable, and reversible 
conjugation of polymer through motifs which exploit soft interactions such as van der 
Waals, hydrogen-bonding, π–π interactions, hydrophobic interactions, or metal chelation.80 
For example, the noncovalent PEGylation of insulin was achieved using macrocyclic host-
guest chemistry involving PEG functionalised cucurbit[7]uril (CB[7]-PEG) and the aromatic 
N-terminal Phe residue (Figure 1.4).81 This approach favourably improved insulin stability 
and bioavailability while not directly modifying the therapeutic entity. Further, click 
chemistry approaches offer a straightforward means to substitute PEG for the other 
polymers.82 This would enable proteins to be endowed with new prosthetic functionalities 
whilst retaining a common surface conjugation approach. Together, a modular approach 
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and a vast library of available molecular tools will enable protein-specific solutions to 
supramolecular conjugation for therapeutics and the development of biomaterials. 

 

Figure 1.4. Site-specific supramolecular PEGylation of insulin performed using PEG functionalised 
cucurbit[7]uril (CB[7]-PEG) and the aromatic N-terminal Phe residue. Figure adapted with permission 
from81. 

While PEG provides advantageous features to biologics, there are also many drawbacks 
associated with its use in pharmaceuticals such as reduced binding affinities of substrate.82 
This has motivated a search for alternatives to PEG for pharmaceuticals and broader 
therapeutics.83 For example, the zwitterionic polymer poly(carboxybetaine) (pCB) 
outperforms PEG in terms of resistance to non-specific protein adsorption from blood 
serum and plasma.84 This is because pCB is charge-dense yet overall charge-neutral, 
facilitating the strong ionic structuring of water and creating a super-hydrophilic domain.85 
This feature has also been exploited for the preparation of highly non-fouling surfaces.86,87 
pCB has resultantly been exploited as an alternative to PEG for enzymes such as α-
chymotrypsin, which outperformed PEGylation with respect to retained substrate binding 
affinities, while still affording enhanced stability of the protein (Figure 1.5).88 
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Figure 1.5. a) Relationship between the enzyme α-chymotrypsin and hydrophobic peptide substrate 
in the absence of polymer conjugation. b) PEG is amphiphilic which reduces the hydrophobic-
hydrophobic driving force for the substrate-binding site interaction, as well as inducing steric 
hindrance. c) The polyzwitterion pCB is super hydrophilic and draws water away from the hydrophobic 
active site, effectively shifting the equilibrium in favour of hydrophobic-hydrophobic substrate-
binding site interactions. Figure adapted with permission from88. 

The incorporation of biologics into functional materials is also of strategic interest in 
therapeutic settings. This is beginning to be achieved via engineering of biomimetic, 
responsive, and hierarchical materials, which are promising approaches to solve currently 
unmet and future demands. By now, a rich texture of biomaterial examples exist which 
encompass supramolecular conjugation strategies and functional polymeric prosthetics.80 
Crucially, this combinatorial approach offers control over material properties in a reversible, 
tuneable, dynamic and modular fashion, with opportunity to exploit or reproduce signalling 
and structural cues (Figure 1.6). Ultimately, this approach serves as a diverse toolbox which 
promises immense opportunity to meet our current and future requirements of 
biomaterials. 
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Figure 1.6. Examples of the ways in which supramolecular biomaterials could interplay with biologics 
(such as a cell, shown here) in biomedical applications. a) The nature of the affinity between molecular 
recognition motifs is tuneable. b) Conserved self-assembling motifs and variable bioactive groups are 
examples of the ‘mix and match’ approach afforded by supramolecular design approaches. c) 
Responsive cues can be incorporated into supramolecular materials in physiological domains, such as 
enzyme-degradable segments. d) Structural and/or functional biomimicry can be engineered by 
incorporation of motifs which interact with cell receptors, initiating intracellular signalling cascades. 
Figure reproduced with permission from80. 

1.6 Surfactants as functional polymers to prepare biohybrids 

Many proteins are denatured when mixed with surfactants. As such, polymeric amphiphiles 
(consisting of hydrophilic head and hydrophobic tail domains) are overlooked as appealing 
components to prepare protein-polymer conjugates. However, their amphiphilic nature 
facilitates solubilisation in, and interaction with a broad spectrum of polar or non-polar 
media. Similar to proteins, surfactants also self-assemble into segregated micellar phases 
above their critical micelle concentration (cmc) due to the hydrophobic effect. This can lead 
to the construction of a range of self-assembled structures with the potential for 
organization over many length scales. Crucially, their molecular architecture (i.e. packing 
parameter) can be extensively manipulated to tune their hierarchical assemblies (Figure 
1.7).89 Owing to their amphiphilic nature and straightforward synthesis, polymeric 
surfactants have been produced in abundance over many decades for use in a host of 
applications from mineral processing, to cosmetics and food technology.90 
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Figure 1.7. Schematic representation of hierarchical surfactant self-assembled structures. The 
surfactant phase is highly tuneable, and can be extensively manipulated by altering the molecular 
architecture. Figure adapted with permission from91. 

While the amphiphilic nature of surfactants affords a powerful handle over the controlling 
phase behaviour of materials, it is also a primary mediator in surfactant-assisted 
disassembly of proteins. However, not all surfactant architectures lead to the denaturation 
of proteins. Similarly, many proteins are far more susceptible than others to denaturation 
by polymeric amphiphiles.92–94 For example, ionic (anionic and cationic) surfactants typically 
denature proteins with excellent efficiency, often at concentration far below the surfactant 
cmc. However, neutral (non-ionic and zwitterionic) surfactants generally do not unfold 
proteins, with few notable exceptions.95,96 Further, mixtures containing multiple types of 
polymeric amphiphiles can have non-trivial interactions with proteins, for which the fate of 
a protein is difficult to predict. For example, the non-ionic alcohol ethoxylate alone was 
shown to denature the protease Subtilisin A, whilst in mixed surfactant formulations its 
presence led to conserved enzymatic activity. 94 The propensity for neutral surfactants 
containing block alkyl-ethylene oxide compositions to refold SDS-denatured proteins has 
since been probed,97,98 for which the nature of interactions between surfactant species and 
protein was only very recently resolved in detail (Figure 1.8).99 
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Figure 1.8. Sketch showing the complex unfolding and refolding pathways afforded by mixtures of 
anionic (SDS) and non-ionic (C12E8) surfactants on β-lactoglobulin (βLG). Unfolding occurs in three 
steps: i) clustering of SDS and βLG, ii) disaggregation of complexes into individual SDS micelles and 
asymmetric distribution of an unfolded βLG and micelle, iii) symmetric redistribution of the unfolded 
βLG around the micelle. Refolding is relatively slow and complex, also occurring in three steps: i) a 
portion of unfolded βLG de-binds from SDS micelles, ii) while more unfolded βLG begins to de-bind, 
the already de-bound fraction are slowly refolded, iii) all of the unfolded β-LG is de-bound and 
refolded. Not indicated are additional changes in aggregation states of species along the refolding 
pathway. Figure reproduced with permission from99. 

Given the complex nature of protein-surfactant interactions, what then could be gained by 
using surfactants instead of PEG or other homopolymers to prepare protein-polymer 
conjugates? Interestingly, the liquefaction of nucleic acids and charged nanoparticles has 
been achieved by electrostatic conjugation with oppositely charged block surfactants 
comprising an alkyl-poly(ethylene) oxide (alkyl-PEO) composition.100–103 These peculiar 
solvent-free hybrid materials displayed hierarchical order and thermotropic phase 
behaviour (Figure 1.9). Further investigations revealed DNA-surfactant liquid crystal 
materials could effectively be produced by selection of surfactant constituent.104–107 
Crucially, these insights support the construction of biohybrid mixed materials with peculiar 
hierarchical order directed by their surfactant constituent. 
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Figure 1.9. Solvent-free DNA-surfactant melts display a phase transition between liquid crystal and 
isotropic liquids. a) Lamellar bilayer architecture constructed from a DNA sublayer and an 
interdigitated surfactant sublayer. b) Corresponding polarized optical microscopy (POM) image of the 
DNA-surfactant mesophase showing well-defined focal-conic textures of smectic layers. c) Disordered 
DNA-surfactant isotropic liquid phase. d) Corresponding POM image shows the absence of 
birefringent textures. Scale bar is 100 μm. Figure reproduced with permission from107. 

1.7 Protein-polymer surfactant biohybrids 

Recently, polymer surfactants have also been electrostatically conjugated to proteins to 
engender a new class of protein-based biohybrid material with remarkable properties. This 
is achieved in a two-step manner, which first involves the cationic supercharging of proteins 
through covalent modification of solvent-accessible acidic (Asp/Glu) residues via EDC-
mediated coupling of 3-(dimethylamino)-1-propylamine (DMAPA). The subsequent mixing 
of anionic polymer surfactant and supercharged protein results in the coordination of 
hydrophilic surfactant domains to the protein surface, amounting to the nanoencapsulation 
of single proteins (Figure 1.10). Curiously, in the total absence of solvent (or hydration 
waters), ferritin-surfactant constructs underwent anisotropic melting to produce 
viscoelastic liquids.108 Further, the solvent-free biomaterial could access a liquid-crystal 
regime, and behaved as a Newtonian fluid above 40 °C with a remarkably high 
decomposition temperature exceeding 400 °C. 
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Figure 1.10. Schematic illustration of two-step protocol for preparation of protein-surfactant 
biohybrids. Solvent accessible acidic (Asp/Glu) residues of the protein are covalently modified via EDC-
mediated coupling of DMAPA. This endows a protein with an overall cationic supercharged surface, 
to which anionic polymer surfactant can be electrostatically grafted. The alkyl-PEO block architecture 
of the surfactant carboxylated Brij®L23 (C12EO22) is also clarified.  

The stabilization of proteins at a large volume fraction and access of liquid-like phase 
behaviour in the total absence of a solvent is surprising. This is because at sufficiently large 
protein volume fraction (with conserved structure) a crystalline phase can be expected. At 
intermediate and lower volume fractions, proteins are notoriously difficult to stabilize,46,47 
and are susceptible to phase separation due to changes in environmental conditions such 
as temperature, salts, and pH. For example, protein-based mixed coacervates in the human 
eye lens are metastable and susceptible to crystallization induced cataracts.109,110 The effect 
of polymer surfactant on the protein-phase behaviour is thought to be related to the 
entropically unfavourable compression of polymer chains, as well as a reduction of van der 
Waals forces due to refractive index similarities of the protein and surfactant.111,112 In this 
way, the solid-state positional order of freeze-dried proteins can be overcome, and new 
protein-based bulk phases can be produced. Given that polymer surfactant remains 
specifically bound to the protein after melting,108 the thermally-induced collapse and 
expansion of polymer chains from a branch point may be analogous to the melting of star 
polymers.111 

In the total absence of solvent or hydration waters, protein-surfactant biohybrids can 
display retained functionality. Free-flowing myoglobin-surfactant liquids (Figure 1.11) were 
extensively employed as a model protein in preliminary investigations to showcase the 
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stabilization of metalloproteins with coordinated cofactors. To this end, the reversible 
binding of dioxygen and other gaseous ligands could be achieved by the protein-liquid.113 
Further, redox transitions up to 60 °C were probed,114 and the biohybrid material could be 
doped with LiPF6 to improve conductivity up to 150 °C.115 Peculiarly, the thermally-induced 
unfolding of myoglobin in the solvent-free state was also reversible upon heating and 
cooling cycles up to 155 °C.116 The unusually high thermal stability and persistence of protein 
folding was ascribed to entropic contributions associated with macromolecular crowding 
and confinement. Subsequent re-folding behaviour in the absence of a hydration shell was 
expected to be possible due to interaction between the surfactant hydrophilic domain and 
the protein surface. Indeed, elastic incoherent neutron scattering experiments revealed 
protein motions which qualitatively matched those observed in solution.117 This revealed 
that a flexible polymer surfactant corona could in fact replace hydration waters, and 
reinstate the small scale fluctuations of myoglobin. With this insight, functional solvent-free 
biofluids were also constructed using lipases derived from Thermomyces lanuginosus and 
Rhizomucor miehei. These also displayed retained activity through hydrolysis of small 
hydrophobic substrates up to 150 °C (Figure 11).118 

 

Figure 1.11. a) Gravity induced flow of solvent-free myoglobin-surfactant liquid at 60 °C after 5 s, and 
b) 10 s. c) Optic microscopy image showing the Rhizomucor miehei lipase-surfactant biofluid and 
desiccated liquid p-nitrophenyl butyrate substrate after contact, and d) after 30 min at 80 °C. e) Optic 
microscopy image showing the Thermomyces lanuginosus lipase-surfactant biofluid and desiccated 
solid p-nitrophenyl palmitate after contact, and f) after 24 hr at 50 °C. The lipase-mediated cleavage 
of pNP is confirmed by the development of yellow colour, scale bars 800 μm. Figure adapted with 
permission from113,118. 

Owing to their surfactant corona, protein biohybrids can also be effectively resuspended in 
water and dispersed (without aggregation) in a range of new solvents. The peroxidase-like 
activity of haemoglobin-surfactants constructs was resultantly improved compared to the 
unmodified protein in acetonitrile, ethanol and isopropanol.119 Subsequent investigations 
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revealed that stability in a range of solvents was afford by a dielectric responsive surfactant 
corona which could reorganize and assemble its block domains (Figure 1.12).120 This could 
even be extended to both hydrophilic and hydrophobic ionic liquids, for which resuspension 
of myoglobin-surfactant constructs improved the thermal denaturation temperature by up 
to 55 °C.121 More recently, this approach vastly improved the solvent-induced promiscuous 
conversion of cellulose by β-glucosidase-surfactant biohybrids in ionic liquids.122 

 

Figure 1.12. Molecular dynamics simulations of protein-surfactant conjugates reveal dielectric 
responsive polymer coronas. a) Hen egg-white lysozyme-surfactant biohybrid in water, or b) 
acetonitrile. c) Myoglobin-surfactant biohybrid in water, or d) acetonitrile. Molecular models indicate 
a patchy coverage of surfactant in aqueous environments with collapsed alkyl domains (red) shielded 
from water by PEG domains (blue). In acetonitrile the surfactant corona expands and reorientates to 
expose alkyl domains to the bulk environment, with PEG chains shielding the protein surface. Figure 
adapted with permission from120. 

1.8 Aim and outline 

Proteins are adapted to perform a broad range of functions with exquisite control, making 
their implementation into industrial and therapeutic settings an exciting opportunity. 
Unfortunately, their narrow windows of structural and functional stability can be prohibitive 
to their application. A general strategy toward improvement upon the stability regimes of 
proteins is the construction of protein-polymer conjugates. In this context, polymeric 
amphiphiles are generally not explored due to their expectation to inactivate proteins. 
Surprisingly, polymer surfactants can indeed be exploited for preparation of protein-
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polymer surfactant biohybrid materials. In fact, electrostatically-derived biohybrid 
nanoconjugates display a remarkable set of properties such as liquid-like behaviour in the 
total absence of a solvent (or hydration) and extremely high thermal stability. However, the 
development of these protein-based biomaterials were limited to model systems, and their 
underlying structure-function relationships were poorly understood. Therefore, the aim of 
this thesis is to construct a range of protein-polymer surfactant biohybrids from 
mechanistically diverse enzymes in order to elucidate the impact of their structure and 
function in both aqueous and solvent-free environments. 

In Chapter 1 we introduce proteins as polypeptides whose function is totally dependent on 
their precise self-assembly and dynamic motions across a range of length- and time-scales. 
In this way proteins are viewed as biomachinery, and ubiquitous solvent water is also 
introduced as mediator of the dynamic behaviour of proteins. Given that proteins evolved 
over millennia to optimally perform in their native environment, it is also unsurprising that 
chemical and structural instabilities lead to deactivation outside of these conditions. A well-
implemented strategy to improve upon the stability and performance of proteins in 
industrial and therapeutic settings is the development of protein-polymer conjugates. 
Therefore, much of the introduction is also dedicated to reviewing polymer architecture 
and conjugation approaches for engineering new complexity and functionality in protein-
based biomaterials. In this context, polymeric amphiphiles (i.e. surfactants, consisting of 
hydrophilic head and hydrophobic tail domains) are overlooked as appealing components 
to prepare protein-polymer conjugates and for use in formulations due to their typical 
expectation to deactivate proteins. However, a simple trick can be applied in order to 
stabilize protein-polymer surfactant biohybrids with a remarkable set of properties, and the 
current state of the art of this exciting field is reviewed. 

In Chapter 2, the approach of stabilizing model proteins by incorporation of a polymer 
surfactant corona is extended to three mechanistically diverse (in dynamic behaviour and 
function) enzymes. Importantly, this showcases the generality of the approach to prepare 
biohybrid nanoconjugates, and details of their core-shell architecture are elucidated. In the 
total absence of a solvent (or hydration) a polymer surfactant corona facilitates liquid-like 
behaviour for each biohybrid. In a stepwise manner, solvent-free biofluids of increasing 
complexity with respect to the addition of new biosynthetic components are constructed, 
and it is demonstrated that each enzyme can operate in tandem for multi-step chemical 
processes. Crucially, these insights suggest that a polymer surfactant can in fact act as 
surrogate to mediate protein stability and activity in the absence of water. 

Previous approaches to preparation of solvent-free biofluids have employed electrostatic 
combination of polymer surfactant and the desired (oppositely-charged) bio-constituent. 
This can be problematic for various reasons. For example, surface charge density and 
distribution can be essential for the structure, organization, and hence function of biologics. 
The high density grafting of polymer surfactant in a reasonably uncontrolled manner brings 
great difficulty in investigating the structure-function relationships of biohybrids. Further, 
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the construction and stability of biohybrid materials can be largely dependent on 
environmental conditions such as salt, pH and temperature. In Chapter 3 an alternate 
covalent-conjugation approach is introduced for the preparation of biohybrid 
nanoconjugates, and the structural and functional consequence of this approach is 
explored. Conjugation of fewer polymer surfactants still facilitated preparation of solvent-
free biofluids, but these had favourably lower melting-temperatures than their 
electrostatically-derived counterparts. In aqueous environments, a dense polymeric corona 
impedes bioactivity of enzymes with large substrates such as cells. The novel conjugation 
approach was also able to impressively overcome this limitation. 

In Chapter 4 we prepare a biosynthetic variant protease and characterise its structure, 
morphology and solvent-free properties. In the solution-state, we show that small-molecule 
peptide substrate can access the protease catalytic site of caged proteases, whilst larger 
substrates such as other proteins can be efficiently protected from proteolysis by a steric 
exclusion. This approach is versatile, and can alternatively be applied to package a 
secondary protein for protection against proteolysis. We show that in general, 
nanoencapsulation with polymer surfactant offers a versatile platform for stabilising 
formulations of mixtures containing typically inactivating anionic surfactants and various 
classes of proteins. 

In Chapter 5 we set out to develop a therapeutically relevant model biohybrid 
nanoconjugate from the enzyme urate oxidase (uricase) for treatment of gouty arthritis. In 
the solution-state, we show that manipulation of surface electrostatics to prepare biohybrid 
nanoconjugates perturbs the dimeric and tetrameric assembly of uricase, and results in 
deactivation of the protein. Whilst a direct conjugation approach appears to be favourable 
toward conservation of oligomeric assembly, the resultant biohybrids are also inactive. 
Through a series of kinetics and scattering assays, we reveal that deactivation likely occurs 
due to the environmental conditions under which the biohybrids are prepared. We instead 
propose the chemical modification of a surfactant to facilitate conjugation under alkaline 
conditions, wherein the uricase oligomer should remain stable functionally assembled. 

In Chapter 6 we offer a brief perspective on the outcomes of this thesis and the surprising 
compatibility of proteins and anionic polymer amphiphiles. In doing so, we primarily discuss 
the contributions of biohybrid protein-polymer surfactant conjugates to therapeutics and 
in industrial settings. Initially, the potential viability of biohybrid proteins for their high 
volume fraction and room-temperature storage, as well as the stabilization of liquid 
formulations. Additionally, we review recent examples which exploit polymer surfactants 
for the delivery of proteins to stem cells and their trafficking in vitro. Finally, we showcase 
the ability of surfactants to stabilize proteins in self-contained and multifunctional biofluids, 
displaying impressive thermal tolerance and processability in ionic liquids.  
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Chapter 2 

Tandem catalysis in multicomponent solvent-free biofluids 

 

Abstract 

Enzymes are widely employed to reduce the environmental impact of chemical industries 
as biocatalysts improve productivity and offer high selectively under mild reaction 
conditions in a diverse range of chemical transformations. The poor stability of 
biomacromolecules under reaction conditions is often a critical bottleneck to their 
application. Protein engineering or immobilization onto solid substrates may remedy this 
limitation but, unfortunately, this is often at the expense of catalytic potency or substrate 
specificity. In this work, we show that the combinatorial approach of chemical modification 
and supramolecular nanoencapsulation can endow mechanistically diverse enzymes with 
apparent extremophilic behavior. A protein–polymer surfactant core–shell architecture 
facilitates construction of increasingly complex biofluids from individual biosynthetic 
components, each of which retain biological activity at hydration levels almost two orders 
of magnitude below solvation. The herein constructed multifunctional biofluids operate in 
tandem up to 150 °C and in the total absence of solvent under apparent diffusional mass-
transport limitation. The biosynthetic promotion of extremophilic traits for enzymes with 
diverse catalytic motions and chemical functions highlights the extraordinary capacity for a 
viscous surfactant milieu to replace both hydration and bulk waters. 
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2.1 Introduction 

The application of enzymes in biotechnology is dependent upon their performance in often 
harsh processing conditions such as high temperature and pressure, extreme pH, or a non-
aqueous reaction environment.1 Whilst biocatalysts offer an extremely diverse range of 
accessible reactions with extensive substrate specificities, limiting factors to their 
commercial implementation are often poor stability and activity under industrial processing 
conditions.1,2 Various strategies have been developed to address these critical bottlenecks, 
including protein engineering,3 chemical modifications,4 and immobilization, entrapment or 
encapsulation.5 However, increased stability and tolerance to adverse reaction 
environments via post-translational engineering strategies often comes at the cost of 
decreased catalytic potency or substrate specificity. 

Extremozymes (enzymes derived from extremophiles) showcase an evolutionary honed 
tolerance to conditions which are considered hostile to life.6,7 Consequently, extremozymes 
have been touted as ideal candidates for use as industrial biocatalysts.8,9 This motivated 
considerable interest in extremophile discovery, especially for the isolation and 
characterization of extremophilic enzyme variants for potential industrial 
application.10,11 Further, cultivation methodologies for the large-scale expression of 
extremozymes have been developed.9,11 To date however, these are still less developed 
than conventional expression systems, and typically require conditions which mimic the 
natural environment of the extremophile. An alternative approach aims to understand in 
detail the specific structure–function adaptations of extremozymes to rationally re-design 
selected enzymes to enhance their tolerance to harsh environments.12–14 The use of 
homology modelling between TLP-ste (a thermolysin-like protease from Bacillus 
stearothermophilus) and thermolysin to engineer an enzyme resistant to boiling14 is a 
prominent example showcasing the translational success of this route, which has also 
served to advance our understanding of the stabilizing mechanisms of extremozymes. 
Disadvantageously however, this strategy is protein-specific, suffers significant lag-time and 
consequently is expensive. 

Protein–polymer surfactant biohybrids in the form of self-contained solvent-free biofluids 
have been evidenced to greatly enhance the stability and activity of mesophile-derived 
biocatalysts.15,16 Pioneering work by Perriman et al. (2010) revealed that solvent-free 
myoglobin biohybrids exhibited activity at extremely low hydration levels up to unusually 
high temperatures.16 Elastic incoherent neutron scattering experiments evidenced that this 
is because a polymer surfactant corona can act as a substitute for hydration waters, 
mediating motions which closely resemble those observed in the hydrated state.17 Similarly, 
substrate solubility, mass transport and catalytic activity were reported for solvent-free 
biofluids in a broad temperature range from the onset of melting at approximately Tm ∼ 30 
°C up to 150 °C.18 

Herein we report on the construction of a quasi-ternary biofluid, composed of three 
mechanistically diverse and mesophile-derived enzymes, which displays tandem catalytic 
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behavior under solvent-free conditions (Figure 2.1). We created the mixed self-contained 
biofluids from horseradish peroxidase (HRP), glucose oxidase (GOx), and Thermomyces 
lanuginosus lipase (TLL), each of which independently retained biological activity at 
hydration levels roughly two orders of magnitude below protein solvation. Significantly, the 
protein–polymer surfactant core–shell architecture promotes biohybrid miscibility and 
extremophilic behavior enabling the cascade to operate at temperatures far above room 
temperature. Surprisingly, we find an apparent thermal activation temperature of 80 °C and 
achieve tandem catalysis up to 150 °C under seemingly diffusional mass transport 
limitations within the viscous biofluid. The retention of biological activity for enzymes with 
distinctly different catalytic motions and chemical functions highlights the extraordinary 
capacity for a viscous surfactant milieu to replace both hydration and bulk waters. 

 

Figure 2.1. Chemical structures of polymer surfactants poly(ethylene glycol)-4-nonylphenyl-3-
sulfopropyl ether (C9PhEO22) and carboxylated Brij-L23 (C12EO22) which are used in the production of 
solvent-free protein polymer hybrid nanoconjugates. Biohybrids produced from the three enzymes 
horseradish peroxidase (red), glucose oxidase (green), and Thermomyces lanuginosus lipase (blue) are 
utilized for constructing enzymatic cascades in the solvent-free phase. The enzyme-specific substrates 
acetylated glucose, glucose, and hydrogen peroxide are indicated in blue, green and red, respectively. 
Horseradish peroxidase biohybrid-mediated formation of 2,3-diaminophenazine from the o-
phenylenediamine substrate is shown in black. The efficient diffusion, turnover and release of species 
is represented schematically by the dotted line. 

2.2 Results and Discussion 

2.2.1 Biohybrid preparation and characterization 

Solvent-free protein-polymer surfactant biofluids were prepared using a modified two-step 
protocol (Figure S2.1).19 Briefly, cationic supercharged variants of horseradish peroxidase 
(cHRP), glucose oxidase (cGOx), and Thermomyces lanuginosus lipase (cTLL) were 
produced via EDC-mediated coupling of 3-(dimethylamino)-1-propylamine (DMAPA) to 
solvent accessible Asp and Glu residues. Coupling efficiencies of 78% (cHRP), 97% (cGOx), 
and 80% (cTLL) were estimated which correspond to the successful modification of 7 of 9, 
37 of 38, and 20 of 25 solvent accessible acidic residues, respectively (Fig. S2.2). An anionic 
polymer surfactant poly(ethylene glycol)-4-nonylphenyl-3-sulfopropyl ether (C9PhEO22) was 
electrostatically coupled to the supercharged proteins (producing cHRP:C9PhEO22, 
cGOx:C9PhEO22, and cTLL:C9PhEO22). Extensive dialysis was performed to remove unbound 
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surfactant, and the resulting protein–polymer conjugates were then lyophilized extensively 
and annealed at 70 °C to produce free-flowing solvent-free biofluids. 

Thermogravimetric analysis (TGA) revealed half-decomposition temperatures ranging from 
385 °C to 395 °C for the biohybrids. Further, mass losses upon thermal annealing at 110 °C 
for 60 min corresponded to 2 - 10 specifically bound waters per nanoconjugate (Figure 
S2.4 and Table 2.1). For comparison, we computed the number of waters required for 
complete coverage of the solvent accessible surface area using the HyPred20 online tool, 
and associated PDB files 1hch, 1cf3, and 1ein21–23 (see experimental methods and Table 2.1). 
Our estimated water contents by TGA are at least two orders of magnitude less than those 
computed using HyPred (1400 for HRP, 5200 for the GOx dimer, and 1200 for TLL), thus 
confirming the preparation of solvent-free biohybrids. In the context of enzyme activity, 
these values correspond to extremely small hydration levels (h < 0.002), which are also 
roughly two orders of magnitude less than the apparent hydration limit for activity of h ∼ 
0.2. Differential scanning calorimetry (DSC) showed reversible endothermic melting 
transitions at 24 °C, 29 °C and 22 °C for cHRP:C9PhEO22, cGOx:C9PhEO22, and 
cTLL:C9PhEO22 respectively (Figure S2.5 and Table 2.1). Taken together, TGA and DSC 
analysis confirmed the preparation of solvent-free biohybrids with liquid-like behaviors 
which persisted in the absence of hydration. These characteristics are highly consistent with 
previous reports in the literature.16,18,19 

Table 2.1. Comparison of experimentally determined number of specifically bound waters per enzyme 
nbw, the corresponding hydration value h, and estimation of number of waters required for complete 
coverage of solvent accessible protein surface ntheo. Endothermic melting transitions Tm of polymer 
surfactant C9PhEO22 and resultant solvent-free biofluids persist despite extremely small hydration 
values. 

Species nbw h ntheo Tm / °C 
Neat C9PhEO22 3.2 - - 10 
cHRP:C9PhEO22 9.4 0.0019 1398 25 
cGOx:C9PhEO22 6.2 0.0015 5183 29 
cTLL:C9PhEO22 2.2 0.0007 1194 22 

 

Given the successful preparation of solvent-free melts, circular dichroism (CD) spectroscopy 
was performed in solution on re-suspended hybrids to elucidate the impact of 
supercharging and subsequent electrostatic coupling of a polymer surfactant on the 
respective protein secondary structures (Figure 2.2a-c). Due to high absorbance of the 
nonylphenyl moiety in C9PhEO22, complementary CD experiments were performed using 
biohybrids prepared with a carboxylated24 Brij® L23 (C12EO22) surfactant (see experimental 
methods). Despite the increased surface charge due to extensive covalent modification of 
the solvent accessible acidic sidechains, we observed near-native folding of each protein, 
corresponding to approximately 93.7% (cHRP), 94.4% (cGOx), and 100% (cTLL) retained 
secondary structures (Table 2.2). These were reduced to 84.0%, 83.7%, and 77.0% upon 
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polymer surfactant conjugation for cHRP:C12EO22, cGOx:C12EO22, and cTLL:C12EO22, 
respectively. Since C9PhEO22 and C12EO22 are structurally similar, we expect similarly modest 
misfolding for the C9PhEO22-containing hybrids. 

 

Figure 2.2. (a-c) Circular dichroism spectroscopy traces of native (black), supercharged (red), and 
C12EO22-coupled (blue) variants for (a) horseradish peroxidase, (b) glucose oxidase, and (c) 
thermomyces lanuginosus lipase. CD traces show high degrees of secondary structure retention upon 
cationization, and small losses of native folds upon electrostatic conjugation of polymer surfactant. 
(d–f) Solution-state SAXS profiles of native (black), supercharged (red), and C9PhEO22-coupled (blue) 
variants for (d) horseradish peroxidase, (e) glucose oxidase, and (f) Thermomyces lanuginosus lipase. 
Scattering profiles indicate high degrees of retention of native morphologies upon cationization, and 
the successful construction of polymeric coronas. 

Table 2.2. Estimated degrees of native secondary structure retention for supercharged enzymes and 
their respective biohybrid variants. 

 cHRP cHRP: 
C12EO22 cGOx cGOx: 

C12EO22 cTLL cTLL: 
C12EO22 

Secondary 
Structure 

Retained / % 
93.7 84.0 94.4 83.7 100 77.0 

 

We performed small-angle X-ray scattering (SAXS) experiments in the solution-state to 
characterize morphological changes of the globular protein structure, and to validate the 
encapsulation of the proteins to produce biosynthetic nanoconjugates (Figure 2.2d-f). The 
SAXS profiles of native HRP and cHRP were fitted with an ellipsoid form factor25 of 
comparable dimensions (HRP: rmin = 18.2 Å, rmax = 32.9 Å; cHRP: rmin = 18.6 Å, rmax = 33.1 Å), 
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which were roughly consistent with the crystallographic dimensions determined from the 
associated PDB file 1hch. The slightly larger radii used to fit the cHRP SAXS curves (Table 
S2.1) are in line with the small loss of native globular fold observed by CD. Significantly, the 
construction of nanoencapsulated biosynthetic enzymes was confirmed for 
cHRP:C9PhEO22 by fitting the SAXS profile with fixed cHRP protein dimensions while 
accounting for a thin polymeric corona using a core-shell ellipsoid26,27 form factor. This 
revealed a compressed polymeric corona of approximately 3.1 nm primarily located along 
the minor axis of cHRP, with a very minimal contribution (∼ 0.5 nm) at the ellipsoidal 
extremities (Table S2.2). For comparison we show a scattering profile using a homogenous 
shell thickness (3.1 nm) encapsulating cHRP which resulted in a significantly poorer fit 
(Figure S2.10). 

The compacted and patchy coverage of a supercharged enzyme in aqueous solution is in 
line with previous reports on polymer-tethered lysozyme and myoglobin studied by a 
combination of small-angle neutron scattering and molecular dynamics simulations.28 We 
further confirmed its correspondence with the cationized protein's surface charge 
distribution by performing continuum electrostatics calculations via the PDB2PQR web 
server29,30 to map the electrostatic potential of the supercharged protein surface (Figure 
S2.3). Convincingly, this revealed considerably high positive charge densities on the cHRP 
minor axis, with a relatively neutral charge remaining at the major axis extremities. 

Scattering profiles were also computed using Crysol31 and respective crystal structures for 
GOx (symmetrical dimer) and TLL. These results first confirmed that the associated 
homodimeric state of GOx was largely lost upon modification of solvent accessible acidic 
residues. This is evidenced by the loss of subtle undulations associated with the quaternary 
structure of dimeric assembly at values of q > 0.1 Å. Further, the globular state of TLL is 
distinctly well-preserved upon covalent modification to produce cTLL, as demonstrated by 
the excellent correspondence between the respective scattering profiles. Finally, the 
subsequent charge-driven self-assembly of supercharged protein and polymer surfactant is 
signalled by distinct transformations in scattering profiles of cGOx:C9PhEO22 and 
cTLL:C9PhEO22 compared to their respective supercharged variants. Convincingly, these 
transformations closely match that of cHRP:C9PhEO22, and are qualitatively similar to 
previously published scattering profiles of core-shell biohybrid enzymes.32,33 Given these 
insights, we reasonably conclude the successful construction of core-shell structured 
biosynthetic enzymes. 

2.2.2 Multi-enzyme biofluids for solvent-free tandem catalysis 

Given the successful preparation of discrete protein nanocompartments which displayed 
near room temperature melting and conserved globular protein states, we decided to probe 
enzyme activity in the solvent-free environment. The formation of 2,3-diaminophenazine 
(DAP, ε418 = 16.7 mM−1 cm−1)34 from o-phenylenediamine (OPD) by the biosynthetic 
cHRP:C9PhEO22 was followed by absorbance using a Linkam-modified UV-vis 
spectrophotometer.35 An initial experiment was performed at 90 °C, whereby H2O2 was 
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supplied to the reaction environment by soaking a quartz plate in a 1% H2O2 solution for 5 
min and allowing it to air-dry (Figure S2.11). Remarkably, residual H2O2 was able to diffuse 
into the solvent-free melted phase to be scavenged for the production of DAP at an 
estimated initial rate of 3.28 ± 0.82 μM s−1. Negative control experiments performed at 110 
°C confirm that cHRP is essential for catalysis and OPD auto-oxidation is negligible as no DAP 
was produced for cHRP:C9PhEO22 without H2O2, or in the neat surfactant C9PhEO22 with 
H2O2 but without cHRP (Figure S2.11). Notably, the catalytic turnover of OPD by 
cHRP:C9PhEO22 confirms that the heme redox cofactor remained specifically bound. 
Importantly, the heme group of HRP is considerably more buried than that of other heme-
coordinated proteins such as myoglobin. In solution the heme access pathway for H2O2 is 
afforded by a dynamic Phe68/Phe142 gate, and the penetrative access of oxygen likely 
proceeds via this fluctuating entry point (Figure 2.3a).36 Critically, the retention of enzyme 
activity confirms that the small internal pore of the heme pocket remained open, and these 
findings suggest that conformational motions of the fluctuating gate were unhindered at 90 
°C. 

 

Figure 2.3. (a) Coordinated heme redox cofactor (orange) of horseradish peroxidase. The fluctuating 
entry point formed by the Phe68/Phe142 gate (cyan) mediates access of H2O2 and O2. (b) Deep 
internalized binding pocket of glucose oxidase showing FAD cofactor (blue) and the flexible site of 
oxygen activation His516 (cyan). (c) Open (orange) and closed (cyan) conformations of the helical lid 
motif of the Thermomyces lanuginosus lipase. The catalytic triad formed by residues Ser146-His258-
Asp201 is shown in red. 

We were now confident that the amphiphilic environment afforded by the surfactant 
should effectively mediate small molecule transport. Aiming to interrogate the chemical 
and thermal limits of enzymatic catalysis in solvent-free liquids, and to supply H2O2 in a well-
controlled manner, we devised a 2-step catalytic pathway producing H2O2 in situ via the 
cGOx:C9PhEO22 catalyzed conversion of glucose into glucono-1,5-lactone and H2O2. We 
anticipated that this would be followed by the cHRP:C9PhEO22 catalyzed and H2O2 mediated 
conversion of ODP into DAP given that H2O2 diffusion appeared to be possible despite a bulk 
surfactant milieu.37,38 Preliminary microscopy experiments confirmed efficient 
solubilization of glucose at the solid-liquid interface, and independent liquid-liquid 
miscibility of the substrate OPD above 100 °C (Figure S2.7 and Figure S2.8). 

A series of high temperature assays from 40 - 140 °C were subsequently performed for 
cGOx:C9PhEO22/cHRP:C9PhEO22 by first annealing neat desiccated OPD with the two-
component biofluid, followed by the addition of solid glucose substrate (Figure 2.4a,b). We 
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found no appreciable DAP production below 80 °C (Figure S2.12) despite temperatures far 
exceeding the melting point of the mixed fluid (Figure S2.6). By contrast, DAP was efficiently 
produced above 80 °C. An impressive initial rate of 3.46 ± 1.81 μM s−1 was measured at 80 
°C, which was followed by an apparent exponential enhancement in enzymatic turnover 
with respect to temperature (Table 2.3). For example, at 140 °C we found an almost 22-fold 
enhancement in turnover up to 74.50 ± 1.58 μM s−1. The enhanced solvent-free turnovers 
clearly demonstrate that glucose can access the deep internalized binding pocket of 
cGOx:C9PhEO22 despite the absence of solvent (Figure 2.3b). The unhindered access of the 
deep pocket is striking considering the hybrid undergoes structural reordering upon 
polymer conjugation. This reordering does not appear to have greatly perturbed the deep 
pocket opening or collapsed the internal cavity. Further, glucose binding necessitates a 
degree of flexibility of the oxygen activation site (His516) in order to accommodate 
hydrogen bonding with neighbouring residues within the rigid, tight cavity.22,39 Catalysis 
confirms a polymer surfactant corona effectively replaced hydration water in order to 
mediate the small-scale motion required for residue-specific flexibility. However, we cannot 
rule out that the 6 waters per cGOx:C9PhEO22 nanoconjugate observed by TGA are located 
at the entrance, or within the deep pocket itself. Residual waters may assist in small 
molecule transport or aid in stabilization of the deep pocket. 
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Figure 2.4. (a) Plots of absorbance at 418 nm versus time indicating the production of DAP from 80 °C 
to 140 °C at 10 °C intervals (blue to red) in the cGOx:C9PhEO22/cHRP:C9PhEO22 cascade. (b) Linear 
regression analysis of the two-enzyme cascade profiles (over 60 s) indicates a strong temperature 
dependence of initial reaction velocity. (c) Initial reaction velocity k(T) versus H2O2 diffusion 
coefficient D(T) is linear above 80 °C, indicating the production of DAP is diffusion-limited. (d) Plots of 
absorbance at 418 nm versus time indicating the production of DAP at 110 °C is inhibited in the 
cGOx:C9PhEO22/cHRP:C9PhEO22 pair upon addition of acetyl-protected glucose (open black squares). 
Addition of cTLL:C9PhEO22 to the solvent-free biofluid re-initiates a three-enzyme cascade, as shown 
by the production of DAP from 100 °C to 150 °C at 10 °C intervals (blue to red). (e) Linear regression 
analysis of the three-enzyme cascade profiles (over 100 s) indicates a strong temperature dependence 
of initial reaction velocity. (f) Initial three-enzyme reaction velocity k(T) versus H2O2 diffusion 
coefficient D(T) is linear, indicating the production of DAP is diffusion-limited. 

Table 2.3. Temperature-dependent tandem enzyme activities in the multifunctional biofluid 
comprising cGOx:C9PhEO22/cHRP:C9PhEO22. 

 T / °C 
 80 90 100 110 120 130 140 

DAP Production / μM s-1 3.46 5.30 10.04 18.03 28.41 41.09 74.50 
St. Dev. / μM s-1 1.81 1.37 1.52 1.31 1.29 1.88 1.58 

 

The rapid conversion of glucose in the solvent-free cGOx:C9PhEO22/cHRP:C9PhEO22 biofluid 
confirms reactant solubilization, conversion, mass transport, and active site access despite 
the absence of hydration waters and bulk solvent at h < 0.002. Furthermore, the observed 
catalytic behavior of biosynthetic enzymes was strongly temperature-dependent above 80 
°C. However, protection of the glucose substrate via acetylation38 (AcGl, see experimental 
methods) resulted in total loss of enzymatic recognition of the substrate at 110 °C (Figure 
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2.4d). Control over substrate turnover and specificity further suggest a remarkably well-
preserved active-site environment, with small-scale catalytic motions which should closely 
resemble aqueous GOx. Finally, we were able to reinitiate the cascade by introduction of a 
third biosynthetic enzyme component to yield the 
cTLL:C9PhEO22/cGOx:C9PhEO22/cHRP:C9PhEO22 mixed biofluid. 

A new series of high-temperature kinetic assays were performed by first annealing OPD with 
the three-enzyme complex biofluid, followed by addition of the protected AcGl. Initially, we 
confirmed that the absorbance profile for the multicomponent biofluid indeed plateaued 
over extensive time periods up to 2600 s (Figure S2.13). We then observed efficient 
production of DAP at elevated temperatures up to 150 °C (Figure 2.4d,e) despite the 
requirement of a water molecule for the hydrolysis of the acetyl moiety. Further, 
pronounced thermophilic behavior was observed, corresponding to an almost 7-fold 
enhancement in turnover from 3.92 ± 0.63 μM s−1 at 100 °C up to 26.45 ± 0.58 μM s−1 at 150 
°C (Table 2.4). The estimated turnover per mass of the solvent-free biofluid is roughly 5.3 
μM s−1 mg−1 at 150 °C, which is similar to the catalytic performance of a reported three-
component (HRP, GOx, and β-glucosidase) self-standing film operating in solution and at 37 
°C for which we estimate a performance of 5.8 μM s−1 mg−1.40 Crucially, herein biocatalysis 
is achieved in the total absence of a solvent (with expected water contents significantly less 
than 0.1 wt% of the reaction environment), whereby polymer surfactant replaces both 
hydration and bulk waters to stabilize enzymes and permits bioactivity up to at least 150 °C. 

Table 2.4. Temperature-dependent tandem enzyme activities in the multifunctional biofluid 
comprising cGOx:C9PhEO22/cHRP:C9PhEO22. 

 T / °C 
 100 110 120 130 140 150 

DAP Production / μM s-1 3.92 6.07 10.60 16.92 18.83 26.45 
St. Dev. / μM s-1 0.63 0.63 0.64 0.71 0.69 0.58 

 

Evidently, the small loss of the native fold upon polymer surfactant conjugation for 
cTLL:C9PhEO22 does not disrupt the catalytic-triad constructed by the Ser146-His258-Asp201 
residues. This is in line with a previous study reporting on the hydrolysis of short- and long-
chain fatty acid esters in cTLL:C9PhEO22 melts at temperatures as low as 30 °C, 
corresponding roughly to the onset of melting.18 We anticipate that this remarkably low-
temperature activation of the TLL helical lid-motif (Figure 2.3c) is a result of the amphiphilic 
environment afforded by the polymer surfactant corona, which may facilitate the 
conformational transition from the closed-state (hydrophilic) to the open-state 
(hydrophobic).23 An alternative explanation that we cannot yet rule out is that the helical 
loop may be unstructured, which would provide a permanently exposed active-site. 

Interestingly, while cTLL:C9PhEO22 biofluids are active at low temperatures near the onset 
of melting,18 the temperatures required for the self-contained two- and three-enzyme 
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cascades to function were almost 50 °C above their melting transition. Hence, we conclude 
that either GOx or HRP must limit the enzymatic cascade by the requirement for thermal 
activation. As the polymer surfactant appears to effectively replace hydration waters in the 
solvent-free environment,17 we anticipate that cGOx:C9PhEO22 retains catalytic activity 
below 80 °C, given that the GOx internalized active site is extremely rigid and does not 
exhibit large-scale shape fluctuations.39 We speculate that the cascades are inactive at low 
temperatures, when the diffusive motions (a fluctuating-entry point) required for 
cHRP:C9PhEO22 activity are impeded. Elevated temperatures are required to overcome this 
activation barrier affording sufficient conformational “flexibility” of the biomacromolecular 
machine. In future work, we plan to rigorously test this hypothesis in a systematic study 
involving scattering, spectroscopic and modelling tools. While the relative activities of the 
biohybrids are yet to be elucidated, our findings clearly reveal that whilst the capacity for 
substrate solubilization and mass transport is essential for enzyme activity, these alone are 
insufficient to ensure catalysis. 

Due to the apparent high viscosity of the solvent-free biofluids we initially anticipated that 
the restricted diffusional mobility of substrates would play a critical role in limiting catalytic 
turnover. However, we find that enzyme activation is in fact the bottleneck at low 
temperatures. To examine the impact of substrate diffusion on catalysis, variable-
temperature rheology experiments of the reaction mixtures were performed to probe the 
temperature-dependence of the viscosity of the solvent-free biofluids up to 150 °C (Figure 
S2.9). A comparison of the corresponding substrate diffusion coefficients with catalytic 
turnover above 80 °C reveals a linear relationship between initial reaction velocities and 
substrate diffusion coefficients (Figure 2.4c,f), which is characteristic for diffusion-limited 
catalysis. These findings confirm that at sufficiently high temperatures when the expected 
catalytically vital conformations can be accessed efficiently, the polymer surfactant 
emulates both hydration and bulk solvent environments in the solvent-free biohybrids. 

2.3 Conclusion 

In conclusion, we have prepared solvent-free mixed enzyme-polymer hybrid biofluids to 
create efficient thermophilic enzymatic cascades. Our variable-temperature activity assays 
demonstrate that although substrate miscibility and mass transport are feasible within the 
biofluid, these alone will not ensure enzymatic activity. It is furthermore imperative that the 
polymer surfactant offers a suitable microenvironment substituting both hydration and bulk 
waters effectively. At temperatures above yet near the melting transition, the polymer 
corona does mediate small-scale protein fluctuations emulating efficiently the function of 
hydration waters. In stark contrast, catalytically vital, large-scale fluctuations as occurring 
in an aqueous bulk environment are seemingly inhibited. This results in a considerable 
energetic threshold for catalytic activity, which appears to be approximately 80 °C for HRP-
containing biohybrids. Above this critical temperature, we find the solvent-free self-
contained enzymatic cascade operates exclusively under diffusional constraints up to 150 
°C. With the above results taken together, we find that a protein-polymer surfactant core-
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shell architecture can be exploited to promote biohybrid miscibility, facilitating the 
construction of complex multifunctional biofluids. The retention of biological activity for 
enzymes with distinctly different catalytic motions and chemical functions highlights the 
extraordinary capacity for a viscous surfactant milieu to replace both hydration and bulk 
waters. The capacity to produce and utilize these complex multicomponent biofluids will 
expand upon their potential application in bio-industries. 

2.4 Experimental Section and Supplementary Discussions 

2.4.1 Protein-polymer surfactant biohybrid preparation 

Unless otherwise stated, all materials were purchased from Sigma-Aldrich, NL. Horseradish 
peroxidase (type-VI, Amoracia rusticana, Lot # SLBR4932V) and glucose oxidase (type X-S, 
Aspergillus niger, Lot # BCBT3916) were used without further purification. Thermomyces 
lanuginosus lipase (Lot # SLBQ7422V) was dialyzed against a weak (10 mM sodium 
phosphate, pH 6.5) protein buffer before use. In a typical synthesis, proteins were 
suspended in the protein buffer to achieve a final protein concentration of 2 mg mL-1. Under 
stirring, 3-(dimethylamino)-1-propylamine (DMAPA, 2.2 M and pH 6.2) was added in at least 
500-fold excess to the number of solvent-accessible acidic sidechains, followed by the 
immediate addition of solid N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide 
hydrochloride (EDC) in a further 10-fold excess. After 4 hrs a secondary addition of EDC was 
performed, and the reaction was allowed to proceed overnight to produce a supercharged 
enzyme. Any precipitate was removed by centrifugation (4000 G, 15 min), followed by 
extensive dialysis against protein buffer to remove excess reactants. The purified 
supercharged enzyme was added dropwise under stirring to neat poly(ethylene glycol)-4-
nonylphenyl-3-sulfopropyl ether (C9PhEO22), or carboxylated Brij® L23 (C12EO22) dissolved in 
minimum protein buffer, to achieve a final ratio of 4 surfactants per solvent-accessible 
cationic site. The mixture was allowed to stir overnight, followed by centrifugation to 
remove any precipitate, and a secondary extensive dialysis was performed against 
decreasing buffer concentrations to remove excess salts and unbound surfactant. The 
resultant supercharged enzyme-polymer surfactant suspended in MilliQ quality water was 
freeze-dried for 48 hrs, and the soft-solid powder was finally annealed for 1 hr at 70 °C to 
produce free-flowing solvent-free protein-polymer hybrids. To produce mixed enzyme 
solvent-free biofluids, supercharged enzyme-polymer surfactant hybrid solutions were first 
mixed in the desired enzyme ratios before freeze-drying and thermal annealing was 
performed. 
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Figure S2.1.  Anionic polymer surfactant poly(ethylene glycol)-4-nonylphenyl-3-sulfopropyl ether 
(C9PhEO22, depicted in blue) is electrostatically coupled to the solvent-accessible acidic residue Asp132 
of horseradish peroxidase. Charge-stabilized coupling is achieved via EDC-mediated cationization of 
solvent-accessible acidic residues with 3-(dimethylamino)-1-propylamine (depicted in orange). 

 

 
Figure S2.2. (a-c) MALDI-TOF mass spectrometry profiles of (black) native and (red) supercharged 
variants of (a) horseradish peroxidase (HRP), (b) GOx, and (c) TLL. Acidic residue modification 
efficiencies of 78 %, 97 %, and 80 % were estimated for cationized HRP (cHRP), cationized GOx (cGOx), 
and cationized TLL (cTLL), respectively, from the observed shifts in peak maxima. 

2.4.2 Protein solvation computation 

The location of specific enzymatic hydration waters was predicted using the Hypred20 online 
tool and pdb files for horseradish peroxidase, glucose oxidase and Thermomyces 
lanuginosus lipase (TLL) (1hch, 1cf3 and 1ein,21–23 respectively). Specifically, these were 
performed with H atoms included, and by excluding water cavities (potential water clusters 
which are enclosed by the protein). For all calculations a density cutoff of 1.1 e- Å-3 is applied. 
The predicted number of waters/enzyme were 1398 (HRP), 5183 (GOx), and 1194 (TLL). 

2.4.3 Protein surface electrostatics computation 

Continuum electrostatics calculations were performed using the PDB2PQR29 webserver. The 
associated pdb file for HRP was supplied as an input for calculations, while a modified 
version for cHRP was prepared through mutagenesis of solvent-accessible Glu/Asp residues 
in PyMOL and by approximating these surface modifications as Lys residues. Initial 
calculations were performed using an AMBER forcefield and protonation states were 
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assigned for pH 6.5. The resulting PQR files were used with default input parameters in the 
Adaptive Poisson-Boltzmann Solver (APBS)30 to determine surface electrostatic parameters. 
The corresponding surface electrostatic potential maps could be visualized in PyMOL and 
were contour colored (red to blue) from -10 to +10 kT e-1. 

 

Figure S2.3. Map of surface electrostatic potential for horseradish peroxidase and supercharged 
variant. Electrostatic potentials for horseradish peroxidase (HRP) and cationized HRP (cHRP) are 
contour colored (red to blue) from -10 to +10 kT e-1. The color map indicates the supercharged cHRP 
surface consists of patchy regions of high cationic charge density on the minor axis, with relatively 
neutral charge densities at the major axis extremities. 

2.4.4 Thermogravimetric analysis 

Thermogravimetric analysis was performed on a TA Instruments Q500 under N2 flow. A 
heating ramp of 10 °C min-1 was performed between 25 - 600 °C, and the sample was 
incubated for 1 hr at 80 °C and again at 110 °C to remove atmospheric and specifically bound 
waters, respectively. This ensures that atmospheric waters which are re-absorbed after 
lyophilization are not misinterpreted as specifically bound. The mass loss after 1 hr at 110 
°C was used to estimate the number of waters retained per protein-polymer hybrid after 
freeze-drying, while the mass remaining is the total mass of solvent-free protein-polymer 
hybrid. An example calculation for cHRP:C9PhEO22 is as follows, 

Initial Mass 4.076 mg 
Mass @ 109 °C 4.010 mg 

Mass after incubation (110 °C, 1 hr) 4.000 mg 
Mass of Specifically Bound Waters 0.010 mg 

Moles of H2O 5.61 × 10-7 
Moles of cHRP:C9PhEO22 5.97 × 10-8 

H2O / cHRP:C9PhEO22 (mol/mol) 9.4 waters/hybrid 
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Figure S2.4. Thermal traces of neat C9PhEO22 (black), cHRP:C9PhEO22 (red), cGOx:C9PhEO22 (green) and 
cTLL:C9PhEO22 (blue) are shown from (a) 30 °C to 570 °C, or the same experiments on a reduced 
temperature scale from (b) 30 °C to 130 °C. Samples were subjected to the following thermal 
treatment: (1) ∼ 6 min heating from room temperature to 80 °C at a constant heating rate of 10 °C 
min-1, (2) incubation for 1 hr at 80 °C to liberate atmospheric waters (indicated by black arrow), (3) 3 
min heating from 80 °C to 110 °C at a constant heating rate of 10 °C min-1, (4) incubation for 1 hr at 
110 °C to liberate specifically bound waters (indicated by black arrow), and (5) 49 min heating from 
110 °C to 600 °C at a constant heating rate of 10 °C min-1. The number of specifically bound waters 
per biohybrid is determined on a mol/mol basis using the mass loss over the 1 hr incubation at 110 
°C, where the remaining mass of sample is the total mass of biohybrid. 

2.4.5 Differential scanning calorimetry 

Differential scanning calorimetry experiments were performed on a TA Instruments Q2000. 
Samples were first incubated at 80 °C to remove thermal history and cooled at 10 °C min-1 
to -60 °C. Thermal cycles were subsequently performed between -60 °C to +80 °C at a 
constant temperature gradient of 10 °C min-1. At least 2 cycles were performed to ensure 
sample phase behavior was unchanged over multiple thermal cycles. 
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Figure S2.5. Differential scanning calorimetry of neat C9PhEO22 (black) and respective biohybrids 
cHRP:C9PhEO22 (red), cGOx:C9PhEO22 (green), and cTLL:C9PhEO22 (blue). Samples are initially heated 
to +80 °C to remove thermal history, and then subjected to 2 complete cooling and heating cycles 
from +80 °C to -60 °C at a constant heating/cooling rate of 10 °C min-1. Only the second of the complete 
heating cycles is shown here from -30 °C to 42 °C. 

 

 

Figure S2.6. Differential scanning calorimetry of cGOx:C9PhEO22/cHRP:C9PhEO22 mixed enzyme 
biofluid. The sample is initially heated to +80 °C to remove thermal history, and then subjected to 2 
complete cooling and heating cycles from +80 °C to -60 °C at a constant heating/cooling rate of 10 °C 
min-1. Only the first of the complete heating cycles is shown here from -35 °C to 50 °C. A distinct 
melting transition is shown to exist at 32 °C. 
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2.4.6 Optical microscopy 

We first aimed to probe the miscibility of small amounts of neat desiccated OPD or glucose 
substrates under thermal annealing at 110 °C in the single component cHRP:C9PhEO22 melt 
using optical microscopy. Significantly, this was performed above the melting point of OPD 
(98-102 °C) and below that of glucose (150-152 °C), respectively. Under simulated reaction 
conditions we observed the initial melting of OPD followed by rapid diffusion throughout 
the solvent-free biofluid (Figure S2.7). Further, solubilization at the solid-liquid interface of 
glucose crystals is observed over approximately 70 s, whereby no further glucose crystals 
are observable by microscopy (Figure S2.8). 

 

 

Figure S2.7. Optical microscopy images show the initial melting of OPD crystals (at time ti) into dark 
droplets which are readily miscible with the solvent-free biofluid and diffuse freely at 110 °C. 
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Figure S2.8. Optical microscopy images show solubilization at the solid-liquid interface of glucose 
crystals by the solvent-free biofluid over approximately 70 s at 110 °C. 

2.4.7 Temperature-dependent rheology 

Rheology experiments to determine the temperature-dependent viscosity were performed 
on an Anton Paar Physica MCR 301. A parallel plate geometry (7.95 mm diameter) was used 
with applied shear rates ranging from 0.1 – 10 s-1, and a constant gap of 0.15 mm. 
Experiments were performed over a range of 40 - 150 °C at 10 °C intervals. Substrate 
diffusion coefficients were subsequently determined using the Stokes-Einstein relation, 

𝑞𝑞 =
𝑘𝑘𝑘𝑘

6𝜋𝜋𝜋𝜋𝜋𝜋
 

where D is the diffusion coefficient (cm2 s-1), k is the Boltzmann constant, η is the viscosity 
of the protein-polymer biofluid (Pa s), and r is the substrate radius (cm), being 1 Å for H2O2. 
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Figure S2.9. (a) Dynamic viscosity versus temperature of the cGOx:C9PhEO22/cHRP:C9PhEO22 reaction 
mixture from 40 °C to 150 °C at 10 °C intervals. (b) Dynamic viscosity versus temperature of the 
cTLL:C9PhEO22/cGOx:C9PhEO22/cHRP:C9PhEO22 reaction mixture from 40 °C to 150 °C at 10 °C intervals. 

2.4.8 Circular dichroism spectroscopy 

Far-UV circular dichroism spectroscopy experiments were performed on a Jasco J-815 
instrument fitted with a Peltier PTC-423S/15 temperature controller. All samples were 
thermally controlled at 22 °C, and measurements were performed using a 0.1 cm quartz 
cuvette. Protein concentrations were adjusted to maximize signal-to-noise ratios and by 
ensuring HT values remained below 650 V. Experiments were performed from 260-190 nm 
at a scanning speed of 20 nm min−1, a data pitch of 0.5 nm, with 4 s accumulation and 1.0 
nm bandwidth. Each CD trace is obtained from a minimum of 5 manually averaged and 
background subtracted spectra. All traces are plotted using a 3-point moving average. The 
degree of retention of native folding was estimated for supercharged and hybrid enzymes 
using the ratio of A222 and A208 for the modified and native enzymes. The ratio of CD signal 
at these wavelengths for globular proteins is a good indicator for the gross peptide chain 
folding. 

2.4.9 X-ray scattering data acquisition, reduction and analysis 

All experiments were performed on a SAXSLAB GANESHA 300 XL system equipped with a 
GeniX-Cu ultra-low divergence micro focus sealed-tube source producing X-ray photons 
with a wavelength λ = 1.54 Å at a flux of 1 × 108 Ph s−1. The scattering intensity was measured 
as a function of momentum transfer vector  

q = 
4π
λ

sin θ 

where λ is the radiation wavelength and 2θ is the scattering angle. The 2D scattering data 
were recorded on a Pilatus 300 K silicon pixel detector with 487 × 619 pixels of 172 μm × 
172 μm in size. The beam-centre and q-range were calibrated using an AgBe standard. The 
calibrated detector response function, known sample-to-detector distances, and measured 
incident and transmitted beam intensities were using to scale the 2D patterns to absolute 
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intensity. The corresponding 2D patterns were azimuthally averaged to produce 1D 
scattering profiles. 

For solution-state investigations, small-angle X-ray scattering (SAXS) profiles were obtained 
for samples measured in 2.0 mm quartz capillaries (Hilgenberg), mounted with custom-built 
capillary holders. A known sample-to-detector distance of 713 mm gave an accessible q-
range of 0.015 < q < 0.445 Å−1. The scattering profile of the protein buffer and quartz 
capillary were subtracted to produce a final SAXS profile. Background subtraction was 
performed using the SAXSutilities41 package (available for download 
http://www.sztucki.de/SAXSutilities), and the HRP series profiles were fitted using either 
ellipsoidal or core-shell ellipsoidal form factors25–27 in SASview (available for download 
http://www.sasview.org). For GOx and TLL, the online tool Crysol31 was used to compute 
scattering profiles based from crystallographic structure PDB files 1cf3 (symmetric dimer) 
and 1ein, respectively.22,23 

Table S2.1. Ellipsoidal form factor fit parameters of horseradish peroxidase (HRP) and cationized HRP 
(cHRP) using SasView. 

 HRP cHRP 
Background (cm-1) 2.45e-04 2.65e-04 

Rmin (Å) 18.18 18.53 
Rmax (Å) 32.89 33.22 

Volume Fraction 0.0049 0.0049 
SLDell (Å-2) 8.76e-06 8.76e-06 
SLDsol (Å-2) 9.46e-06 9.46e-06 

 

Table S2.2. Core-shell ellipsoidal form factor fit parameters of biohybrid cHRP:C9PhEO22 using 
SasView. 

 cHRP:C9PhEO22 

Background / cm-1 1.03e-04 
Rmin,core / Å 18.53 
Rmax,core / Å 49.64 
Rmin,shell / Å 33.22 
Rmax,shell / Å 38.22 

Volume Fraction 0.0024 
SLDcore / Å-2 8.76e-06 
SLDshell / Å-2 9.28e-06 
SLDsol / Å-2 9.46e-06 
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Figure S2.10. Solution state SAXS profiles of native HRP (black), supercharged cHRP(red), and 
biohybrid cHRP:C9PhEO22 (blue) variants. Corresponding ellipsoidal form factor fits are shown for HRP 
(black) and cHRP (red). An example of a poor cHRP:C9PhEO22 fit using a core-shell ellipsoidal form 
factor with homogenous shell thickness (3.1 nm, blue dashed line) is indicated. 

2.4.10 Kinetics of Biohybrids 

All experiments were performed on a Linkam-modified Shimadzu UV-3102 PC UV-vis NIR 
scanning spectrophotometer (transmission-mode) using two-enzyme 
(cGOx:C9PhEO22/cHRP:C9PhEO22) or three-enzyme 
(cTLL:C9PhEO22/cGOx:C9PhEO22/cHRP:C9PhEO22) biofluids and a 0.01 mm path length. In a 
typical assay, 5.0 ± 0.1 mg of a mixed protein–polymer hybrid was annealed at 80 °C on a 
quartz plate in the presence of 0.1 mg solid OPD substrate to enable solubilization. After 2 
minutes, a further 0.1 mg of either solid glucose crystals or desiccated acetyl-protected 
glucose was added, and the second quartz plate was used to sandwich the reaction 
environment. The plates were then sealed at 80 °C with tape. The sealed sample was 
mounted and equilibrated at reaction temperature on the Linkam stage for a further 60 s, 
after which the production of DAP (ε418 = 16.7 mM−1 cm−1)34 was probed by measuring the 
increase in absorbance at 418 nm (A418). A constant 2 s interval and bandwidth of 2.0 nm 
was used for all assays for a time period of at least 15 min. For the cHRP:C9PhEO22 assay the 
sample was prepared as above, except that no solid glucose or desiccated acetyl-protected 
glucose was added. Instead, H2O2 was delivered to the reaction environment by pre-soaking 
the second quartz plate in a 1.0 wt% H2O2 solution and allowed to air-dry at room-
temperature. An equivalent control experiment performed without pre-soaking the second 
quartz plate showed no increase in A418. 

The temperature-dependent initial reaction velocities were estimated by linear regression 
analysis over 60 s (two-enzyme biofluid) or 100 s (three-enzyme biofluid) of each recorded 
profile. The concentration of DAP was then calculated from the initial slope using the molar 
extinction coefficient of 16.7 mM−1 cm−1 and a 0.01 mm path length. The standard deviation 
of regression analysis was then converted in the same way to obtain a confidence interval 
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for DAP concentration. The calculated rates of DAP production were plotted with respect 
to temperature, revealing a distinct temperature-dependent increase in DAP production. 
The temperature-dependent parameters of DAP production and substrate diffusion 
coefficient were compared, where a diffusion-limited process is defined by linearity. 

 

Figure S2.11. The solvent-free cHRP:C9PhEO22 catalyzed conversion of o-phenylenediamine (OPD) into 
2,3-diaminophenazine (DAP) was determined photospectroscopically by monitoring the DAP 
absorbance at λ = 418 nm and 2 second time intervals during 20 minutes. OPD is rapidly converted 
into DAP in the cHRP:C9PhEO22 melt at 90 °C and in the presence of H2O2 (red circles) as evidenced by 
a significant increase in absorption. Control experiments in the cHRP:C9PhEO22 melt without H2O2 
(black squares) or in neat C9PhEO22 (blue upward triangles) at 110 °C show that auto-oxidation of OPD 
is negligible, and that cHRP is essential for the catalytic turnover of OPD into DAP. 

 

Figure S2.12. Control experiments of the cGOx:C9PhEO22/cHRP:C9PhEO22 mixed enzyme biofluid in the 
presence of o-phenylenediamine (OPD) and glucose at 40 °C (blue squares) or 60 °C (red circles). The 
lack of change in absorbance at λ = 418 nm over 500 s indicates that 2,3-diaminophenazine (DAP) is 
not produced, and an apparent thermal threshold for catalytic activity exists. 
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Figure S2.13. Absorbance at 418 nm versus time indicating the production of DAP at 120 °C within the 
cTLL:C9PhEO22/cGOx:C9PhEO22/cTLL:C9PhEO22 biofluid over an elaborate time period. For clarity every 
20th data point is plotted. 

2.4.11 Synthesis and Characterization of Carboxylated Brij® L23 (C12EO22) 

Unless otherwise stated all materials were purchased from Sigma-Aldrich, NL. The TEMPO-
mediated oxidation of Brij® L23 was performed using a modified previously reported 
protocol.24 In a single batch synthesis, Brij® L23 (10 g) was oxidized in water (100 mL) with 
TEMPO (Fluorochem, 286 mg), NaBr (286 mg), and 29 mL NaClO (available chlorine > 5.0 %) 
at pH > 10 for 24 hrs at room temperature. The oxidation was quenched by the addition of 
30 mL of EtOH, followed by acidification with HCl to pH < 1 and three extractions with 100 
mL aliquots of CH2Cl2. The combined CH2Cl2 layers were dried under reduced pressure and 
dissolved in 250 mL hot ethanol, followed by precipitation in a freezer overnight. Filtration 
of the waxy solid afforded 8.3 g of C12EO22. 

1H NMR (400 MHz, DMSO-d6) δ: 12.60 (broad s, 1H), 4.01 (s, 2H), 3.51 (m, 90H), 1.47 (p, J = 8 Hz), 1.24 
(m, 18H), 0.86 (t, J = 8 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) δ: 172.1, 72.83, 70.78, 69.96, 68.05, 
60.69, 31.78, 29.69, 29.51, 29.49, 29.35, 29.19, 26.13, 19.02, 14.41. FT-IR (ATR) ν: 3476 (O-H, broad), 
2884 (C-H, strong), 1744 (C=O, strong), 1107 (C-O-C, strong). 
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Figure S2.14. 1H NMR (400 MHz, DMSO-d6) spectrum of C12EO22. The inset in the 13.0-12.1 ppm region 
shows the broad singlet related to the carboxylic group. 

 

Figure S2.15. 13C NMR (100 MHz, DMSO-d6) spectrum of C12EO22. 
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Figure S2.16. Overlapped FT-IR spectra of Brij 35 (black line) and C12EO22 (red line). The blue rectangle 
shows an expansion in the 2000-1500 cm-1 window, with the diagnostic –COOH vibration for C12EO22. 

2.4.12 Synthesis and Characterization Acetylated Glucose (AcGl) 

All chemicals were used as received unless otherwise stated, and were supplied by Sigma-
Aldrich. Dry CH2Cl2 was obtained using an MBraun SPS-800 dry solvent system, with solvent 
dried over 2 columns of aluminium oxide. Triethylamine was dried over activated 4 Å 
molecular sieves. Column chromatography was performed using a Biotage Isolera One 
column robot. 

NMR spectra were acquired using a Bruker Avance III 400 MHz spectrometer. Multiplicities 
are assigned as singlet (s), doublet (d), triplet (t), quartet (q), broad (br) or multiplet (m). 
Chemical shifts are measured in parts per million (ppm), internally referenced relative to 
TMS. Low resolution electron spray ionisation spectra (ESI) were acquired using a Thermo 
Scientific LCQ Fleet equipped with a Kinetex 5µm EVO C18 column (Phenomenex).  

1-O-acetyl-2,3,4,6-tetra-O-benzyl-d-glucopyranose 

2,3,4,6-tetra-O-benzyl-d-glucopyranose (2.007 g, 2.71 mmol, 1 eq.) was transferred to a 250 
mL 2-necked flask and dissolved in dry CH2Cl2 (70 mL). To this stirred solution was added 
dry triethylamine (544 µL, 3.90 mmol, 1.05 eq.), followed by acetic anhydride (369 µL, 3.90 
mmol, 1.05 eq.). The reaction mixture was stirred under argon, at room temperature, for 2 
hours, at which point another aliquot of both triethylamine (544 µL, 3.90 mmol, 1.05 eq.) 
and acetic anhydride (369 µL, 3.90 mmol, 1.05 eq.) were added and left to react overnight. 
The crude reaction mixture was washed with 1 м HCl (3 x 100 mL), saturated NaHCO3 (2 x 
100 mL), ultrapure water (1 x 100 mL), and brine (1 x 100 mL). The organic phase was dried 
over MgSO4, concentrated in vacuo, and purified via silica chromatography (CH2Cl2) to yield 
1-O-acetyl-2,3,4,6-tetra-O-benzyl-d-glucopyranose (1.62 g, 75%) as a white solid. 
Characterization data are consistent with those previously reported in the literature.38 
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Figure S2.17. 1H NMR of 1-O-acetyl-2,3,4,6-tetra-O-benzyl-d-glucopyranose (400 MHz, CDCl3) δ 7.35 
– 7.26 (m, 18H), 7.16 – 7.10 (m, 2H), 5.60 (d, J = 8.1 Hz, 1H), 4.93 – 4.43 (m, 8H), 3.79 – 3.66 (m, 4H), 
3.63 – 3.52 (m, 2H), 2.05 (s, 3H).  

 

Figure S2.18. Mass spectrum of 1-O-acetyl-2,3,4,6-tetra-O-benzyl-d-glucopyranose (ESI) m/z = 
605.25 [M+Na]+ (calculated = 605.25).  

1-O-acetyl-d-glucopyranose 

1-O-acetyl-2,3,4,6-tetra-O-benzyl-d-glucopyranose (1.50 g, 2.58 mmol) was dissolved in a 
2:1 mixture of methanol:ethyl acetate (60 mL). The solution was sparged for 15 minutes 
with argon, followed by the addition of a spatula tip of palladium on carbon (Degussa type 
E101, 10% loading on wet support). The reaction mixture was then sparged with hydrogen 
from a balloon for 15 minutes, and left to react at room temperature under a positive 
pressure of hydrogen overnight. The Degussa type Pd/C proved to be necessary to facilitate 
complete deprotection, as incomplete deprotection was observed using other types of 
Pd/C. The reaction mixture was filtered through a celite plug and concentrated in vacuo to 
yield 1-O-acetyl-d-glucopyranose (0.52 g, 91%) as a waxy solid. These characterization data 
are consistent with those previously reported in the literature.38 
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Figure S2.19. 1H NMR of 1-O-acetyl-d-glucopyranose (400 MHz, CD3OD) δ 5.46 (d, J = 7.9, 1H), 3.91 – 
3.24 (m, 6H), 2.10 (s, 3H).  

 

 

 

Figure S2.20. Mass spectrum of 1-O-acetyl-d-glucopyranose (ESI) m/z = 245.08 [M+Na]+ (calculated = 
245.06). 
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Chapter 3 

Liquefaction and enhanced activity of covalently PEGylated 
proteins 

 

Abstract 

Biopharmaceuticals including antibodies, peptides, and proteins are rapidly replacing 
traditional synthetic small-molecule therapies due to their highly specific operation across 
a broad spectrum of diseases. A key hindrance to their employment is their relatively poor 
chemical and structural stability. Supramolecular conjugation strategies such as the 
construction of protein-polymer surfactant nanoconjugates are a promising alternative due 
to their capacity for stabilising a liquid state of proteins at unprecedented volume fractions 
and in the total absence of solvent. However, this requires intrinsically supercharged or 
chemically modified biologics, and the subsequent electrostatic conjugation still yields 
dense surfactant coverage in an uncontrolled manner. In this work, we develop a 
straightforward approach for the controlled conjugation of polymer surfactants to protein 
surfaces. Our herein reported covalent protein-polymer biohybrids contain significantly 
fewer surfactants than their electrostatically-conjugated analogues with a predictable 
surfactant coupling density and distribution. This is exemplified by their impressive degrees 
of enzymatic activity retention of (up to 90 %) in comparison to traditionally prepared 
protein-polymer surfactant nanoconjugates which were up to 7-fold less active. Crucially, 
we show that liquefaction and thermotropic behaviour can still be endowed upon proteins 
with as few as five conjugated polymer surfactants. Our new approach to the construction 
of biohybrid protein-surfactant materials offers promise for their future application in 
therapeutically relevant settings. 
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3.1 Introduction 

In recent years, biopharmaceutical industries have seen rapid growth compared to 
traditional synthetic small-molecule therapeutics.1 This is because biologics such as 
antibodies, peptides, and proteins offer avenues for the treatment of a broad spectrum of 
diseases, operate with high specificity, and typically cause little immune response.2,3 Whilst 
promising, a key hindrance to their implementation in pharmaceuticals and broader 
bioindustries is their poor chemical and structural stability.4,5 A well-implemented and 
broadly explored strategy to overcome this challenge is the covalent tethering of 
polyethylene glycol (PEG) to biologics (PEGylation), which offers increased solubility, 
proteolytic tolerance, and enhanced bioavailability and biodistribution.6–9 However, the 
dense coverages achieved by covalent PEGylation results in steric exclusion, and 
consequentially diminished binding affinities and activities for a range of biologics.10–12 
While strategies such as site-specific covalent conjugation can be employed to mitigate this 
effect,13 supramolecular PEGylation offers a broad and modular approach to overcome 
these challenges.14  

Supramolecular conjugation of polymers to biomacromolecules such as DNA,14 peptides,15 
proteins,16 and even larger assemblies like virus capsids,17 offers tremendous opportunity 
for the packaging, stabilization, and storage of biologics. Specifically, the electrostatic 
PEGylation of cationic supercharged proteins with polyethylene oxide (PEO)-alkyl block 
anionic surfactants has produced biohybrid materials with fascinating thermotropic 
properties. In the total absence of solvent, protein-polymer surfactant nanoconjugates can 
be stabilized as liquid-like formulations with extremely high protein volume fractions, 
stored at room-temperature, and operated at extremely high temperatures up to 150 
°C.18,19 Anhydrous catalysis has been performed with lipases,18 and the generality of 
approach for a range of enzymes has recently been highlighted.19 In the solution-state, 
these nanoencapsulated proteins have conserved morphologies and retained activity 
towards small-molecule substrates. However, the current two-step approach of protein 
supercharging (chemical modification) followed by electrostatic conjugation of surfactant 
lacks site-specificity and yields high PEGylation density. This lack of specificity and dense 
polymer coverage may lead to similarly diminished binding affinities and activities as 
observed for covalently-conjugated biologics. While rational design of engineered 
supercharged protein mutants could be implemented,20 these are protein-specific, 
expensive, suffer significant lag-time, and bring new challenges for expression and 
purification.21 Furthermore, charge-stabilized assemblies inevitably suffer from narrow pH- 
and ion-dependent stability regimes. Motivated by the challenge of PEGylation using a 
polymer surfactant, we set out to develop a robust approach for which surfactant coupling 
density and distribution could be controlled.  

Herein we report on the preparation of covalently-conjugated protein-polymer surfactant 
biohybrids using myoglobin (Mb) and hen egg-white lysozyme (HEWL) (Figure 3.1). We 
found that the strategy for covalent nanoencapsulation of the proteins by polymer 
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surfactants yields core-shell biohybrids with conserved protein morphologies. Towards 
large, whole cell substrates, we found up to 7-fold enhancement in activity for covalently-
conjugated HEWL-based biohybrids compared to other electrostatically-conjugated 
variants. Crucially, liquefaction of proteins can still be achieved by the covalent-conjugation 
of as few as 5 surfactants per biohybrid. Further, this new approach also resulted in 
favourably lower-temperature melting and recrystallization transitions of anhydrous 
biofluids compared to their electrostatic variant. Finally, we show that the conjugation 
approach, surfactant coupling density, and anisotropy impact the accessible solvent-free 
bulk organizations of biohybrids. 
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Figure 3.1. Schematic representations of the two-step electrostatic PEGylation route previously 
implemented, and the herein reported direct PEGylation approach. Electrostatic conjugation is 
achieved by cationic supercharging of myoglobin (Mb) or hen egg-white lysozyme (HEWL) yielding 
cMb or cHEWL. Surface electrostatic potentials are contour-coloured (red to blue) from -10 to +10 kT 
e-1. This results in up to 35 or 22 potential coupling sites for cMb or cHEWL, respectively. Covalent-
conjugation is achieved by the direct coupling of carboxyl-terminated polymer surfactant with 
solvent-accessible Lys residues, with up to 19 or 6 potential coupling sites for Mb or HEWL, 
respectively. The polymer surfactants glycolic acid ethoxylate lauryl ether (C12EO10, MW ∼ 690 g mol-
1) and carboxylated19 BrijL23 (C12EO22, MW ∼ 1270 g mol-1) are graphically depicted in grey. 

3.2 Results & Discussion 

3.2.1 Synthesis of covalent and non-covalent protein-polymer surfactant hybrids 

The preparation of solvent-free and anhydrous protein liquids is well reported, and is 
achieved by a multistep route of chemical supercharging and electrostatic conjugation of 
surfactant to the protein surface.18,19,22–24 To some extent, relationships between the 
influence of surfactant distribution and composition on the stabilization of proteins, 
liquefaction, and conserved enzymatic activity have also begun to be described.20,25 
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However, this approach lacks site-specificity and yields high PEGylation density which may 
be detrimental to enzyme binding affinities and activities. Further, charge-stabilized 
assemblies inevitably suffer from narrow pH- and ion-dependent stability regimes. 

We initially set out to overcome the challenges and pitfalls associated with electrostatic 
conjugation through the construction of covalently-conjugated biohybrids with myoglobin 
(Mb) and hen egg-white lysozyme (HEWL) and glycolic acid ethoxylate lauryl ether (C12EO10, 
MW ∼ 690 g mol-1), or carboxylated19 Brij® L23 (C12EO22, MW ∼ 1270 g mol-1). These 
covalently-conjugated biohybrids were prepared in a straightforward one step approach by 
EDC-mediated coupling of a carboxyl-terminated polymer surfactant to solvent-accessible 
Lys residues on the Mb or HEWL surface (Figure 3.1). This first involved a brief pre-activation 
of polymer surfactant with EDC to produce an activated ester intermediate. The addition of 
protein initiated the coupling with the solvent-accessible primary amines of Mb or HEWL 
surface, yielding either Mb-C12EO10 and Mb-C12EO22, or HEWL-C12EO10 and HEWL-C12EO22.  

To assess the structural impact of our one step synthetic route and to explore the resultant 
biohybrid properties, we also prepared a series of analogous biohybrids via the typical 
electrostatically-conjugated route.19,22,23 Briefly, this first involved the covalent modification 
of solvent-accessible acidic residues (Asp/Glu) via EDC-mediated coupling of 1,3-
dimethylamino propylamine (DMAPA) to produce cationic supercharged protein variants 
(cMb and cHEWL). Acidic residue modification efficiencies were computed to be 68.2 % and 
52.7 % using matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass 
spectrometry, which correspond to 14.3 of 21 and 4.7 of 9 solvent-accessible Asp/Glu 
residues, respectively. We subsequently prepared electrostatically-conjugated biohybrids 
by mixing these cationized proteins with anionic surfactants, yielding cMb:C12EO10 and 
cMb:C12EO22, or cHEWL:C12EO10 and cHEWL:C12EO22.  

We estimate relatively few potential coupling sites exist for the covalent conjugation of 
polymer surfactant to Mb (19 sites) or HEWL (6 sites), compared to their cationic 
supercharged variants cMb (35 sites) and cHEWL (22 sites). Therefore, covalently-
conjugated biohybrids should have considerably lower polymer conjugation densities than 
their electrostatically-conjugated analogues. Inspection of solvent-accessible Lys residues 
(Figure 3.1) on the Mb surface suggested we could expect an even distribution of polymer 
surfactant for covalently-conjugated Mb-based variants. Continuum electrostatics 
calculations performed via the PDB2PQR webserver26,27 indicated an even surface charge 
distribution for cMb and cHEWL. We therefore also anticipated an even distribution of 
polymer surfactant across the electrostatic hybrids variants. Conversely, the solvent-
accessible Lys residues on the HEWL surface are all roughly located in one hemisphere of 
the protein surface, which would result in the formation of an anisotropic biohybrid. 

3.2.2 Solution-state structure and morphology 

To elucidate the solution-state structure and morphology of the prepared biohybrid 
variants we performed small-angle X-ray scattering (SAXS) experiments (Figure 3.2a,b). To 
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determine the surfactant binding efficiency, we first determined biohybrid molecular 
weights from a Guinier analysis (MSAXS) on the SAXS data (Table 3.1, see experimental 
methods).28,29 The obtained MSAXS values were consistently smaller for the covalently-
conjugated biohybrids than for their electrostatically-conjugated counterparts. This 
indicates that the covalent biohybrids contain lower amount of surfactants, as expected. 
Further, MSAXS values of biohybrids containing the shorter C12EO10 surfactant are smaller 
than those with C12EO22. To assess the conjugation efficiencies for the electrostatic and 
covalent synthetic routes, we computed the ratio between the number of conjugated 
surfactants as determined by SAXS and the number of potential coupling sites (ε). In all 
cases, we found rather high coupling efficiencies (0.79 ≤ ε ≤ 1.10) indicating that most 
coupling sites are occupied with a surfactant. For the covalently-conjugated biohybrids, we 
found coupling efficiencies ranging from 0.79 to 0.97. Clearly, the solvent-accessible Lys 
residues are effectively converted in the one-step conjugation approach, as are the acidic 
residues in the two-step supramolecular PEGylation. The electrostatically-conjugated 
myoglobin biohybrids showed higher efficiencies with ε = 1.10 for cMb:C12EO10 and ε = 1.08 
for cMb:C12EO22, respectively. This indicates a slight excess of specifically bound surfactants, 
consistent with previous reports on charge-stabilized protein-polymer surfactant 
nanoconjugates.30 The lower coupling efficiencies determined for cHEWL:C12EO10 and 
cHEWL:C12EO22 are due to a slight underestimation of MSAXS. The forward scattering intensity 
of the corresponding SAXS patterns is slightly reduced due to a small yet noticeable 
influence of the structure factor at small q-values, which is not taken into account in the 
Guinier analysis. Finally, as expected we also observed increased Rg values upon conjugation 
of polymer surfactant through both the covalent and electrostatic conjugation routes (Table 
S3.1). The SAXS results thus demonstrate the successful construction of biohybrid objects 
containing a single protein conjugated by surfactants in either a covalently-coupled or 
electrostatically-coupled manner. 
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Table 3.1. Biohybrid molecular weights calculated using Guinier analysis of solution-state small-angle 
X-ray scattering (SAXS) experiments (MSAXS). The corresponding number of surfactants in each 
biohybrid construct is computed from the molecular weight increase, from which the ε parameter 
compares the number of conjugated surfactants resolved by SAXS and the maximum number 
estimated from available conjugation sites. 

 Mb-C12EO10 Mb-C12EO22 cMb:C12EO10 cMb:C12EO22 
MSAXS / kDa 28.4 41.4 44.7 66.0 

# Surfactants 15.0 18.4 38.6 37.7 
εa 0.79 0.97 1.10 1.08 
 HEWL-C12EO10 HEWL-C12EO22 cHEWL:C12EO10 cHEWL:C12EO22 

MSAXS / kDa 20.1 23.7 31.0 39.2 
# Surfactants 5.1 5.6 20.9 17.8 

εa 0.85 0.94 0.95 0.81 
a ε is defined as the ratio of experimentally determined number of bound surfactants and the total 
number of potential coupling sites. 

Next, we set out to elucidate the impact of covalently-conjugated surfactant on the 
resultant structure of the biohybrid. Independent of conjugation approach, we observe a 
distinct transformation in SAXS profiles compared to their native protein counterpart. These 
are consistent with a core-shell architecture consisting of a single protein decorated by 
surfactant corona.19,20,25 The characteristic shell contribution at higher-q values are in 
excellent agreement for Mb-based biohybrids. This confirmed that covalent conjugation 
resulted in a high grafting density of surfactant with an even distribution across the protein 
surface. In contrast, both the width and the intensity of shell contribution for the covalently-
conjugated HEWL-based biohybrids differ from their electrostatically-conjugated 
analogues. The smeared profiles in the covalent variants support our expectation of an 
anisotropic and lower density surfactant coverage of the HEWL surface compared to their 
electrostatically-conjugated analogues. Further, we consistently observed that the use of 
surfactant C12EO22 resulted in a reduced shell intensity compared to the shorter C12EO10. 
This arises from the greater EO-block length, which results in a greater degree of hydration 
of the surfactant corona and reduced electron contrast. 
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Figure 3.2. (a) Solution-state small-angle X-ray scattering (SAXS) profiles of native Mb (×10, black 
diamonds), cMb:C12EO10 (green squares), cMb:C12EO22 (cyan circles), Mb-C12EO10 (red upward 
triangles), and Mb-C12EO22 (blue downward triangles). (b) SAXS profiles native HEWL (×10, black 
diamonds), cHEWL:C12EO10 (green squares), cHEWL:C12EO22 (cyan circles), HEWL-C12EO10 (red upward 
triangles), and HEWL-C12EO22 (blue downward triangles). Scattering profiles indicate distinct structural 
transformations from a native protein to biohybrids consisting of single protein-polymer core-shell 
architectures, and forward-q scattering intensities are used to compute the molecular weight (MSAXS) 
of the nanoconjugates. (c) Circular dichroism (CD) spectroscopy profiles of native Mb (black), cMb 
(pink), cMb:C12EO10 (green), cMb:C12EO22 (cyan), Mb-C12EO10 (red), and Mb-C12EO22 (blue). (d) CD 
spectroscopy profiles of native HEWL (black), cHEWL (pink), cHEWL:C12EO10 (green), cHEWL:C12EO22 
(cyan), HEWL-C12EO10 (red), and HEWL-C12EO22 (blue). CD traces show high degrees of secondary 
structure retention upon protein cationization, followed by small losses of native folds upon 
conjugation with polymer surfactant. 

Having established the successful nanoencapsulation of individual proteins within a 
polymer surfactant corona for both the supramolecular and covalent PEGylation route, we 
set out to probe the degree of structural preservation of the globular protein core using 
circular dichroism (CD) spectroscopy (Figure 3.2c,d). We found that conjugation of 
surfactant imparted a small degree of structural mismatch for all Mb-based biohybrids, as 
observed by a reduction in the intensity of the band at 222 nm and as well as a shifted band 
at 208 nm. This was independent of surfactant block composition and an overall reduction 
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in α-helical content. For HEWL-based biohybrids we observed minimal influence of 
surfactant on the protein secondary structure, but noted a small loss in the total energy of 
folding given the reduced intensity of CD traces. These observations matched previous 
reports for electrostatically-conjugated biohybrids containing Mb and HEWL.23,24 To 
elucidate the details of structural reorganization we performed secondary structure 
deconvolution using the online Dichroweb server (Table 3.2, Figure S3.2).31,32 As expected 
this revealed a primary loss in α-helical content from 83 % (Mb) to less than 70 % for 
biohybrids. This coincided with commensurate increases in β-sheet structure and 
disordered content of the globular protein core. Finally, as expected, no appreciable 
structural reorganization for HEWL-based biohybrids was observed. 

Table 3.2. Structural contents of native and modified proteins resolved through deconvolution of 
circular dichroism (CD) spectroscopy traces. 

 Mb cMb Mb- 
C12EO10 

Mb- 
C12EO22 

cMb: 
C12EO10 

cMb: 
C12EO22 

α-Helix 83 80 67 70 68 67 
β-Sheet 2 6 9 9 10 10 

Turn 11 9 10 7 6 6 
Disordered 4 5 14 14 16 17 

 HEWL cHEWL HEWL-
C12EO10 

HEWL-
C12EO22 

cHEWL: 
C12EO10 

cHEWL: 
C12EO22 

α-Helix 37 36 30 32 33 29 
β-Sheet 17 18 21 19 16 18 

Turn 19 19 18 19 17 22 
Disordered 27 27 31 30 34 31 

 

Overall, solution-state structural investigations revealed that nanoencapsulation could be 
achieved through a direct covalent conjugation approach. Crucially, covalently-conjugated 
biohybrids can be produced with a predictable surfactant coupling density and distribution. 
These variants are structurally consistent their electrostatically-conjugated analogues. The 
small degrees of loss of native protein structural content and fold energies are likely driven 
by the collapse and self-association hydrophobic surfactants segments across the protein 
surface.33,34 The EO-block domains would likely shield these hydrophobic segments from 
the aqueous bulk,35 but increasing the domain length from 10 to 22 EO units did not offer 
enhanced structural retention. We expect that the surfactant block composition may be 
more critical for nanoconjugates containing shorter surfactants, or with smaller hydrophilic 
domains than those employed here. 

3.2.3 Enhanced activity afforded by an anisotropic corona 

Given that covalently-conjugated biohybrids displayed a strong degree of secondary 
structure retention, we set out to explore the influence of corona architecture on the 
enzymatic activity of HEWL biohybrids. Kinetic assays were performed using M. 
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Lysodeikticus (M. lys.) whole cells (μm-sized) as a substrate (Figure 3.3a). Here, lysis of the 
cell wall corresponded to a decrease in optical density probed at 450 nm (A450) which could 
be followed by UV-vis spectroscopy. Based upon the initial linear decrease in in A450 (Figure 
S3.3), we computed an activity of 19285 ± 1650 U mg-1 for the native HEWL (Table 3.3). For 
covalently-conjugated biohybrids, we computed activities of 6249 ± 476 U mg-1 (HEWL-
C12EO10) and 17469 ± 791 U mg-1 (HEWL-C12EO22), corresponding to 32.4 ± 1.6 % and 90.6 ± 
4.1 % activity retentions, respectively (Figure 3.3b). Here, a reduction in activity compared 
to native HEWL is expected given that assays are performed using whole cells as substrate, 
for which a surfactant corona would restrict access to the catalytic cleft. However, we found 
that these activities were significant improvements on the performance of electrostatically-
conjugated biohybrids. For cHEWL:C12EO10 and cHEWL:C12EO22, we determined activities of 
875 ± 366 U mg-1 and 4935 ± 315 U mg-1, respectively. These amounted to merely 4.5 ± 1.9 
% and 25.6 ± 2.5 % activity retention compared to the native HEWL. Overall, our computed 
activities for covalently-conjugated variants indicate impressive enhancements over their 
electrostatically-conjugated analogues (7-fold for C12EO10-based and 3.5-fold for C12EO22-
based). 

 

Figure 3.3. (a) Schematic representation of the HEWL-mediated lysis of M. lys. bacterial 
substrate for the covalently-conjugated (left) or electrostatically-conjugated (right) 
biohybrid variants. (b) Retained activity of protein-polymer surfactant biohybrids estimated 
from lysis assays (represented as % compared to native HEWL). Relative activities indicate 
that covalent-coupled biohybrids retain significantly greater activity than their charge-
stabilized counterparts. 

 

 

 



Liquefaction and enhanced activity of covalently PEGylated proteins 
   

 
66 

Table 3.3. Catalytic performance of native HEWL and respective protein-polymer surfactant biohybrid 
variants. 

 HEWL cHEWL: 
C12EO10 

HEWL-
C12EO10 

cHEWL: 
C12EO22 

HEWL-
C12EO22 

Activity / U mg-1 19285 875 4935 6249 17469 
St Dev / U mg-1 1650 366 315 476 791 

Activity Retained / % - 4.5 ± 1.9 32.4 ± 1.6 25.6 ± 2.5 90.6 ± 4.1 
 

It was initially unclear if this marked improvement in activity for covalently-conjugated 
biohybrids was due to the potential chemical inactivation of HEWL during the two-step 
electrostatic conjugation approach. This is because cationic supercharging to produce 
cHEWL may lead to the DMAPA-modification of either Glu35 or Asp52 located within the 
catalytic cleft which are crucial for lysis activity.36–38 However, these residues are less 
accessible than the remaining acidic sites. Given that MALDI-TOF indicated that on average 
only 5 of 9 sites were modified for cHEWL, we expected that the chemical inactivation of 
cHEWL was unlikely to be the primary cause of reduced activity. This could be confirmed in 
detail through tryptic digestion liquid chromatography mass spectrmetry (LC-MS).39 Instead, 
we argue that the observed improvement in activity of our covalently-conjugated variants 
was due to the influence of corona architecture. Here, we expect that electrostatic grafting 
of surfactant in an uncontrolled manner prohibitively excludes the bacterial substrate from 
the HEWL catalytic cleft. This obstacle can be convincingly overcome by our controlled 
approach of direct covalent-conjugation. 

Finally, we noted that biohybrid variants constructed using the surfactant C12EO10 were less 
active than their counterparts containing C12EO22. Given that CD spectroscopy confirmed 
surfactant block composition did not impart a significant structural difference of the 
biohybrids, we tentatively assigned this difference in activity to the greater hydrophilicity 
of C12EO22 surfactant. The longer PEO block length of these nanoconjugates likely affords 
higher affinity for the hydrophilic bacterial surface than those containing the shorter C12EO10 
surfactant.  

3.2.4 Liquefaction of covalent biohybrids  

The anhydrous thermotropic melting behaviour of a range electrostatically-conjugated 
protein-polymer surfactant nanoconjugates has been extensively reported,18,19,22–24 
however has never been shown for covalent variants. Given the structural and 
morphological insights gained here in the solution-state are similar in both cases, we set out 
to explore the consequences on the liquefaction of covalent variant biohybrids. Upon 
freeze-drying and thermal annealing of covalently-conjugated biohybrids we were excited 
to also observe a thermotropic behaviour with distinct melting transitions at 21 °C and 34 
°C for hybrids containing C12EO10 and C12EO22, respectively (Figure 3.4). These match closely 
with results for the neat surfactant components (Figure S3.3), and indicate that the onset 
of phase transitions can primarily be controlled by selection of polymer. It is noteworthy 
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that liquefaction of covalently-conjugated HEWL-based biohybrids is remarkable 
considering these are constructed via conjugation of as few as 5 surfactants in only one 
hemisphere of the HEWL surface, as described above in Figure 3.1. Whilst polymer size and 
block contributions clearly play a critical role in the endowment of liquid-like properties, we 
additionally found that covalent-conjugation considerably improved upon the low-melting 
temperature onsets of our biofluid materials. We expect that this is the result of fewer 
surfactants contributing to inter- and intra-biohybrid alkyl-alkyl and EO-EO block 
interactions. Together with covalent confinement, this should greatly perturb the capacity 
for surfactants to self-assemble in the bulk milieu. These factors contribute to a reduction 
in the recrystallization temperature of a bioconjugate, and act to lower the energetic 
requirement for the disruption of surfactant block interactions. Overall, we observed 
consistently lower-temperature phase transitions for biohybrids containing C12EO10 as 
opposed to C12EO22 as expected from the surfactant behavior.  

 

Figure 3.4. Differential scanning calorimetry (DSC) traces comparing reversible melting and 
recrystallization transitions of charge-stabilized and covalent-conjugated solvent-free biohybrid 
varints. (a) Comparison of cMb-C12EO10 (black dashed line) and Mb-C12EO10 (black solid line), or cMb-
C12EO22 (red dashed line) and Mb-C12EO22 (red solid line). (b) Comparison of cHEWL-C12EO10 (black 
dashed line) and HEWL-C12EO10 (black solid line), or cHEWLb-C12EO22 (red dashed line) and HEWL-
C12EO22 (red solid line). Favourably reduced melting and recrystallization temperatures are observed 
for covalent-conjugated biohybrids, compared with their charge-stabilized counterparts. 

3.2.5 Hierarchical bulk-structures 

The liquid-like characteristic behaviour of solvent-free protein-surfactant biohybrids in the 
total absence of a solvent arises from an increased protein-protein separation distance 
overcoming the positional order of the freeze-dried protein.22,40 Consequently, at low 
temperatures these biohybrid materials undergo surfactant-driven recrystallization through 
self-assembly. Small- and wide-angle X-ray scattering (SAXS/WAXS) experiments were 
performed to resolve the hierarchical structure in the dry-state of the covalently-conjugated 
biohybrids (Figure 3.5). Temperature profiles were programmed to initially anneal samples 
far above their respective melting transitions before cooling to -30 °C, and measurements 
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are performed on a heating ramp to match the sample thermal history of DSC 
measurements. 

For the covalently-conjugated biohybrids, we only observed closely packed and organized 
bulk structures in combination with the larger surfactant C12EO22. For those containing 
C12EO10, there was no hierarchical organization beyond the length scale of a single protein-
protein distance. In contrast, all electrostatically-conjugated biohybrids display close 
packing and organized bulk structures independent of surfactant composition. Below their 
respective melting transitions, all C12EO22-containing biohybrid variants which display 
hierarchical order match a lamellar bulk structure, with distinct features following a q:2q:3q 
spacing. However, for cHEWL:C12EO10 we found that the reduced surfactant length resulted 
in a subtle transformation to a hexagonal orientation. This is likely an influence of the 
reduced volume of the nanoconjugate in comparison to variants containing longer PEG 
chains. This results in a shorter protein-protein separation and amounts to an increased 
protein volume fraction in the bulk biofluid. Further, an underlying shape anisotropy of the 
HEWL core and the requirement for more dense protein packing could be satisfied by an 
interstitial protein (Figure 3.6). We anticipate that this hexagonal rearrangement occurs in-
plane, with a persistent overall lamellar bulk structure, akin to a smectic B phase found in 
thermotropic calamitic mesogens.41 Furthermore, we observed anisotropic 2D intensity 
profiles for the charge-stabilized cHEWL:C12EO10 and cHEWL:C12EO22 (Figure S3.1). This 
suggests that given a high degree of surfactant coverage, the ellipsoidal geometry of HEWL 
drives a small degree of orientational preference in the solvent-free material. Finally, no 
preferred structure was observed for the Mb-C12EO10 and HEWL-C12EO10 variants. 
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Figure 3.5. Bulk-state small-angle X-ray scattering (SAXS) profiles below respective melting transitions 
for (a) cMb:C12EO10 (green) and Mb-C12EO10 (red) and (b) cMb:C12EO22 (cyan) and Mb-C12EO22 (blue), 
or (c) cHEWL:C12EO10 (green) and HEWL-C12EO10 (red) and (d) cHEWL:C12EO22 (cyan) and HEWL-C12EO22 
(blue). Insets show corresponding wide-angle X-ray scattering (WAXS) profiles between 1.2 – 1.8 Å-1 
and indicate crystalline features arising from polymer surfactant of alkyl-alkyl or EO-EO block 
interactions. Arrows indicate expected peak centres for hierarchical assembly of biohybrids in the 
solvent-free state. 
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Figure 3.6. (a) Schematic representation of semi-crystalline macroscale spherulitic assemblies of 
biohybrids comprising (b) lamellar domains of protein and interstitial regions of polymer surfactant. 
(c) In-plane organisation is not typically observed for biohybrid nanoconstructs. (d) The reduced-
volume cHEWL:C12EO10 biohybrid packs in an approximately hexagonal manner to satisfy geometric 
constraints of an increased protein volume-fraction. In-plane directional alignment of biohybrid 
constructs was exclusively observed for cHEWL:C12EO10 and cHEWL:C12EO22. 

Corresponding WAXS profiles of the covalently-conjugated variants showed two distinct 
peaks for the biohybrids containing C12EO22. These were absent in the biohybrids containing 
the shorter C12EO10 surfactant, despite distinct phase transitions observed with onset at 
around -10 °C by DSC. WAXS peaks were centred at 1.35 Å-1 and 1.63 Å-1, which correspond 
to 4.67 Å and 3.84 Å in real-space, and are consistent with alkyl-alkyl42 or EO-EO43  block 
interaction distances, respectively. These were also temperature responsive, and 
consistently disappeared at T>TM. This demonstrates that surfactant self-assembly in the 
bulk is a key driving force for biohybrid organization over greater length scales than the 
single protein-polymer surfactant nanoconjugates. With a great enough degree of protein 
surface coverage for cMb:C12EO10 or cHEWL:C12EO10 variants, a hierarchical bulk 
organization can be reinstated. Surprisingly, HEWL-C12EO22 retained a strong degree of 
surfactant crystallinity and bulk organization despite similarly low and anisotropic coverage 
of surfactant to that of HEWL-C12EO10. This further highlights the role of polymer surfactant 
to preferentially self-associate, driving the overall self-assembly and bulk organization of 
solvent-free materials. These findings are supported by polarized optical microscopy (POM) 
of thermal-history erased biohybrids revealed. This revealed the macroscale assembly of 
nanoconjugates into semi-crystalline materials comprising distinct spherulitic structures 
(Figure S3.5). Together, POM images confirmed our expectation that the semi-crystalline 
arrangements are supported by crystalline regions of lamellar structure. 

3.3 Conclusion 

In conclusion, we have prepared a new class of protein-polymer surfactant PEGylated 
biohybrid through direct covalent conjugation of surfactant to a protein surface. These were 
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compared to biohybrids produced via a two-step approach of cationic supercharging and 
electrostatic conjugation of surfactant. Solution-state structural investigations revealed 
that single protein-surfactant nanoconjugates with a core-shell architecture could be 
produced using the model proteins Mb and HEWL, in combination with surfactants 
containing the block composition C12EO10 or C12EO22. Whilst surfactant composition did not 
influence the globular structure of the protein core, our strategy of covalent conjugation 
predictably produced biohybrids with controlled grafting densities and distributions. This 
facilitated the remarkable 90.6 % retention of lysis activity for the nanoconjugate HEWL-
C12EO22 with large bacterial substrate, and amounting to significant enhancement in activity 
(up to 7-fold) compared to electrostatically-conjugated biohybrids. Crucially, with as few as 
five polymer surfactants, we show that liquefaction of proteins can still be achieved. Overall, 
our covalently-conjugated biohybrids displayed thermotropic behaviour and 
advantageously lower temperature phase transitions. Partial arrangement of HEWL hybrids 
showcase that the solvent-free liquid properties depend also on the shape of the protein. 
Finally, the ability to control surfactant conjugation density and distribution across a protein 
surface enabled investigation into the influence of surfactant block composition on the 
hierarchical assembly of solvent-free materials. The capacity to produce protein-polymer 
surfactant nanoconjugates via direct conjugation approach holds great promise for these 
biohybrid materials in future therapeutically relevant settings. 

3.4 Experimental Section and Supplementary Discussions 

3.5.1 Biohybrid preparation 

Unless otherwise stated, all materials were purchased from Sigma-Aldrich (NL) and used 
without further purification. Hen egg-white lysozyme (HEWL, Lot # 117K1547) or myoglobin 
(Mb, equine skeletal tissue, Lot # SLBP8112V) was suspended in a protein buffer (10 mM 
PB, pH 6.5) to achieve a final concentration of 2 mg ml-1. 

For electrostatically-conjugated biohybrods, 3-(dimethylamino)-1-propylamine (DMAPA, 
2.2 M and pH 6.2) was added in at least 500-fold molar excess to the number of solvent-
accessible acidic sidechains under stirring, followed by the immediate addition of solid N-
(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) in a further 10-fold 
excess. After 4 hrs a secondary addition of EDC was performed, and the reaction was 
allowed to proceed overnight to produce a supercharged enzyme. Any precipitate was 
removed by centrifugation (4000 G, 15 min), followed by extensive dialysis against protein 
buffer to remove excess reactants. The purified supercharged enzyme was added dropwise 
under stirring to neat glycolic acid ethoxylate lauryl ether (C12EO10, Mn = 690 g mol-1), or 
carboxylated Brij® L23 (C12EO22) dissolved in minimum protein buffer, to achieve a final ratio 
of 4 surfactants per solvent-accessible cationic site. The mixture was allowed to stir 
overnight, followed by centrifugation to remove any precipitate, and a secondary extensive 
dialysis against decreasing concentrations of protein buffer to obtain MilliQ quality water. 
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For covalently-conjugated biohybrids, the surfactants C12EO10 or C12EO22 were dissolved in 
protein buffer to achieve a final concentration of 2 mg mL-1. Under stirring, a single addition 
of EDC was performed in a 3-fold molar excess, and the solution was allowed to stir for 30 
min. Protein solution was subsequently added to achieve a 4-fold molar excess of surfactant 
with respect to solvent-accessible Lys residues. The reaction mixture was allowed to stir 
overnight, followed by removal of any precipitate by centrifugation (4000 G, 15 min) and 
extensive dialysis against decreasing concentrations of protein buffer to obtain MilliQ 
quality water. 

All purified samples were freeze-dried for 48 hrs to produce a soft powder, and the powder 
could be annealed for 1 hr at 70 °C to produce free-flowing solvent-free biohybrid materials.  

3.4.2 X-ray scattering data acquisition, reduction and analysis 

All experiments were performed on a SAXSLAB GANESHA 300 XL system equipped with a 
GeniX-Cu ultra-low divergence micro focus sealed-tube source producing X-ray photons 
with a wavelength λ = 1.54 Å at a flux of 1 × 108 Ph s−1. The scattering intensity was 
measured as a function of momentum transfer vector 

q = 
4π
λ

sin θ 

where λ is the radiation wavelength and 2θ is the scattering angle. The 2D scattering data 
were recorded on a Pilatus 300 K silicon pixel detector with 487 × 619 pixels of 172 µm2 in 
size. The beam-centre and q-range were calibrated using an AgBe standard. The calibrated 
detector response function, known sample-to-detector distances, and measured incident 
and transmitted beam intensities were using to scale the 2D patterns to absolute intensity. 
The corresponding 2D patterns were azimuthally averaged to produce 1D scattering 
profiles. 

Solution-state small-angle X-ray scattering (SAXS) profiles were obtained for samples 
measured in 2.0 mm quartz capillaries (Hilgenberg), mounted with custom-built capillary 
holders. A known sample-to-detector distance of 713 mm gave an accessible q-range of 
0.015<q<0.445 Å-1. The scattering profile of the protein buffer and quartz capillary were 
subtracted to produce a final SAXS profile. Background subtraction was performed using 
the SAXSutilities44 package (available for download http://www.sztucki.de/SAXSutilities). 
All profiles are obtained from merging at least two scattering profiles collected at different 
(high/low) concentrations in 10 mM PB, pH 6.5. The SAXS profiles were further analyzed to 
determine the number of enzymes per hybrid, the grafting density of surfactants, and the 
radius of gyration, Rg. To this end, the molecular weights of biohybrid variants (MSAXS) were 
computed from the forward scattering intensity extrapolated to zero q (I0), which was 
extracted from a Guinier analysis of the SAXS profiles. To do this, Guinier plots (ln[I(q)] vs 
q2) were produced for scattering profiles, from which I0 (cm-1) and Rg (Å) were determined 
using 
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I(q) ≈ I0e−
q2Rg2

3  

from the region of the profile satisfying the condition qRg < 1.3 for globular proteins.29,45 
Next, the MSAXS could be computed using the I0 intensity values according to 

MSAXS = I0
Nav

c∆ρM2
 

where Nav is Avogadro’s number (6.023×1023 mol-1), c is concentration (profiles manually 
rescaled to 1 g cm-3), and ΔρM (cm g-1) is the scattering contrast per mass computed using 

∆ρM =  �ρM,prot − (ρsolvv�)�r0 

where ρM,prot is the number of electrons per mass of dry protein (3.22×1023 e g-1), ρsolv is the 
number of electrons per volume of solvent (3.34×1023 e cm-3), �̅�𝑣 is the partial specific volume 
of protein (0.7425 cm3 g-1), and r0 is the scattering length of an electron (2.8179×10-13 cm). 

Table S3.1. Radius of gyration Rg computed from respective SAXS profiles for Mb and HEWL variants 
following Guinier analysis. 

 Mb Mb-C12EO10 Mb-C12EO22 cMb:C12EO10 cMb:C12EO22 
Rg / Å 16.8 45.9 50.0 53.0 52.0 

 Lys HEWL-
C12EO10 

HEWL-
C12EO22 

cHEWL:C12E
O10 

cHEWL:C12E
O22 

Rg / Å 14.5 35.1 30.6 37.2 37.5 
 

Bulk-state small- and wide-angle X-ray scattering (SAXS/WAXS) profiles for solvent-free 
biohybrids were obtained for thin-film samples measured in a sandwich assay between 
Mylar sheets which were mounted and sealed with custom-built plates. Plates were then 
mounted onto a Linkam thermal stage with a calibrated temperature-response obtained for 
a biohybrid sample mounted in this manner. Sample-to-detector distances were calibrated 
using AgBe standard, providing accessible q-ranges 0.015<q<0.445 Å-1 (SAXS) and 
0.088<q<2.41 Å-1 (WAXS). All samples were thermally annealed at 80 °C for 30 min to 
remove thermal history, and subsequently cooled to at least 10 °C below respective 
recrystallization temperatures for 1 hr. Samples were then heated at 10 °C min-1 to a 
temperature 10 °C below their respective melting transition, held isothermal for 1 hr, and 
then WAXS and SAXS profiles were collected. Samples were next heated at 10 °C min-1 to a 
temperature 10 °C above their respective melting transition, held isothermal for 1 hr, and 
WAXS and SAXS profiles were again collected. 
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Figure S3.1. 2D small-angle X-ray scattering (SAXS) patterns of solvent-free biohybrids. Anisotropic 
patterns are observed for the cHEWL:C12EO10 and cHEWL:C12EO22 variants, indicating an orientational 
alignment of nanoconstructs in the bulk environment. 

3.4.3 Circular dichroism spectroscopy 

Far-UV circular dichroism spectroscopy experiments were performed on a Jasco J-815 
instrument fitted with a Peltier PTC-423S/15 temperature controller. All samples were 
thermally controlled at 22 °C, and measurements were performed using a 0.1 cm quartz 
cuvette. Protein concentrations were adjusted to maximize signal-to-noise ratios and by 
ensuring HT values remained below 650 V. Experiments were performed from 260 – 190 
nm at a scanning speed of 20 nm min-1, a data pitch of 0.5 nm, with 4 s accumulation and 
1.0 nm bandwidth. Each CD trace is obtained from a minimum of 3 manually averaged and 
background subtracted spectra. All traces are plotted using a 3-point moving average. To 
elucidate the details of structural reorganization we performed secondary structure 
deconvolution using the online Dichroweb server using the CDSSTR algorithm and 
associated reference set 4.31,32 All outputs satisfied the condition of NRMSD < 0.025. 
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Figure S3.2. (a) Secondary structure deconvolution from circular dichroism (CD) spectroscopy traces 
indicating the structural contents of native Mb (black), cMb (pink), cMb:C12EO10 (green), cMb:C12EO22 
(cyan), Mb-C12EO10 (red), and Mb-C12EO22 (blue). (b) Structural contents of HEWL (black), c HEWL 
(pink), cHEWL:C12EO10 (green), cHEWL:C12EO22 (cyan), HEWL-C12EO10 (red), and HEWL-C12EO22 (blue). 
Secondary structure deconvolution shows high degrees of structural retention independent of 
polymer surfactant conjugation approach. 

3.4.4 Kinetics assays using large biomacromolecular substrates 

All experiments were performed on a Tecan Safire2 UV-vis plate reader with a standard 
sample path length of 0.81 cm (300 μL volume) and the temperature was controlled at 25 
°C. The HEWL-mediated lysis of M. lysodeikticus bacterial whole cell walls was followed by 
the decrease in absorbance (increase in transmission) at 450 nm (A450) over time, which was 
followed for up to 600 s. Experiments were performed in buffer (10 mM PB pH 6.5) with a 
constant [Lys] of 0.5 μM and [Cells] of 0.15 mg mL-1. Lysis activities were determined from 
the slope of the linear region of the absorbance change with time (maintained at 180 s for 
all assays), where 1 U mg-1 is defined as a ΔA450 of 0.001 per 60 s and mass of HEWL 
component. 
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Figure S3.3. (a) UV-vis spectroscopy traces for the lysis of M. lys. whole bacterial cells followed at 450 
nm (A450) with respect to time for native HEWL (black diamonds), cHEWL:C12EO10 (green squares), 
HEWL-C12EO10 (red upward triangles), cHEWL:C12EO22 (cyan circles), and HEWL-C12EO22 (blue 
downward triangles). A control experiment containing M. lys. whole cells but in absence of HEWL is 
indicated (black closed squares). (b) Corresponding inset of the first 180 s of assays indicating the 
linear fits obtained, and from which activity retention is approximated for HEWL variants. Error bars 
indicate the standard deviation obtained from three independent assays. 

3.4.5 Differential scanning calorimetry 

Differential scanning calorimetry experiments were performed on a TA Instruments Q2000. 
Samples were first incubated at 80 °C to remove thermal history and cooled at 10 °C min-1 
to -60 °C. Thermal cycles were subsequently performed between -60 °C to +80 °C at a 
constant temperature gradient of 10 °C min-1. At least 2 cycles were performed to ensure 
sample phase behavior was unchanged, and material degradation did not occur. 
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Figure S3.4. Differential scanning calorimetry of neat C12EO10 (black) and C12EO22 (red). Samples are 
initially heated to +80 °C to remove thermal history, and then subjected to 2 complete cooling and 
heating cycles from +80 °C to -60 °C at a constant heating/cooling rate of 10 °C min-1. Only the second 
of the complete heating cycles is shown here from -40 °C to 50 °C. 

3.4.6 Polarized optical microscopy 

Polarized optical microscopy images were performed using a Nikon ECLIPSE Ci‐Pol Optical 
Microscope with a mounted Linkam LTS 420 stage. Biohybrid material was sandwiched 
between two glass cover slides, mounted on the thermal stage, and heated to 80 °C for 1 hr 
to remove thermal history. Samples were then slowly cooled (∼ 5 °C min-1) to 5 °C below 
their respective melting transitions and held isothermal until imaged. 

 

Figure S3.5. Representative polarized-optical microscopy (POM) images obtained indicating semi-
crystalline phase behaviour of biohybrid materials. Lamellar bulk structure is confirmed via the 
characteristic assembly of spherulitic texture for cHEWL:C12EO22 and HEWL-C12EO22. We similarly 
observe a broken fan texture for cHEWL:C12EO10 which is typical for high viscosity samples displaying 
slow crystallization kinetics.  
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Chapter 4 

Protease compartmentalization promotes stability against 
denaturants and offers protection to enzymes against 

proteolysis 

 

Abstract 

Proteases are the most prominent class of industrial enzymes and are widely employed in 
multifarious applications ranging from food technology to therapeutics.  Protease 
compartmentalization promotes stability against denaturants and offers protection to 
enzymes against proteolysis. The non-specific serine-protease Subtilisin A (SubtA) has been 
extensively engineered for inclusion in detergent formulations with inactivating 
components such as salts, chelators and surfactants. Further, mixed-enzyme formulations 
and therapeutics are hindered by non-specific proteolysis. Compartmentalization strategies 
offer approaches toward enzyme stabilization and promotion of activity, as well as 
providing opportunity for protection from proteolysis. Often however, control over the 
encapsulation process is limited, encapsulation efficiency is low and variable, and the 
encapsulated enzymes are insufficiently preserved against denaturation at non-native 
conditions. Protein-polymer surfactant biohybrids offer an excellent platform to 
encapsulate single proteins as cargo in a (supramolecular) coat of amphiphilic polymers to 
improve the stability of proteins in diverse, non-physiological environments. We 
demonstrate in this work that a principle component of detergent formulations which 
typically inactivates proteins can instead be exploited to stabilize SubtA and to protect other 
enzymes from SubtA proteolysis through the construction of SubtA-surfactant biohybrids. 
The protease nanoconjugates display improved enzymatic performance due to enhanced 
affinity with hydrophobic substrate, and also substrate-selectivity in mixed enzyme 
formulations. These findings show that nanoencapsulation by surfactants is a robust and 
generally-applicable route to promote the stability and activity of proteases and to prevent 
their proteolytic degradation of enzymes in their vicinity. 
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4.1 Introduction 

Proteases account for more than 60 % of global industrial enzymes due to their broad 
application in many settings such as detergents, food technology, and therapeutics.1–3 Of 
particular interest are Subtilisins such as Subtilisin A (SubtA), a Ca2+-binding and non-specific 
serine-protease extensively employed in detergent formulations.4–6 The stability and 
activity of SubtA in crowded-environments containing organic solvents, surfactants, salts 
and chelators is poor. As such, it has been subject to extensive engineering and structural 
redesign approaches.7–9 However, these strategies are generally expensive, protein-specific 
and suffer significant lag-time. Further non-specific proteolytic activity remains a roadblock 
to mixed-enzyme formulations applications such as protease therapeutics. 

The compartmentalization of enzymes is a general strategy to promote stability, direct 
delivery and offer protection toward proteolytic degradation. While approaches using 
liposomes,10 polymersomes,11 or chemical crosslinking12 have been explored, broad 
obstacles toward their implementation still remain. These include difficulty in controlling 
encapsulation yield, poor substrate access and affinity, instability in non-physiological 
environments, and insufficient protection toward proteolysis. Therefore, robust and 
generally-applicable strategies which facilitate the controlled encapsulation of enzymes 
whilst endowing stability are still yet to be realized. 

Protein-polymer surfactant nanoconjugates offer a unique platform for the supramolecular 
nanoencapsulation of single protein cargos in a self-contained manner.13 A core-shell 
protein-surfactant architecture has been shown to facilitate protein stabilization and 
activity in broad set of non-physiological environmental conditions including organic 
solvents and ionic liquids.14–16 This has even been achieved in the total absence of a solvent 
or hydration, wherein so-called protein-liquids can be stored at room-temperature and 
retained activity up to at least 150 °C.17,18  

Given the incompatibility of SubtA with surfactants, the approach of nanoencapsulation by 
surfactants is challenging. Herein we report on the stabilization of a new class of protease-
polymer surfactant biohybrid construct consisting of a conserved single-protease core 
decorated by a surfactant corona. Surprisingly, a typically inactivating surfactant could in 
fact be utilized to stabilize SubtA-based nanoconjugates in solution. We find that the 
compartmentalization within a surfactant corona enhanced the affinity of small peptide 
substrates, leading to an overall increased enzymatic performance. Crucially, we show that 
proteolysis can be controlled in formulations containing secondary enzymes. Further, we 
show that nanoencapsulation by surfactant is a strategy which could be generally applied 
to promote proteolytic stability either by entrapment of the protease, or through selective 
encapsulation of the secondary enzyme. Finally, we show that our protease nanoconjugates 
can be processed and stored in the total absence of solvent to produce biohybrid materials 
which display thermotropic phase behavior with high thermal stability.  
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4.2 Results and Discussion 

4.2.1 Preparation and liquefaction of a protease biohybrid 

The electrostatic conjugation of anionic polymer surfactant to cationic supercharged 
proteins has been shown to result in construction of core-shell protein-surfactant 
biohybrids. Whilst the synthetic approach appears to be straightforward, it remains unclear 
to which degree enzymes can be stabilized toward denaturants or protected from 
proteolysis in biohybrid formulations. Here, the protease Subtilisin A (SubtA) is also 
particularly susceptible to denaturation in crowded environments and in the presence of 
surfactants. Given this apparent incompatibility, we feel it is an excellent candidate to 
explore whether or not nanoencapsulation by an anionic polymer amphiphile is indeed a 
general approach to improve stability and mediate activity in mixed-enzyme formulations. 

We set out to prepare protease-polymer surfactant biohybrid constructs using a modified 
two-step approach of cationic supercharging of the protein surface, followed by 
electrostatic complexation with anionic polymer surfactant (Figure 4.1a).13,18 Briefly, this 
first involved covalent modification of solvent-accessible acidic residues (Asp/Glu) on the 
protease surface via EDC-mediated coupling of 1,3-dimethylamino propylamine (DMAPA) 
to produce cSubtA. The simple addition of anionic polymer surfactant carboxylated Brij® 
L23 (C12EO22) yielded the protease biohybrid nanoconjugate cSubtA:C12EO22. The biohybrid 
could then be freeze-dried and stored at room-temperature in a desiccator until further 
use. 

A key advantage of the use polymer surfactants for nanoencapsulation is the potential for 
liquefaction of proteins, which facilitates low-volume and room-temperature storage and 
in addition, it stabilizes the protein towards harsh conditions.13,17,18 We initially explored the 
temperature-dependent phase behavior of freeze-dried nanoconjugates using differential 
scanning calorimetry (DSC). The thermal trace of cSubtA:EO22C12 reveals thermotropic 
behaviour, with distinct melting temperature of 39 °C upon heating, and a recrystallization 
temperature 1 °C upon cooling (Figure S4.1, Table S4.1). Importantly, these features are 
similar to the thermograms of neat surfactant EO22C12, for which we observe reversible 
melting and recrystallization temperatures of 36 °C and 15 °C, respectively. The surfactant 
constituent thus determines the thermotropic phase behavior exhibiting detectable solid-
liquid phase transitions on heating and cooling ramps, respectively, which are shifted to 
higher temperatures for the biohybrid compared to the neat surfactant. This is due to a 
frustration of inter- and intra-surfactant self-association due to their reduced mobility upon 
conjugation to a protein surface. 

Thermogravimetric analysis (TGA) was performed to inspect the hydration content of the 
biofluid materials, and to exclude the influence of solvent on the thermotropic behaviour 
(Figure S4.2). Inspection of mass loss at 110 °C after 60 minutes revealed roughly 9 
specifically bound waters per nanoconjugate, approximately two-orders of magnitude 
below solvation of the SubtA accessible surface. At elevated temperatures, we observed a 
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one-step decomposition profile for cSubtA:EO22C12, with a considerably large 
decomposition temperature TD = 378 °C (Table S4.1). This is in stark contrast to typical 
freeze-dried protein powders such as BSA, which undergoes a 4-step decomposition profile 
with TD,1 = 227 °C.19 To investigate the origin of this enhanced thermal stability, we 
performed an analogous experiment for the neat surfactant EO22C12, and observed a two-
step decomposition profile with TD,1 = 378 °C and TD,2 = 395 °C. Whilst decomposition 
profiles were not equivalent, we observed that the onset of decomposition was consistent 
for biohybrid and neat surfactant, occurring at approximately 300 °C. We therefore 
anticipate that the tolerance of biohybrid materials is directly related to the stability of the 
protective surfactant corona. Together, DSC and TGA results confirm the solvent-free and 
anhydrous thermotropic behaviour of cSubtA:EO22C12 is facilitated by nanoencapsulation 
within a surfactant corona. 

4.2.2 Solution-state structural characterizations 

Solution-state small-angle X-ray scattering (SAXS) experiments were performed on SubtA, 
cSubtA, and resuspended cSubtA:C12EO22 (5 mM NaCl, 2.5 mM CaCl2, pH 6.5) to assess the 
impact of the cationic supercharging and subsequent surfactant conjugation on the protein 
structure and morphology (Figure 4.1b). The SAXS profile of SubtA prior to surface 
modification and conjugation extends from a q-independent plateau at low-q to a strongly 
q-dependent regime with a distinct undulation at high-q beyond 0.2 Å-1. As expected, the 
profile is in excellent agreement with the Crysol20 prediction based on the pdb file 3UNX21 
for monomeric SubtA.  Model fitting with an ellipsoid form factor22,23 yields principle radii 
(rmin = 17 Å, rmax = 25 Å) which closely match the crystallographic dimensions of SubtA (Figure 
S4.3, Table S4.2). The scattering profile of cSubtA is nearly indistinguishable from the native 
protease and also convincingly reproduced by the Crysol computed profile of 3UNX. This 
suggests that the native protein morphology is well retained despite the chemical 
modification of the solvent-accessible acidic residues and cationic supercharging. The best 
elliptical model fit was obtained for slightly larger radii than SubtA (rmin = 17.5 Å, rmax = 26 
Å), which is due to the high grafting density of DMAPA (∼ 0.5 Å) to solvent-accessible Asp 
and Glu residues. The scattering profile of the protein-polymer conjugate cSubtA:C12EO22 

differs markedly from the SutbA and cSubtA profiles. It shows a broad bump centered at q 
∼ 0.14 Å-1 and an associated minimum at q ∼ 0.09 Å-1, which is characteristic for core-shell 
(protein-surfactant) objects, and has been observed previously for protein-polymer 
surfactant nanoconjugates with lipases, horseradish peroxidase, and glucose oxidase.18,24,25 
Indeed, the cSubtA:C12EO22  profile is well described by a form factor for a homogeneous 
core-shell ellipsoid.26 Having fixed the dimensions of the cSubtA core (rmin = 17.5 Å, rmax = 26 
Å), we obtain a shell thickness t for the polymeric corona of t = 27 Å (Figure S4.3, Table S4.3). 
Note that the correspondence of the model with the experimental data is excellent in the 
low-q regime (q < 0.1 Å-1) but imperfect in the vicinity of the bump at q ∼ 0.14 Å-1. We 
attribute this to presence of free surfactants and surfactant micelles in coexistence with the 
conjugates as previously described.25 Interestingly, this indicates that neither excess 
surfactants nor surfactant micelles destabilize the cSubtA:C12EO22 biohybrids with cSubtA in 
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a (near-)native fold, which is essential for the application of the protease in detergency 
formulations. 

 

Figure 4.1. (a) Schematic representation of the two-step preparation of protease-surfactant biohybrid 
nanoconjugates. Subtilisin A (SubtA) is initially cationic supercharged to yield cSubtA. Next, addition 
of anionic polymer surfactant carboxylated Brij® L23 (C12EO22) results in the construction of the 
protease-surfactant biohybrid cSubtA:C12EO22. (b) Solution-state small-angle X-ray scattering (SAXS) 
experiments of native SubtA (black open squares), cSubtA (red open circles), and cSubtA:C12EO22 (blue 
open diamonds). Scattering profiles predicted using Crysol and associated pdb file 3UNX show 
excellent correspondence with SubtA (black line) and cSubtA (red line). A distinct transformation of 
scattering profile is observed for cSubtA:C12EO22, confirming the construction of a core-shell 
biohybrid. (c) Far-UV circular dichroism spectroscopy of native SubtA (black line) and cSubtA:C12EO22 
(blue line) show a high degree of secondary structure retention. An equivalent molar ratio mixture of 
SubtA + C12EO22 (with respect to cSubtA:C12EO22, blue dashed line) results in denaturation of SubtA. 

The SAXS profiles were further analyzed to determine the number of enzymes per hybrid, 
the grafting density of surfactants, and the radius of gyration, Rg. To this end, the molecular 
weights of SubtA, cSubtA, and cSubtA:C12EO22 (MSAXS, Table S4.4) were computed from the 
forward scattering intensity extrapolated to zero q, which was extracted from a Guinier 
analysis of the SAXS profiles (see experimental methods).18,27,28 For SubtA, we find MSAXS = 
29.3 kDa with a corresponding Rg = 19.8 Å, both of which are close to the expected values 
of Mtheo = 31.6 and Rg = 16.6 Å based on the amino acid sequence and crystal structure, 
respectively.29 We observe a small increase in mass to MSAXS = 30.4 kDa for cSubtA, which is 
due to the cationic supercharging. The concomitant reduction in dimensions to Rg = 15.6 Å 
is surprising given the slightly larger dimensions obtained from the model fitting. It is not 
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caused by a suppression of the forward scattering intensity due to long-range electrostatic 
interactions in solution (non-negligible structure factor) as this would likewise lower MSAXS. 
In any case, these results clearly show cationic supercharging does not induce protein 
aggregation nor cross-linking. For the biohybrid cSubtA:C12EO22, we determined MSAXS = 56.2 
kDa corresponding to a mean value of 20.3 surfactants electrostatically conjugated to 
cSubtA (see experimental methods). This is in excellent agreement with our predicted 
maximum conjugation density of 20 surfactants. Further, we computed an increased Rg = 
27.9 Å for the biohybrid, which supports the construction of a polymeric corona. A crude 
estimate of the shell thickness affords t = Rg, hybrid – Rg, cSubtA = 27.9 Å - 15.6 Å = 12.3 Å, which 
is smaller yet on the same order of magnitude as the thickness obtained from the elliptical 
core-shell model.  

Having established by SAXS that the constructed core-shell objects contain single proteins 
in a near-native tertiary fold packaged in a thin electrostatically-conjugated corona of 
approximately 20 surfactants, we set out to study the secondary structure retention of the 
protease upon supercharging and compartmentalization by circular dichroism spectroscopy 
(CD). As expected, we found that mixing the native protein and surfactant in an equivalent 
molar ratio indeed resulted in significant denaturation of SubtA (Figure 4.1c). This is 
indicated by a reversal of the 208 nm and 222 nm signal ratios which suggests considerable 
loss of α-helical content, and a large decrease in the overall profile intensity (see 
experimental methods). By contrast, the CD spectrum of the cSubtA:EO22C12 nanoconjugate 
showed a high degree of correspondence to that of the native SubtA. As an indicator for the 
gross peptide chain folding we use the ratio between CD signal at 222 nm and 208 nm, from 
which we estimate that roughly 50 % of the native secondary structure is retained upon 
mixing, while up to 96 % is conserved upon conjugation. Importantly, this stark contrast in 
the preservation of secondary structure highlights that it is possible to stabilize biologics 
even with a seemingly incompatible component provided that an appropriate formulation 
is found. Interestingly, this two-step stabilization strategy of chemical supercharging 
followed by electrostatic coupling of an oppositely charged surfactant is both versatile and 
straightforward and appears rather generally applicable to stabilize a variety of enzymes17,18 
in complex environments, without the need for structural redesign of biologics. 

4.2.3 Proteolytic activity towards small molecular substrates 

Chemical modifications of SubtA, such as glycosylation and PEGylation, are well-known to 
lessen its activity. Glycosylation for example does not influence the Michaelis-Menten 
constant KM, but diminishes the turnover rate kcat as conformational flexibility is reduced, 
which hinders access to catalytically vital conformations.30 PEGylation of SubtA and other 
proteases such as α-chymotrypsin also measurably perturb their structural dynamics and 
lead to reduced kcat values.9,31 For SubtA, this effect is independent of PEG molecular weight 
and already significant after conjugation of only a few polymers.9 To study whether 
supercharging followed by assembly of a surfactant corona likewise reduces the proteolytic 
activity of SubtA, we decided to monitor spectroscopically the degradation by SubtA of a 
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small tetrameric peptide N-Succinyl-Ala-Ala-Pro-Phe p-nitroanilide (0.6 kDa) and a large, 
globular protein lysozyme (14.7 kDa). We selected these two distinct substrates, which vary 
∼ 25-fold in molecular weight, because we anticipate that biohybrid protease activity is 
strongly dependent on substrate affinity and the accessibility of the active site. 

First, we measured the cleavage of the short peptide substrate N-Succinyl-Ala-Ala-Pro-Phe 
p-nitroanilide (sAAPF-pNA, Figure S4.4) by the Asp32-His64-Ser221 catalytic triad of 
cSubtA:C12EO22 to yield free pNA (Figure 4.2a). We follow product formation 
spectroscopically by monitoring the absorbance at a fixed wavelength of 410 nm (A410) as 
the free chromophore pNA strongly absorbs visible light resulting in an increased yellow 
coloration of the solution as the reaction proceeds. The experiments are performed at a 
fixed SubtA concentration of 0.1 μM as a function of substrate concentration (10 – 400 μM) 
to extract KM and kcat from a Michaelis-Menten kinetic analysis (Figure 4.2b, Table 4.1).32 A 
control experiment performed without a protease variant, but with the surfactant C12EO22, 
confirmed that there is no auto-cleavage of the peptide to produce free pNA (Figure S4.5). 
For the native SubtA, we determined a rate constant kcat of 1.14 s-1 and a KM of 61.8 μM 
(Figure S4.6). As expected, cSubtA:C12EO22 (Figure S4.7) degrades the peptide more slowly 
(3.5-fold reduction in kcat to 0.326 s-1), but interestingly, substrate affinity is markedly 
enhanced (9.4-fold reduction in KM to 6.55 μM).  

 

Figure 4.2. (a) Schematic representation of the protease-mediated (SubtA or cSubtA:C12EO22) cleavage 
of the short peptide substrate N-Succinyl-Ala-Ala-Pro-Phe p-nitroanilide (sAAPF-pNA) to yield free 
pNA. (b) Michaelis-menten plots obtained for SubtA (black open squares) and cSubtA:C12EO22 (blue 
open triangles) using a constant protein concentration of 0.1 μM and varied sAAPF-pNA concentration 
[S] from 10 – 400 μM. Nonlinear regression fitting of the profiles is performed to obtain the catalytic 
turnover number kcat and the substrate binding affinity KM. 
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Table 4.1. Kinetic parameters computed using Michaelis-Menten analysis for SubtA, cSubtA, and 
cSubtA:C12EO22. The ratio of turnover number kcat and Michaelis-Menten constant KM (kcat/KM) is used 
as a measure for overall enzymatic efficiency. 

 kcat / s-1 KM / μM kcat/KM / μM-1 s-1 
SubtA 1.14 61.8 0.0184 
cSubtA 2.49 185 0.0135 

cSubtA:C12EO22 0.326 6.55 0.0497 
 

It is conceivable that the significant increase in substrate affinity for the nanoconjugate 
protease is due to long-range interactions between the anionic substrate and residual 
cationic charge of the protein core of cSubtA:C12EO22. To test this conjecture, we also 
determined the activity of the cationic protease (Figure S4.8). Interestingly, cSubtA cleaves 
pNA more rapidly from the peptide than both the native protease and the nanoconjugate 
(2.2-fold enhancement with respect to SubtA in kcat to 2.49 s-1), but substrate affinity is 
significantly reduced (3-fold increase in KM to 185 μM compared to SubtA, and 
corresponding to a 28-fold increase compared to cSubtA:C12EO22). This means that 
electrostatic interactions between the peptide substrate and the cSubtA core cannot 
explain the high KM for cSubtA:C12EO22. Instead, we attribute this high binding affinity to the 
favorable interaction between the rather hydrophobic substrate and the amphiphilic 
surfactant corona.  

The overall enzymatic performance is highest for the nanoconjugate with kcat/KM = 49.7 ×10-

3 μM-1 s-1. This is because the marked increase in substrate affinity overrules the modest 
reduction in turnover rate, so that the overall efficiency is 2.7-fold and 3.7-fold larger than 
the efficiency of the native SubtA (18.4 ×10-3 μM-1 s-1) and cationized protease cSubtA (13.5 
×10-3 μM-1 s-1), respectively. Hence, nanoencapsulation with the surfactant boosts catalytic 
efficiency despite the detrimental influence on proteolytic activity of cationic supercharging 
to produce cSubtA. Interestingly, these results indicate that a supramolecular coating of 
components that inactivate proteases upon simple mixing can be employed to uphold 
proteolytic degradation of small substrates in complex formulations. 

4.2.4 Bioactivity and proteolytic protection of large biomacromolecular substrates 

Motivated by the improved activity of cSubtA:C12EO22 nanoconjugates towards small-
molecule peptide substrates, we were curious to see to which degree proteolysis could be 
controlled in mixed enzyme formulations. To this end, we monitored the activity loss of a 
secondary enzyme mixed with the protease variants as a read-out for degradation of a large 
biomacromolecular substrate by the native and compartmentalized SubtA (Figure 4.3). 
Specifically, we detect (remnant) HEWL activity through an increase in transmission at 450 
nm and a concomitant loss in absorption (A450), which is caused by the lysis of the bacterial 
cell wall of M. lysodeikticus whole cells by active hen egg-white lysozyme (HEWL). Here, 1 U 
mg-1 of HEWL corresponds to a ΔA450 of 0.001 per minute and mass of enzyme. Progressive 
degradation of the large substrate HEWL in the presence of the protease variants, would 
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thus lower the relative HEWL activity detected after prolonged incubation relative to its 
activity at the onset of the assay. Vice versa, if HEWL remains fully functional as it is 
unsusceptible to proteolytic degradation by SubtA, cSubtA, or the nanoconjugate, the 
activities measured before and after incubation would be identical.  

 

Figure 4.3. (a-b) Schematic representation of mixed SubtA and hen egg-white lysozyme (HEWL) 
(biohybrid) enzyme formulations. (a) The combination SubtA+HEWL results in proteolysis of HEWL, 
whilst proteolysis was effectively inhibited in the nanoencapsulated protease formulation 
cSubtA:C12EO22+HEWL. (b) Alternative formulations prepared using SubtA and HEWL-based 
biohybrids via electrostatic conjugation (SubtA+cHEWL:C12EO22) or covalent conjugation 
(SubtA+HEWL-C12EO22) resulted in total protection from proteolysis. (c) Schematic representation of 
the HEWL-mediated lysis of M. lysodeikticus whole cells. (d) Relative lysis activity of HEWL upon 
incubation in the mixed formulations SubtA+HEWL, cSubtA:C12EO22+HEWL, SubtA+cHEWL:C12EO22, 
and cSubtA:C12EO22+HEWL. Activity is represented as a percentage of lysis activity retained compared 
to samples incubated in the absence of protease. 

First, we determined the activity of HEWL before, during and after incubation with the 
native protease. Clearly, SubtA degrades HEWL over time as we record a steady loss of lysis 
activity from 33669 ± 1012 U mg-1 initially to 17734 ± 836 U mg-1 at the end of the assay 
(Figure S4.9, Table S4.5). This amounts to an activity retention of 52.7 ± 5.6 % after 7 hours 
of incubation for HEWL mixed with SubtA (SubtA+HEWL in Figure 4.3). In the absence of a 
protease variant, HEWL activity remained constant after 7 hours (Figure S4.10). Similarly, a 
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7 hour incubation of surfactant C12EO22 and HEWL in the absence of protease variants does 
not notably reduce its activity either (Figure S4.11). Next, we repeated the experiment in 
the presence of cSubtA:C12EO22 and extended the experimental time window to 25 hours to 
account for the 3.5-fold reduction in kcat (cSubtA:C12EO22+HEWL in Figure 4.3). In other 
words, we compare the retention of HEWL activity after a fixed number of potential 
proteolytic cuts by the native and chemically modified protease. Interestingly, we 
determined a HEWL activity of 28769 ± 329 U mg-1 after 25 hours of incubation with 
cSubtA:C12EO22, which amounts to 91.7 ± 6.4 % activity retention (Figure S4.12, Table S4.6). 
While supercharging followed by electrostatic conjugation of C12EO22 enhances the 
proteolytic efficiency towards small substrates, it thus diminishes the capacity of SubtA to 
turnover proteins as large as HEWL (14.7 kDa). Clearly, the SAXS results and activity towards 
the tetrameric peptide demonstrate that this is not because SubtA denatures by the 
tethered C12EO22. Instead, this is due to steric exclusion of the large substrate from the 
catalytic site afforded by the polymer surfactant. Coating of the protease by the surfactant 
corona thus imparts size-selectivity to the biocatalyst.  

Inspired by the stabilization and size-selectivity induced upon soft confinement of the 
protease within a surfactant corona, we set out to investigate whether nanoencapsulation 
of large enzymes within a protective surfactant coat could be generally applied to inhibit 
their proteolysis. To this end, we prepared nanoconjugates of HEWL via electrostatic 
conjugation (cHEWL:C12EO22) or direct covalent conjugation (HEWL-C12EO22). An extensive 
characterization of these compounds reported previously (in Chapter 3) revealed that 
cHEWL:C12EO22 and HEWL-C12EO22 vary in surfactant coverage and distribution at their 
surface (Figure 4.3). This amounted to an overall reduction in the average number of 
conjugated surfactants from roughly 17.8 to 5.6, as well as a transition in shell architecture 
from complete nanoencapsulation to an anisotropic coverage for cHEWL:C12EO22 to HEWL-
C12EO22, respectively. To our surprise, we find that both conjugates are fully protected from 
degradation by the native SubtA, despite these pronounced differences in their surfactant 
corona. Indeed, we determined an activity retention for cHEWL:C12EO22 of 98.8 ± 8.7 % 
(SubtA+cHEWL:C12EO22 in Figure 4.3, Figure S4.13 and Table S4.7) and for HEWL-C12EO22 

with as few as 5 conjugated surfactants, we find 100.5 ± 5.7 % (SubtA+HEWL-C12EO22 in 
Figure 4.3, Figure S4.14 and Table S4.8). These findings confirm that protein 
nanoencapsulation by polymer surfactants provides an excellent platform for the 
stabilization and protection of enzymes in formulations with proteases and excess 
surfactants.  

4.3 Conclusion 

In this work we prepared protein-surfactant nanoconjugates aiming to investigate whether 
a surfactant corona can both stabilize a protease and protect another enzyme from its 
proteolytic degradation. Firstly, showed that the construction of protease-surfactant 
biohybrids facilitated liquefaction of the protein with thermotropic behaviour and extreme 
tolerance to thermal decomposition. SAXS and CD spectroscopy confirmed that this 
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biohybrid consisted of a single enzyme core decorated by polymer surfactant, and remained 
stable in the excess of additional surfactant. Owing to its amphiphilic nature, the 
resuspended protease nanoconjugates exhibited improved enzymatic performance 
towards small peptide substrates compared to the native SubtA and the cationic 
supercharged variant. This was owed to an impressive increase in substrate affinity, despite 
a modest reduction in turnover number. The steric hinderance of the core-shell architecture 
also afforded size-dependent substrate selectivity in mixed enzyme formulations, whereby 
proteolysis of secondary enzymes could be favorably inhibited. Further, we showed that 
this approach of nanoencapsulation by a polymer surfactant is versatile and robust, and 
could be applied to endow secondary enzymes with a steric shield toward protease 
degradation. Our chemical approach eliminates the requirement for protein engineering to 
stabilize enzymes in formulations with surfactants and proteases by repurposing the 
typically inactivating component into an efficient stabilizer. 

4. Experimental Section and Supplementary Discussions 

4.4.1 Protease biohybrid preparation 

Unless otherwise stated, all materials were purchased from Sigma-Aldrich (NL) and used 
without further purification. Subtilisin A (Type VIII, Bacillus licheniformis, Lot # SLBQ3435V) 
was suspended in a protein buffer (5 mM NaCl, 2.5 mM CaCl2, pH 6.5) to achieve a final 
concentration of 2 mg ml-1. Under stirring, 3-(dimethylamino)-1-propylamine (DMAPA, 2.2 
M and pH 6.2) was added in at least 500-fold molar excess to the number of solvent-
accessible acidic sidechains, followed by the immediate addition of solid N-(3-
dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) in a further 10-fold 
excess. After 4 hrs a secondary addition of EDC was performed, and the reaction was 
allowed to proceed overnight to produce a supercharged enzyme. Any precipitate was 
removed by centrifugation (4000 G, 15 min), followed by extensive dialysis against protein 
buffer to remove excess reactants. The purified supercharged enzyme was added dropwise 
under stirring to carboxylated Brij® L23 (C12EO22) dissolved in minimum protein buffer, to 
achieve a final ratio of 4 surfactants per solvent-accessible cationic site. The mixture was 
allowed to stir overnight, followed by centrifugation to remove any precipitate, and a 
secondary extensive dialysis was performed against using protein buffer. A final (brief) 
dialysis against MilliQ quality water was performed prior to freeze-drying for 48 hrs to 
produce a soft powder, and the powder could be annealed for 1 hr at 70 °C to produce free-
flowing solvent-free cSubtA:C12EO22 biohybrid material.  

4.4.2 Differential scanning calorimetry 

Differential scanning calorimetry experiments were performed on a TA Instruments Q2000. 
Samples were first incubated at 80 °C to remove thermal history and cooled at 10 °C min-1 
to -60 °C. Thermal cycles were subsequently performed between -60 °C to +80 °C at a 
constant temperature gradient of 10 °C min-1. At least 2 cycles were performed to ensure 
sample phase behavior was unchanged, and material degradation did not occur. 
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Figure S4.1. Differential scanning calorimetry of neat C12EO22 (black) and the solvent-free biohybrid 
cSubtA:C12EO22. Samples are initially heated to +80 °C to remove thermal history, and then subjected 
to 2 complete cooling and heating cycles from +80 °C to -60 °C at a constant heating/cooling rate of 
10 °C min-1. Only the second of the complete heating cycles is shown here from -20 °C to 60 °C. 

4.4.3 Thermogravimetric analysis 

Thermogravimetric analysis was performed on a TA Instruments Q500 under N2 flow. A 
heating ramp of 10 °C min-1 was performed between 25 – 600 °C, and the sample was 
incubated for 1 hr at 80 °C and again at 110 °C to remove atmospheric and specifically bound 
waters, respectively. This ensures that atmospheric waters which are re-absorbed after 
lyophilization are not misinterpreted as specifically bound. The mass loss after 1 hr at 110 
°C was used to estimate the number of waters retained per protein-polymer hybrid after 
freeze-drying, while the mass remaining is the total mass of solvent-free protein-polymer 
hybrid. 
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Figure S4.2. (a,b) Thermal traces of neat C12EO22 (black) and cSubtA:C12EO22 biohybrid (a) 30 °C to 550 
°C, or the same experiments on a reduced temperature scale from (b) 60 °C to 150 °C. Samples were 
subjected to the following thermal treatment: (1) ∼ 6 min heating from room temperature to 80 °C at 
a constant heating rate of 10 °C min-1, (2) incubation for 1 hr at 80 °C to liberate atmospheric waters 
(indicated by red arrow), (3) 3 min heating from 80 °C to 110 °C at a constant heating rate of 10 °C 
min-1, (4) incubation for 1 hr at 110 °C to liberate specifically bound waters (indicated by red arrow), 
and (5) 49 min heating from 110 °C to 600 °C at a constant heating rate of 10 °C min-1. The number of 
specifically bound waters per biohybrid is determined on a mol/mol basis using the mass loss over the 
1 hr incubation at 110 °C, where the remaining mass of sample is the total mass of biohybrid. (c) 
Derivative mass loss profile indicating the two-step and one-step decomposition of neat C12EO22 and 
the biohybrid cSubtA:C12EO22, respectively. 

Table S4.1. Summary of thermal properties obtained from differential scanning calorimetry and 
thermogravimetric analysis of the cSubtA:C12EO22 conjugate the neat surfactant C12EO22. 

 / °C 
 TM TC TO TD,1 TD,2 

cSubtA: C12EO22 39 1 ∼ 300 378 - 
C12EO22 36 15 ∼ 300 378 395 

 

4.4.4 X-ray scattering data acquisition, reduction and analysis 

All experiments were performed on a SAXSLAB GANESHA 300 XL system equipped with a 
GeniX-Cu ultra-low divergence micro focus sealed-tube source producing X-ray photons 
with a wavelength λ = 1.54 Å at a flux of 1 × 108 Ph s−1. The scattering intensity was 
measured as a function of momentum transfer vector 

q = 
4π
λ

sin θ 

where λ is the radiation wavelength and 2θ is the scattering angle. The 2D scattering data 
were recorded on a Pilatus 300 K silicon pixel detector with 487 × 619 pixels of 172 µm2 in 
size. The beam-centre and q-range were calibrated using an AgBe standard. The calibrated 
detector response function, known sample-to-detector distances, and measured incident 
and transmitted beam intensities were using to scale the 2D patterns to absolute intensity. 
The corresponding 2D patterns were azimuthally averaged to produce 1D scattering 
profiles. 
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Small-angle X-ray scattering (SAXS) profiles were obtained for samples measured in 2.0 mm 
quartz capillaries (Hilgenberg), mounted with custom-built capillary holders. A known 
sample-to-detector distance of 713 mm gave an accessible q-range of 0.015<q<0.445 Å-1. 
The scattering profile of the protein buffer and quartz capillary were subtracted to produce 
a final SAXS profile. Background subtraction was performed using the SAXSutilities33 
package (available for download http://www.sztucki.de/SAXSutilities). All profiles are 
obtained from merging at least two scattering profiles collected at different (high/low) 
concentrations in protein buffer (5 mM NaCl, 2.5 mM CaCl2, pH 6.5). The SubtA and cSubtA 
profiles were fitted using ellipsoidal form factors either ellipsoidal or core-shell ellipsoidal 
form factors22,23 and cSubtA:C12EO22 was partially fitted using a core-shell ellipsoid form 
factor26 in SASview (available for download http://www.sasview.org). For SubtA and 
cSubtA, the online tool Crysol20 was used to compute scattering profiles based on 
crystallographic details using PDB file 3UNX21. 

 

Figure S4.3. Solution-state small-angle X-ray scattering (SAXS) experiments of native SubtA (black 
open squares), cSubtA (red open circles), and cSubtA:C12EO22 (blue open diamonds). Fits are obtained 
using ellipsoidal form factors for SubtA and cSubtA are shown as black and red lines, respectively. The 
low-q portion of the cSubtA:C12EO22 profile is fitted using a core-shell ellipsoidal form factor with core 
dimensions of the cSubtA ellipsoid and a uniform polymeric corona with a thickness t = 27 Å. 

Table S4.2. Ellipsoidal form factor fit parameters of SubtA and cSubtA using SasView. 

 SubtA cSubtA 
Background / cm-1 1.9e-04 2.4e-04 

Rmin / Å 17.0 17.5 
Rmax / Å 25.0 26.0 

Volume Fraction 0.001 0.001 
SLDcore / Å-2 7.36e-06 7.36-06 
SLDsol / Å-2 9.46e-06 9.46e-06 
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Table S4.3. Core-shell ellipsoidal form factor fit parameters of cSubtA:C12EO22 using SasView. 

 cSubtA:C12EO22 

Background / cm-1 4.0e-04 
Rmin,core / Å 17.5 
Rmax,core / Å 26.0 
Rmin,shell / Å 44.5 
Rmax,shell / Å 53.0 

Volume Fraction 0.001 
SLDcore / Å-2 7.36-06 
SLDshell / Å-2 8.64-06 
SLDsol / Å-2 9.46e-06 

 

The SAXS profiles were further analyzed to determine the number of enzymes per hybrid, 
the grafting density of surfactants, and the radius of gyration, Rg. To this end, the molecular 
weights of SubtA, cSubtA, and cSubtA:C12EO22 (MSAXS) were computed from the forward 
scattering intensity extrapolated to zero q (I0), which was extracted from a Guinier analysis 
of the SAXS profiles. To do this, Guinier plots (ln[I(q)] vs q2) were produced for scattering 
profiles, from which I0 /cm-1 and Rg /Å were determined using 

I(q) ≈ I0e−
q2Rg2

3  

from the region of the profile satisfying the condition qRg < 1.3 for globular proteins.22,28 
Next, the MSAXS could be computed using the I0 intensity values according to 

MSAXS = I0
Nav

c∆ρM2
 

where Nav is Avogadro’s number (6.023×1023 mol-1), c is concentration (profiles manually 
rescaled to 1 g cm-3), and ΔρM /cm g-1 is the scattering contrast per mass computed using 

∆ρM =  �ρM,prot − (ρsolvv�)�r0 

where ρM,prot is the number of electrons per mass of dry protein (3.22×1023 e g-1), ρsolv is the 
number of electrons per volume of solvent (3.34×1023 e cm-3), �̅�𝑣 is the partial specific volume 
of protein (0.7425 cm3 g-1), and r0 is the scattering length of an electron (2.8179×10-13 cm). 

Table S4.4. Molecular weight (MSAXS) and Rg computed from respective SAXS profiles for SubtA, 
cSubtA, and cSubtA:C12EO22 following Guinier analysis. 

 SubtA cSubtA cSubtA:C12EO22 
MSAXS / kDa 29.3 30.4 56.2 

Rg / Å 19.8 15.6 27.9 
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The molecular weight of the total polymeric corona could be computed by subtracting the 
mass of cSubtA from the total cSubtA:C12EO22 construct. Subsequent division by the 
molecular weight of the surfactant C12EO22 revealed the total number of surfactants 
conjugated to the protein surface.  

4.4.5 Circular dichroism spectroscopy 

Far-UV circular dichroism spectroscopy experiments were performed on a Jasco J-815 
instrument fitted with a Peltier PTC-423S/15 temperature controller. All samples were 
thermally controlled at 22 °C, and measurements were performed using a 0.1 cm quartz 
cuvette. Protein concentrations were adjusted to maximize signal-to-noise ratios and by 
ensuring HT values remained below 650 V. Experiments were performed from 260 – 190 
nm at a scanning speed of 20 nm min-1, a data pitch of 0.5 nm, with 4 s accumulation and 
1.0 nm bandwidth. Each CD trace is obtained from a minimum of 3 manually averaged and 
background subtracted spectra. All traces are plotted using a 3-point moving average. 

The degree of retention of native folding was estimated for supercharged and hybrid 
enzymes by consideration of the ratio of CD signal at 222 nm and 208 nm for the biohybrid 
cSubtA:C12EO22 and the equivalent (mol/mol) mixture of SubtA+C12EO22. The ratio of CD 
signal at these wavelengths for globular proteins is a good indicator for the gross peptide 
chain folding. Importantly, these correspond to the location of characteristic α-helix peaks. 
At 222 nm, the dichroic extinction coefficient is much greater than that of β-sheet and 
irregular structure. Therefore, the reversal of the ratio of CD signal at 222 nm and 208 nm, 
and absence of any remaining feature at 222 nm for the SubtA+C12EO22 indicates the 
desctruction of α-helical content. 

4.4.6 Kinetics assays using small-molecule substrate 

All experiments were performed on a Tecan Safire2 UV-vis plate reader with a standard 
sample path length of 0.81 cm (300 μL volume) and the temperature was controlled at 25 
°C. The SubtA-mediated cleavage of the short peptide chromogenic substrate substrate N-
Succinyl-Ala-Ala-Pro-Phe p-nitroanilide (sAAPF-pNA) by the Asp32-His64-Ser221 catalytic 
triad was followed by an increase of absorbance at 410 nm (A410). This corresponded to the 
release of the pNA chromophore (ε410 = 8.8 mM−1 cm−1), which was followed for extensive 
time periods up to 2000 s. Experiments were performed in buffer (5 mM NaCl, 2.5 mM CaCl2, 
pH 6.5) with a constant [SubtA] of 0.1 μM, and assays were performed in triplicate as a 
function of substrate concentration (10 - 400 μM). Initial reaction velocities were 
determined from the slope of the linear region of the absorbance change with time 
(maintained at 180 s for all assays) and using the extinction coefficient of pNP. The values 
of catalytic turnover number kcat and Michaelis-Menten parameter (a measure substrate 
binding affinity) KM were determined by application of nonlinear regression fitting using 
Michaelis-Menten kinetics. A measure of catalytic efficiency kcat/KM was finally performed 
for the three enzyme variants SubtA, cSubtA, and cSubtA:C12EO22. 
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Figure S4.4. (a) Cartoon representation of Subtilisin A (red) with the Asp32-His64-Ser221 catalytic 
triad indicated (cyan). (b) Schematic representation of the chemical structure of the short peptide 
substrate N-Succinyl-Ala-Ala-Pro-Phe p-nitroanilide (sAAPF-pNA) used for kinetics assays of SubtA 
variants. 

 

Figure S4.5. Plot of absorbance at 410 nm (A410) versus time for a control experiment in the absence 
of SubtA but in the presence of C12EO22. The assay indicates that over extensive time periods up to 
2000 s the auto-cleavage of pNA does not occur. 
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Figure S4.6. (a) Plots of absorbance at 410 nm (A410) versus time for SubtA-mediated production of 
pNA. Profiles are the average of triplicate measurements with assay conditions of a constant [SubtA] 
= 0.1 μM and [S] varied from 10 – 400 μM. (b) Clarification of the linear portion of the kinetic profiles 
(180 s) for which an initial reaction velocity was determined. 

 

Figure S4.7. (a) Plots of absorbance at 410 nm (A410) versus time for cSubtA:C12EO22-mediated 
production of pNA. Profiles are the average of triplicate measurements with assay conditions of a 
constant [SubtA] = 0.1 μM and [S] varied from 10 – 400 μM. (b) Clarification of the linear portion of 
the kinetic profiles (180 s) for which an initial reaction velocity was determined. 
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Figure S4.8. Michaelis-menten plot obtained for cSubtA (red open circles) and using a constant protein 
concentration of 0.1 μM and varied sAAPF-pNA concentration [S] from 10 – 400 μM. Nonlinear 
regression fitting of the profiles is performed to obtain the catalytic turnover number kcat and the 
substrate binding affinity KM. 

4.4.7 Kinetics assays using large biomacromolecular substrates 

All experiments were performed on a Tecan Safire2 UV-vis plate reader with a standard 
sample path length of 0.81 cm (300 μL volume) and the temperature was controlled at 25 
°C. The HEWL-mediated lysis of M. lysodeikticus bacterial whole cell walls was followed by 
the decrease in absorbance (increase in transmission) at 450 nm (A450) over time, which was 
followed for up to 600 s. Experiments were performed in buffer (5 mM NaCl, 2.5 mM CaCl2, 
pH 6.5) with a constant [Lys] of 0.5 μM and [Cells] of 0.15 mg mL-1. Lysis activities were 
determined from the slope of the linear region of the absorbance change with time 
(maintained at 180 s for all assays), where 1 U mg-1 is defined as a ΔA450 of 0.001 per 60 s 
and mass of HEWL component.  

Incubation assays were performed in the presence of native SubtA or the biohybrid 
cSubtA:C12EO22 with a constant [SubtA] of 10 μM. A total of four incubation series were 
performed using the combinations SubtA+HEWL, cSubtA:C12EO22+HEWL, 
SubtA+cHEWL:C12EO22, and SubtA+HEWL-C12EO22. Formulations containing SubtA were 
incubated for up to 7 hours, whilst for cSubtA an extended incubation time of 25 hours was 
used to account for the 3.5-fold reduction in kcat observed using small peptide substrate. In 
other words, we compare the retention of HEWL activity after a fixed number of potential 
proteolytic cuts by the native and chemically modified protease. HEWL activity is presented 
as % retention of lysis activity post-incubation compared to samples prepared in the 
absence of protease variants. 
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Figure S4.9. (a) Plots of absorbance at 450 nm (A450) versus time showing HEWL-mediated lysis of M. 
lys whole cells. HEWL is incubated in the presence of SubtA for 0 hrs (open black squares), 1 hr (open 
red circles, 3 hrs (open green diamonds), and 7 hrs(open upward blue triangles). (b) Corresponding 
degrees of retained lysis activity of HEWL following incubation in the presence of SubtA (open black 
squares). Here, 1 U mg-1 is defined as a ΔA450 of 0.001 per 60 s and mass of HEWL component. 

Table S4.5. Summary of retained HEWL activities upon incubation in the presence of SubtA. 

 Incubation time, t / hr 
 0 1 3 7 
Activity Retained / U mg-1 33668.5 32982.9 26925.8 17734.1 

StDev / U mg-1 1011.6 996.8 797.2 835.5 
Activity Retained / % - 98.0 80.0 52.7 

StDev / % - 4.3 4.2 5.6 
 

 

 

 

 



Protease compartmentalization promotes stability and protection toward proteolysis 
 

 
101 

 

Figure S4.10. Plots of absorbance at 450 nm (A450) versus time showing HEWL-mediated lysis of M. lys 
whole cells. The initial activity of HEWL (black open squares) was determined to be unchanged after 
aging the native protein stock for up to 25 hours (blue open triangles). Note that slopes remain 
unchanged, and the difference in magnitude of absorbance can be accounted for by the requirement 
for preparation of a new cell stock, some sedimentation of bacterial cells over time, and also variation 
in the time required to begin experiments (i.e t0 + 0 s). 

 

 

Figure S4.11. Plot of absorbance at 450 nm (A450) versus time showing the effective HEWL-mediated 
lysis of M. lys whole cells in the presence of free anionic surfactant C12EO22. 
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Figure S4.12. Plots of absorbance at 450 nm (A450) versus time showing HEWL-mediated lysis of M. lys 
whole cells. High retention in activity of native HEWL (black open squares) upon incubation in the 
presence of cSubtA:C12EO22 for up to 25 hours (red open diamonds) can be observed. 

Table S4.6. Summary of retained HEWL activity upon incubation in the presence of cSubtA:C12EO22. 

 HEWL HEWL+cSubtA:C12EO22 
Lysis Activity / U mg-1 31365.9 28769.0 

StDev / U mg-1 1985.3 329.1 
Lysis Activity / % - 91.7 

StDev / % - 6.4 
 

 

Figure S4.13. Plots of absorbance at 450 nm (A450) versus time showing cHEWL:C12EO22-mediated lysis 
of M. lys whole cells. High retention in activity of cHEWL:C12EO22 (black open squares) upon incubation 
in the presence of native SubtA for up to 7 hours (red open circles) can be observed. 
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Table S4.7. Summary of retained cHEWL:C12EO22 activity upon incubation in the presence of SubtA. 

 cHEWL:C12EO22 cHEWL:C12EO22+SubtA 
Lysis Activity / U mg-1 4927.9 4871.0 

StDev / U mg-1 676.0 425.0 
Lysis Activity / % - 98.8 

StDev / % - 8.7 
 

 

Figure S4.14. Plots of absorbance at 450 nm (A450) versus time showing HEWL-C12EO22-mediated lysis 
of M. lys whole cells. High retention in activity of HEWL-C12EO22 (black open diamonds) upon 
incubation in the presence of native SubtA for up to 7 hours (blue open upward triangles) can be 
observed. 

Table S4.8. Summary of retained HEWL-C12EO22 activity upon incubation in the presence of SubtA. 

 HEWL-C12EO22 HEWL-C12EO22+SubtA 
Lysis Activity / U mg-1 26373.0 26502.3 

StDev / U mg-1 1107.5 1025.3 
Lysis Activity / % - 100.5 

StDev / % - 5.7 
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Chapter 5 

Towards (precision) encapsulation of discrete oligomers using 
polymer surfactants 

Abstract 

Protein-polymer surfactants are an emerging class of biohybrid material with a range of 
properties making them exciting prospects for biopharmaceuticals. For example, they can 
be extensively lyophilised and stored at room temperature with incredibly high thermal 
stability windows, whilst a polymer surfactant corona also affords proteolytic tolerance in 
solution. However, the traditional two-step synthesis route for their preparation involves 
extensive supercharging to facilitate electrostatic conjugation of an oppositely charged 
surfactant. Herein, we explore the encapsulation of the therapeutically-relevant enzyme 
urate oxidase (UOX), which is functional when oligomerized but inactive in its monomeric 
state. UOX biohybrids prepared by supercharging and subsequent encapsulation consist of 
a monomeric UOX core confined in a polymer surfactant shell and are thus totally 
deactivated. An alternate synthetic pathway of direct surfactant conjugation was suspected 
to retain functional oligomeric UOX cores, however, these were also found to be 
deactivated. We show that whilst a polymer surfactant appears to be compatible with the 
functional oligomeric UOX, these oligomers are effectively disrupted in the pH regimes for 
which biohybrid preparation is performed. Finally, we propose the development of an 
alternative surfactant architecture for which biohybrid preparation can be performed in 
alkaline environments such that UOX remains functionally assembled. 
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5.1 Introduction 

Protein-polymer surfactant biohybrids are an exciting class of biohybrid material with 
potential applications in a host of industrial and therapeutic settings.1–3 This is owed to their 
core-shell architecture, consisting of a functional protein core decorated by polymer 
surfactant. Crucially, nanoencapsulation by a polymer surfactant has been showcased to 
endow proteins with remarkable new properties such as stabilization toward 
unconventional solvents (organic solvents and ionic liquids),4,5 as well as liquefaction and 
incredibly high thermal stability.6 In particular, liquefaction and improved thermostability 
are promising features of biohybrid proteins for their low-volume and room temperature 
storage. Additionally, a polymer surfactant corona was also found to inhibit proteolysis akin 
to the use of polyethylene glycol (PEG) in biopharmaceuticals (Chapter 4).7 

The enzyme urate oxidase (UOX) is a valuable oligomeric protein which is currently 
marketed in a PEGylated form (PEGgloticase®/Krystexxa®) for the treatment of gouty 
arthritis (gout).8–10 Crucially, the catalytic active sites of UOX are formed at the dimer 
interface, with dimer-dimer assembly affording a homotetrameric barrel.11 This means that 
a UOX dimer is functional (having one active site), but dimer-dimer association affords two 
additional active sites for the tetrameric barrel (four active sites total).12 The functional 
dimeric and tetrameric assembly of UOX is known to be pH-dependent. For example, Tian 
et al. report on the dissociation of UOX using size-exclusion chromatography from a 
tetrameric barrel at pH 8.5, to primarily monomers near the isoelectric point.13 

Protein-surfactant biohybrids have typically been produced using a two-step synthetic 
approach which involves covalent cationic supercharging of a protein surface, followed by 
electrostatic assembly of the surfactant corona.12,13 This may not be suitable to encapsulate 
discrete protein complexes such as the homotetrameric UOX barrel, as supercharging may 
perturb the non-covalent interactions between the constituent monomers and thus 
compromise the stability of the oligomer. Supercharging to prepare biohybrids may also 
destabilize the dimer interfaces, potentially through perturbation of β-sheets which form 
the primary dimer interface.14 Given the requirement for oligomeric assembly in order to 
retain function, we suspected that biohybrids prepared by electrostatic assembly could lead 
to the disassembly and thus inactivation of UOX. Moreover, the stability of the co-
assembled biohybrid is impacted by its environment (temperature, ionic strength, and pH) 
as the surfactant is coupled to the protein complex by (screened) electrostatic interactions, 
which are inherently susceptible to their environment. Unfavourably, the two-step 
approach is also laborious, with current examples requiring multiple steps of dialysis for 
periods of up to 48 hours. 

Recently, a one-step and direct covalent conjugation approach for the preparation of 
protein-polymer surfactant biohybrids was also found to facilitate liquefaction of proteins 
and afford proteolytic tolerance (Chapter 3). Given that PEGylation of UOX is known to 
stabilize the oligomer assembly due to a compressive effect,15 we speculated that covalent 
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conjugation of polymer surfactant in a similar manner be equivalently beneficial to UOX 
stabilization. 

Herein we compare the structure and function of protein polymer surfactant biohydrids 
encapsulating the therapeutically-relevant UOX prepared using two distinct synthetic 
routes. These involved cationic supercharging at pH 6.8 followed by electrostatic 
conjugation on the one hand, and direct covalent conjugation at pH 7.0 on the other hand. 
We find that nanoencapsulation of the protein by a polymer surfactant is achieved using 
both synthetic routes. However, the traditional two-step conjugation approach yielded 
biohybrid enzymes consisting of a monomeric UOX core. As a consequence of disassembly, 
they are totally inactivated toward uric acid turnover. Employing the latter approach, the 
covalently-conjugated biohybrid enzymes retained their native dimer and tetramer 
assembly; however, they were also found to be inactivated. In this chapter we demonstrate 
the scope and limitations of these two conjugation strategies to decorate oligomeric 
proteins with a pH-dependent association behaviour with polymer surfactants. Although 
our results offer a promising step toward the development of functional oligomeric 
therapeutic biohybrids, they also highlight the requirement for versatile synthetic 
approaches amenable to a broad pH range for the robust development of protein-polymer 
surfactant biohybrids.  

5.2 Results and Discussion 

5.2.1 Preparation and characterization of UOX biohybrids 

The synthetic route towards nanoencapsulation endowed liquefaction of proteins was 
previously confined to a two-step approach of chemical modification of the protein surface 
and electrostatic grafting of a surfactant corona. However, proteins such as urate oxidase 
(UOX) may not be stable towards these preparation conditions. This could be the result of 
manipulated surface electrostatics disrupting crucial associative ionic interactions, or the 
structural perturbation of binding interfaces.14 Recently, a direct covalent conjugation of 
polymer surfactant to a protein surface was found to facilitate liquefaction of proteins 
(Chapter 3). We set out to explore the construction of functional biohybrid enzymes via 
these two distinct synthetic routes for the therapeutically-relevant homotetrameric protein 
urate oxidase (UOX).  

Electrostatically-conjugated UOX-surfactant biohybrids were prepared using the anionic 
polymer surfactant carboxylated Brij® L23 (C12EO22) following the typical approach.12,13 
Briefly, this involved EDC-mediated coupling of 1,3-dimethylamino propylamine (DMAPA) 
to solvent-accessible acidic residues (Asp/Glu), followed by complexation with surfactant to 
yield cUOX:C12EO22. Conversely, covalently-conjugated variants were instead produced via 
direct EDC-mediated coupling of C12EO22 to solvent-accessible primary amines (Lys) to yield 
UOX-C12EO22 (Chapter 3). Here, we noted that it is unlikely that all accessible Lys residues 
would be modified, as is problematic for currently marketed UOX-PEG therapeutics.16 This 
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inevitably leads to a mixture of products modified at different positions, as well as with 
different total degrees of conjugation (Chapter 1). 

Solution-state small-angle X-ray scattering (SAXS) experiments were performed on native 
UOX (20 mM PB, pH 8.5) to resolve the initial degree of protein self-assembly (Figure 5.1a). 
Scattering profiles constructed based upon modelling dimeric or tetrameric UOX oligomers 
(associated pdb file 3L8W17) were found to be in rather poor agreement with the 
experimental UOX profile (red or blue profiles, respectively). This could be improved 
through construction of SAXS profiles based upon mixtures of dimeric and tetrameric self-
assembled UOX (Figure 5.1b). We found that a mixture containing 50:50 or 70:30 
dimer:tetramer content resembled the intermediate- and high-q portion of the UOX profile. 
To our knowledge, the complex pH-dependent monomer:dimer:tetramer equilibrium of 
UOX is not structurally resolved. Owing to noise at high-q values, we also cannot attempt to 
fully resolve here the potential presence of monomeric UOX species (Figure S5.1). In acidic 
environments as low as pH 5.8, UOX is inactivated and commensurately expected to be 
disassembled into its monomer units. However, given that pH 8.5 is within the functional 
range for UOX, we expected monomeric content to be low here. Finally, equivalent 
experiments performed using cUOX:C12EO22 or UOX-C12EO22 revealed a distinct 
transformation in SAXS profiles compared to native UOX (Figure 5.1c). These are consistent 
with a core-shell architecture consisting of protein decorated by polymer surfactant in 
agreement with previous reports.13,18,19 

Whilst we had established the successful nanoencapsulation of UOX by a polymer surfactant 
corona, it remained unclear to which degree the protein core retained its self-assembled 
structure. To this end, we set out to compute the molecular weight (MSAXS) of native UOX 
and electrostatically- or covalently-derived biohybrids (see experimental methods). 
However, the accessible q-range is too limited to access sufficiently low-q values to perform 
a Guinier analysis to accurately determine MSAXS. Therefore, we instead determined a lower 
bound for I0 by averaging the three lowest-q data points for each sample. 

We determined a lower bound MSAXS for UOX of 88.7 kDa, which was in between the 
anticipated mass of a dimer (∼ 68 kDa) and a tetramer (∼ 136 kDa). This was consistent with 
our expectation of mixed oligomer assemblies in solution at pH 7.0. The MSAXS value of 
cUOX:C12EO22 was estimated to be 38.4 kDa, which is larger than the mass of monomeric 
native UOX (34 kDa) but lower than the expected mass for a monomeric UOX-surfactant 
biohybrid (∼ 67 kDa). Given that we had observed a distinct transition in the interference 
pattern of cUOX:C12EO22 compared to UOX, we suggest that cUOX:C12EO22 nanoconjugates 
likely do consist of monomeric cUOX decorated by a surfactant corona (Figure 5.1d). 
Conversely, we determined an MSAXS value of 139.2 kDa for the covalently-conjugated UOX-
C12EO22 biohybrid sample. Importantly, this was in between the anticipated mass of a 
dimeric (∼ 101 kDa) and a tetrameric (∼ 202 kDa) UOX-surfactant biohybrid. Whilst 
conjugation efficiencies could not be resolved by SAXS experiments, this does suggest the 
effective conjugation of polymer surfactant to native dimeric and tetrameric UOX. In sum, 
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lower bounds of biohybrid MSAXS values suggest the oligomeric assembly of UOX is intolerant 
to cationic supercharging, and likely results in a monomeric protein-core. Promisingly, the 
covalent conjugation of surfactant did not appear to perturb oligomer assembly, and we 
resultantly expect to yield a mixture of biohybrids consisting of dimeric or tetrameric 
protein cores (Figure 5.1d). 

 

Figure 5.1. (a) Solution-state SAXS profile (I / cm-1) of native UOX at pH 8.5 (black open squares). 
Scattering profiles predicted using Crysol for a dimer (red line) or a tetramer (blue line), and 70:30, 
50:50, or 30:70 dimer:tetramer mixtures (cyan, orange, and green lines, respectively). (b) Structure of 
the functional UOX dimer and tetramer which exist in a mixture at pH 8.5. (c) Solution-state SAXS 
profiles (I / cm-1) at pH 8.5 of native UOX (replotted black open squares) and respective biohybrid 
produced via electrostatic conjugation (cUOX:C12EO22, red open circles), or covalent conjugation 
(UOX-C12EO22, blue open upward triangles). Biohybrid profiles indicate a distinct structural 
transformation to a core-shell architecture, and dotted lines indicate the q-value used for lower 
estimates of MSAXS. (d) Schematic representation of the monomeric UOX-core biohybrid cUOX:C12EO22, 
and the expected mixed dimeric or tetrameric UOX-core biohybrid UOX-C12EO22. 

5.2.2 Resolving the activity of biohybrid enzymes 

We next set out to explore the consequence of UOX assembly for biohybrid nanoconjugates. 
Preliminary activity assays were performed for native UOX and the electrostatically-derived 
cUOX:C12EO22 biohybrid using uric acid as a substrate. The UOX-mediated conversion of uric 
acid into 5-hydroxyisourate could be followed by a decrease in absorbance at 293 nm (A293) 
over time, and Michaelis-Menten kinetics was applied (Figure 5.2a). For native UOX, we 
determined a turnover number kcat of 13.2 s-1 and Michaelis-Menten parameter KM of 0.69 



Chapter 5 
 

 
112 

mM. This result is similar to kinetic parameters reported for zebrafish UOX at pH 7.6, with 
kcat = 3.95 s-1 and KM = 0.011 mM.14 Equivalent assays performed using the cUOX:C12EO22 
revealed a total inactivation of the protein core (Figure 5.3b and Figure 5.S2). This result 
supports our expectation for cationic supercharging leading to the disassembly of UOX 
oligomers and resulting in inactivation. However, subsequent assays performed using UOX-
C12EO22 revealed that the covalently-conjugated biohybrid was also inactive. At first glance, 
this result was surprising in view of the presence of tetrameric UOX cores inferred from the 
SAXS experiments. The UOX oligomers may have been deactivated during the conjugation 
due to an unfavourable interaction with the surfactant or, alternatively, the protein 
assemblies may be deactivated upon lowering the solution pH from pH 8.5 to pH ≤ 7.0 prior 
to conjugation, so that inactive oligomers are encapsulated.  

 

Figure 5.2. (a) Michaelis-Menten kinetics plot for the UOX-mediated turnover (V / mM s-1) of uric acid 
for which a turnover number kcat of 13.2 s-1 and characteristic binding constant KM of 0.069 mM were 
derived at pH 8.5. Conversely, UOX-polymer surfactant biohybrid variants redispersed to 0.1 μM after 
freeze-drying into 10 mM Na-Borate at pH 8.5 were inactive. (b) Representative plots of absorbance 
at 293 nm over time for UOX (0.1 μM, black open squares), cUOX:C12EO22 ([UOX] = 0.1 μM, red open 
circles), and UOX-C12EO22 ([UOX] = 0.1 μM, blue open triangles) in the presence of uric acid (0.25 mM). 
Uric acid is successfully turned over by native UOX, but both biohybrid variants are shown to be 
inactive. 

In an attempt to explore the compatibility of C12EO22 and UOX, we performed pH-dependent 
kinetic assays in either absence or presence of free C12EO22 mixed in an equivalent molar 
ratio to the biohybrid UOX-C12EO22. UOX kinetic assays performed at pH 7.0 indicated a 
strongly diminished activity, with a kcat of 2.0 s-1 and KM of 0.077 mM (Figure 5.3a, Table 
1.1). Under slightly acidic conditions (pH 6.8) the kinetic parameters were relatively 
unchanged, with a kcat of 2.0 s-1 and KM of 0.11 mM. We expect that the diminished activity 
of UOX upon lowering pH was a result of dissociation of the functional oligomeric assembly. 

Upon addition of free surfactant C12EO22, we did not observe a strong transition in kinetic 
profiles (Figure 5.3b), or Michaelis-Menten kinetic parameters (Table 1.1). Crucially, this 
supports the compatibility of C12EO22 and UOX. Therefore, we are confident that the 
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presence of surfactant did not deactivate the enzyme, or lead to dissociation of the 
functionally assembled oligomers. Instead, we anticipated that the relatively low pH regime 
employed here for biohybrid preparation leads to the non-specific association of UOX into 
non-functional clusters. However, we have not explored the potential for time-dependent 
denaturation of UOX in a neutral or slightly acidic environment which may occur during 
biohybrid preparation. Similarly, an understanding of the robustness of UOX toward pH 
swings is unexplored, and so the potential for recovery of enzymatic activity is unknown. 
Therefore, the potentially additional consequences of pH deviation from basic 
environments which are not specifically related to the equilibrium of UOX assembly could 
not be ruled out. 

 

Figure 5.3. (a) pH-dependent Michaelis-Menten kinetics plots for the UOX-mediated turnover (V / mM 
s-1) of uric acid at pH 8.5 (black open squares), pH 7.0 (cyan open diamonds), and pH 6.8 (orange open 
stars). UOX activity is strongly diminished under neutral and slightly acidic reaction environments. (b) 
pH-dependent Michaelis-Menten kinetics plot for the UOX-mediated turnover of uric acid in the 
presence of free surfactant C12EO22 (approximately 30-fold molar excess of surfactant to protein) pH 
8.5 (black squares), pH 7.0 (cyan diamonds), and pH 6.8 (orange stars). UOX activity is not perturbed 
by the presence of free surfactant at under all pH conditions. 

Table 1.1. pH-dependent Michaelis-Menten kinetics parameters for the UOX-mediated turnover of 
uric acid in the absence or presence of free surfactant C12EO22. 

 kcat / s-1 KM / mM kcat/KM / μM-1s-1 
UOX, pH 8.5 13.2 0.069 193 

UOX+C12EO22, pH 8.5 13.2 0.068 195 
UOX, pH 7.0 2.0 0.077 25.6 

UOX+C12EO22, pH 7.0 2.6 0.084 31.1 
UOX, pH 6.8 2.0 0.11 18.3 

UOX+C12EO22, pH 6.8 1.7 0.061 28.4 
 

As a step toward elucidating the pH-dependence of UOX assembly we performed a series 
of static light scattering (SLS) experiments in the absence or presence of free C12EO22. An 
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initial experiment involving UOX at pH 8.5 showed a plateau following excellent low-q 
correspondence with the previously obtained SAXS profile (Figure 5.4a and Figure S5.3a). A 
slight upturn around q = 0.001 Å-1 can be rationalised by the extreme susceptibility of the 
scattered intensity to dust particles at small scattering angles. Upon lowering the pH to 7.0 
and again to pH 6.8, we observed pronounced increases in scattered intensity and 
development of a q-dependence (Figure 5.4b and Figure S5.3b). These results were 
consistent with large degrees of non-specific aggregation of UOX under neutral and slightly 
acidic conditions. 

We next estimated the UOX isoelectric point of UOX, pI, using ProtParam20 and the 
associated protein sequence (pdb file 3L8W17), which yields pI = 6.7. This revealed that both 
types of biohybrids (prepared at pH 6.8 and pH 7.0), were in fact prepared at or near the 
isoelectric point of UOX. This may be significant toward the deactivation of biohybrids for 
two reasons. The main dimerization interface of UOX is an antiparallel β-sheet formed by 
13 N-terminal amino acids (aa 8–20) and 12 C-terminal amino acids (aa 282–293) of two 
monomers.14 This assembly is driven by a combination of electrostatic interactions and H-
bonding, and is likely perturbed in the vicinity of the isoelectric point of a UOX monomer. 
Therefore, we expect that the significantly reduced activity observed for UOX near the 
isoelectric point can at least in part be accounted for by the dissociation of functional dimers 
and tetramers into monomer subunits. Further, the neutralization of the protein surface 
charge can lead to significant degrees of aggregation, as observed by SLS. 

For comparison, we also estimated the pH-dependent molecular weight of UOX species 
based upon the averaged intensity of SLS data (MSLS). Given the distinct q-dependence of 
scattered intensity at pH 7.0 and pH 6.8, we tentatively determined minimum estimates of 
I0 by averaging the three lowest-q data points for each sample. The SLS and SAXS data are 
in excellent agreement at pH 8.5, with an MSLS value of 94.2 kDa. At pH 7.0 the MSLS value 
was increased to 2915 kDa (approximately 60 monomers), and this was substantially 
increased further to 1.023×105 kDa (approximately 2700 monomers) for pH = 6.8. The 
addition of free polymer surfactant C12EO22 did not appreciably influence the SLS profile of 
UOX at pH 8.5 (Figure 5.4b), and we estimated an MSLS value of 107 kDa. Crucially, this 
confirmed that free surfactant did not dissociate the functional dimeric or tetrameric 
oligomer, and supports the general preparation of mixed UOX-surfactant biohybrids. At pH 
7.0 and pH 6.8, the addition of C12EO22 led to a large degree of dissociation of the 
monomeric UOX aggregates. Whilst the corresponding MSLS values of 662 kDa (pH 7.0) and 
4425 kDa (pH 6.8) were clearly larger than monomeric species, this result is consistent with 
surfactant-assisted stabilization of UOX in the absence of protein surface electrostatics. 
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Figure 5.4. (a) Comparison of solution-state SAXS profile and SLS profile for native UOX at pH 8.5 (I / 
kDa). The extended q-range afforded by SLS confirmed a plateau in the Guinier regime, and at intensity 
values consistent with the expectation of a dimer-tetramer equilibrium. (b) pH-dependent SLS profiles 
(I / kDa) comparing native UOX in the absence (open symbols) and the presence (closed symbols) of 
free surfactant C12EO22. At pH 8.5 (black squares), no distinct change in intensity profile is observed 
by addition of surfactant. At pH 7.0 (cyan diamonds) and pH 6.8 (orange stars) we observe significant 
degrees of protein aggregation approaching the monomeric UOX isoelectric point (pI = 6.7), and these 
could be significantly decreased by addition of surfactant. 

5.2.3 Future work: an alternative approach to surfactant conjugation 

In the above we have shown that the prepared UOX-surfactant biohybrid nanoconjugates 
are inactive due to dissociation of the functional oligomeric assembly near the protein 
isoelectric point, we set out to propose an alternative synthetic approach. The manipulation 
of protein surface electrostatics is clearly detrimental toward the functional assembly of 
UOX, and so we are interested in covalent conjugation approaches which can be performed 
in alkaline media (pH 8.0 – 10.0). The efficient PEGylation of UOX at pH 8.0 is previously 
reported in a one-step manner involving functionalization of solvent-accessible Lys residues 
using monomethoxy-PEG-p-nitrophenyl carbonate (mPEG-pNP).15 Given the simplicity of 
the approach, we set out to instead design a p-nitrophenyl carbonate functionalized 
surfactant (Scheme 5.1). In a straightforward manner, Brij® L23 can be reacted with bis(4-
nitrophenyl) carbonate in DMF and in the presence of triethylamine to yield Brij® L23-p-
nitrophenyl carbonate (C12EO22-pNP).21 Upon preparation of C12EO22-pNP, we anticipate 
functional UOX-C12EO22 biohybrids can be prepared at pH 8.5 by simple mixing of protein 
and polymer (Scheme 2). This alternative synthetic strategy offers the opportunity for the 
discrete encapsulation of proteins in alkaline environments, and will expand upon the 
versatility of biohybrid preparation. 



Chapter 5 
 

 
116 

 

Scheme 5.1. Proposed reaction of Brij® L23 and bis(4-nitrophenyl) carbonate to prepare a Brij® L23-
p-nitrophenyl carbonate surfactant (C12EO22-pNP). 

 

 

Scheme 5.2. Proposed reaction of C12EO22-pNP and solvent-accessible Lys residues of UOX (R-NH2) to 
prepare functional UOX-C12EO22 biohybrid nanoconjugates. 

5.3 Conclusion 

In conclusion we have prepared two examples of enzyme-polymer surfactant biohybrids 
comprising the therapeutic target UOX. These were prepared using either the traditional 
two-step approach involving the cationic supercharging of the UOX surface followed by 
electrostatic conjugation of polymer surfactant, or with a recently developed one-step 
approach involving direct covalent conjugation of polymer surfactant. Solution-state SAXS 
experiments revealed that both approaches yielded core-shell biohybrid nanoconjugates 
consisting a UOX core decorated by a polymer surfactant. However, the cationic 
supercharging and electrostatic conjugation of surfactant resulted in the construction of 
monomeric UOX-surfactant biohybrids. Crucially, these were totally inactive toward the 
turnover of uric acid, even over extensive time scales. Further, the covalent conjugation of 
surfactant produced UOX-surfactant biohybrids which appeared to be constructed of 
dimeric and tetrameric enzyme cores. However, kinetic assays also revealed that covalently-
conjugated UOX biohybrids were inactive. A combination of pH-dependent kinetics assays 
and SLS in the absence or presence of free surfactant C12EO22 revealed that the deactivation 
of biohybrid enzymes was unlikely to be caused by an incompatibility of protein-surfactant 
mixtures. Instead, we expect that biohybrid preparation near the UOX isoelectric point 
results in dissociation of the catalytically vital UOX dimer into monomeric subunits which 
aggregate in a non-specific manner. Finally, we propose the development of an alternative 
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surfactant based upon implementation of a 4-nitrophenyl carbonate moiety for the 
preparation of UOX-surfactant biohybrid at pH 8.5. 

5.4 Experimental Section and Supplementary Discussions 

5.4.1 Biohybrid preparation 

Unless otherwise stated, all materials were purchased from Sigma-Aldrich (NL) and used 
without further purification. Urate oxidase (UOX, Candida sp. Lot # SLBP3377V) was 
suspended in a protein buffer (10 mM PB, pH 7.0) to achieve a final concentration of 2 mg 
ml-1. 

For electrostatically-conjugated biohybrods, 3-(dimethylamino)-1-propylamine (DMAPA, 
2.2 M and pH 6.2) was added in at least 500-fold molar excess to the number of solvent-
accessible acidic sidechains under stirring, followed by the immediate addition of solid N-
(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC) in a further 10-fold 
excess. After 4 hrs a secondary addition of EDC was performed, and the reaction was 
allowed to proceed overnight to produce a supercharged enzyme. Any precipitate was 
removed by centrifugation (4000 G, 15 min), followed by extensive dialysis against protein 
buffer to remove excess reactants. The purified supercharged enzyme was added dropwise 
under stirring to carboxylated Brij® L23 (C12EO22) dissolved in minimum protein buffer, to 
achieve a final ratio of 4 surfactants per solvent-accessible cationic site. The mixture was 
allowed to stir overnight, followed by centrifugation to remove any precipitate, and a 
secondary extensive dialysis against decreasing concentrations of protein buffer to obtain 
MilliQ quality water. 

For covalently-conjugated biohybrids, C12EO22 was dissolved in protein buffer to achieve a 
final concentration of 2 mg mL-1. Under stirring, a single addition of EDC was performed in 
a 3-fold molar excess, and the solution was allowed to stir for 30 min. Protein solution was 
subsequently added to achieve a 4-fold molar excess of surfactant with respect to solvent-
accessible Lys residues. The reaction mixture was allowed to stir overnight, followed by 
removal of any precipitate by centrifugation (4000 G, 15 min) and extensive dialysis against 
decreasing concentrations of protein buffer to obtain MilliQ quality water. 

All purified samples were freeze-dried for 48 hrs to produce a soft powder, and the powder 
could be annealed for 1 hr at 70 °C to produce free-flowing solvent-free biohybrid materials. 

5.4.2 X-ray scattering data acquisition, reduction and analysis 

All experiments were performed on a SAXSLAB GANESHA 300 XL system equipped with a 
GeniX-Cu ultra-low divergence micro focus sealed-tube source producing X-ray photons 
with a wavelength λ = 1.54 Å at a flux of 1 × 108 Ph s−1. The scattering intensity was 
measured as a function of momentum transfer vector 

q = 
4π
λ

sin θ 
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where λ is the radiation wavelength and 2θ is the scattering angle. The 2D scattering data 
were recorded on a Pilatus 300 K silicon pixel detector with 487 × 619 pixels of 172 µm2 in 
size. The beam-centre and q-range were calibrated using an AgBe standard. The calibrated 
detector response function, known sample-to-detector distances, and measured incident 
and transmitted beam intensities were using to scale the 2D patterns to absolute intensity. 
The corresponding 2D patterns were azimuthally averaged to produce 1D scattering 
profiles. 

Solution-state small-angle X-ray scattering (SAXS) profiles were obtained for samples 
measured in 2.0 mm quartz capillaries (Hilgenberg), mounted with custom-built capillary 
holders. A known sample-to-detector distance of 713 mm gave an accessible q-range of 
0.015<q<0.445 Å-1. The scattering profile of the protein buffer and quartz capillary were 
subtracted to produce a final SAXS profile. Background subtraction was performed using 
the SAXSutilities22 package (available for download http://www.sztucki.de/SAXSutilities). 

 

 

Figure S5.1. Solution-state SAXS profile (I / cm-1) of native UOX (black open squares, replotted from 
Figure 5.1) and a predicted profile of monomeric UOX using Crysol (pink line). The poor agreement of 
the profile shapes at intermediate- and high-q values suggests monomeric contribution of UOX in 
solution is minimal. 

The molecular weights of biohybrid variants (MSAXS) were computed23 from lower estimates 
of I0 based on averaging the three lowest-q data points.  MSAXS could be computed using I0 
intensity values according to 

MSAXS = I0
Nav

c∆ρM2
 

where Nav is c is concentration (profiles manually rescaled to 1 g cm-3), and ΔρM (cm g-1) is 
the scattering contrast per mass computed using 



Towards (precision) encapsulation of discrete oligomers using polymer surfactants 
 

 
119 

∆ρM =  �ρM,prot − (ρsolvv�)�r0 

where ρM,prot is the number of electrons per mass of dry protein (3.22×1023 e g-1), ρsolv is the 
number of electrons per volume of solvent (3.34×1023 e cm-3), �̅�𝑣 is the partial specific volume 
of protein (0.7425 cm3 g-1), and r0 is the scattering length of an electron (2.8179×10-13 cm). 

5.4.3 Kinetics assays of biohybrid enzymes 

All experiments were performed on a Tecan Safire2 UV-vis plate reader with a standard 
sample path length of 0.81 cm (300 μL volume) and the temperature was controlled at 25 
°C. The UOX-mediated turnover of uric acid into 5-hydroxyisourate was followed by a 
decrease in absorbance at 293 nm (A293), which was followed for up to 1000 s. Experiments 
were performed in buffer (10 mM Na-Borate, pH 8.5) with a constant [UOX] of 0.1 μM and 
[uric acid] ranging from 10 - 300 mM). A value of catalytic turnover number kcat and 
Michaelis-Menten parameter (a measure substrate binding affinity) KM was determined by 
application of nonlinear regression fitting using Michaelis-Menten kinetics. 

 

Figure S5.2. Plots of absorbance at 293 nm versus time for cUOX:C12EO22 (0.1 μM) in the presence of 
uric acid (0.01 – 0.28 mM). No decrease in absorbance is observed over elaborate time scales up to 
1000 s, indicating that the biohybrid containing a monomeric protein core is inactivate. 

5.4.4 pH-dependent kinetics assays of UOX 

All experiments were performed on a BioTek Synergy H1M UV-vis plate reader with a 
standard sample path length of 0.81 cm (300 μL volume) and the temperature was 
controlled at 25 °C. The UOX-mediated turnover of uric acid into 5-hydroxyisourate was 
followed by a decrease in absorbance at 293 nm (A293), which was followed for up to 600 s. 
Experiments were performed in buffer (10 mM Na-Borate) at pH 8.5, pH 7.0, or pH 6.8 with 
a constant [UOX] of 0.1 μM and [uric acid] ranging from 10 - 300 mM). Complimentary 
experiments were also performed in the presence of free surfactant C12EO22 at equivalent 
molar ratios of UOX:C12EO22 as expected for the biohybrid UOX-C12EO22. A value of catalytic 
turnover number kcat and Michaelis-Menten parameter (a measure substrate binding 
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affinity) KM was determined by application of nonlinear regression fitting using Michaelis-
Menten kinetics. 

5.4.5 Static light scattering data acquisition, reduction and analysis 

Light scattering experiments were performed on an ALV/CGS-3 MD-4 goniometer system 
equipped with a 50 mW Nd:YAG laser operating at 532 nm. The temperature was regulated 
at 20.0 °C using a Lauda RM6-S refrigerated circulating bath. The scattered intensity was 
recorded at 10° increments between 30° and 120°, with 3 s accumulations and 15 
measurements per angle. Measurements were performed in NMR tubes (0.5 cm path 
length).  The scattered intensity was measured as a function of the scattered wave vector, 

q = 
4πn

λ
sin

θ
2

 

where λ is the wavelength, n is the refractive index of solvent, and θ is the scattering angle. 
The excess of scattered intensity was measured with respect to the solvent, where the 
absolute scattered intensity of the objects (the excess Rayleigh ratio R, cm-1) is described by 

R =
Isolution − Isolvent

Itoluene
�

n
ntoluene

�
2

Rtoluene 

where Isolution, Isolvent, and Itoluene are the scattered intensity (kHz) of the sample, solvent, and 
toluene, respectively. n is the refractive index of solvent (1.332 for H2O), ntoluene is the 
refractive index of toluene (1.494 at 20 °C), and Rtoluene is the Rayleigh ratio of toluene 
(2.34×10-5 cm-1).24 The scattered intensity was subsequently rescaled to I (Da) using, 

I =  
R

KC
 

where C is the sample concentration (g cm-3) and K is the optical contrast computed using, 

K =
4π2n2

𝑁𝑁𝑎𝑎𝑎𝑎𝜆𝜆4
�
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
�
2

 

where Nav is Avogadro’s number (6.023×1023 mol-1), λ is the wavelength of the laser 
(5.32×10-5 cm), and 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
 is the refractive index increment of the solute/solvent system 

(estimated to be 0.185 cm3 g-1 for proteins).25 
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Figure S5.3. (a) Comparison of solution-state SAXS profile and SLS profile for native UOX at pH 8.5 (I / 
cm-1). (b) pH-dependent SLS profiles (I / cm-1) comparing native UOX in the absence (open symbols)
and the presence (closed symbols) of free surfactant C12EO22 on absolute intensity scale. At pH 8.5
(black squares), no distinct change in intensity profile is observed by addition of surfactant. At pH 7.0
(cyan diamonds) and pH 6.8 (orange stars) we observe significant degrees of protein aggregation
approaching the monomeric UOX isoelectric point (pI = 6.7), and these could be significantly
decreased by addition of surfactant.
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Chapter 6 

Perspectives 

 

This thesis sought to expand the field of polymer surfactant-conjugated proteins. In doing 
so, we explored the construction of a range of protein-polymer surfactant biohybrids from 
mechanistically diverse enzymes in order to elucidate the impact of their structure and 
function in both aqueous and solvent-free environments. Importantly, the outcomes of this 
thesis draw upon a mixture of concepts relevant to both therapeutics and industrial 
processes. Here, we seek to place these chapters in the context of their potential 
applications, highlighting the unusual compatibility of proteins with a class of anionic 
polymer amphiphile consisting of alkyl-ethylene oxide block composition. The objective is 
to support the exploration of polymer surfactants as cheap, industrially available and bio-
compatible polymers for the preparation of protein-polymer biohybrid materials with broad 
application. We initially discuss the potential viability of biohybrid proteins for their high 
volume fraction and room-temperature storage, as well as the stabilization of liquid 
formulations. Additionally, we review recent examples which exploit the aspecific binding 
of surfactant with phospholipid membranes to construct so-called artificial membrane 
binding proteins. Specifically, such functional biohybrid materials offer tremendous 
opportunity toward the delivery of proteins to cells and trafficking in vitro. Finally, we 
showcase the ability of surfactants to stabilize proteins in self-contained biofluids, 
displaying impressive thermal tolerance and processability in unusual solvents such as ionic 
liquids. 
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6.1 Storage and formulation of biopharmaceuticals 

The application of proteins in biopharmaceuticals is heavily dependent on their tolerance 
toward processing and storage conditions.1,2 Current strategies to promote physiochemical 
stability extensively utilise excipients, and structural or chemical modifications of proteins, 
coupled with freezing of liquid formulations or low-temperature storage of lyophilized 
materials.2,3 These approaches require extensive screening of storage conditions for 
protein-specific solutions, have large storage and energy footprints, and are resultantly 
expensive. By contrast, nanoencapsulation of proteins using a polymer surfactant has been 
shown to be a general approach to facilitate liquefaction, and endows proteins with 
impressively high thermal tolerance (Chapter 2).4–6 The general route for preparation of 
protein-surfactant biohybrid materials may then support the low-volume (high-volume 
fraction) and long-term storage of proteins at room-temperature without the requirement 
for additional excipients. 

Whilst the long-term storage of proteins can be considerably improved in the solvent-free 
state, recent work also suggests that the construction of biohybrids is a versatile approach 
to afford proteolytic protection in solution, and the stabilization of proteins toward excess 
surfactants (Chapter 4). For example, nanoencapsulation of hen-egg white lysozyme (HEWL) 
by a surfactant corona afforded total inhibition of proteolysis by the non-specific serine 
protease Subtilisin A (SubtA). Alternatively, caging SubtA led to the exclusion of secondary 
proteins from its active site, with no loss in the lysis activity of HEWL for at least 25 hours. 
Further, nanoencapsulation of SubtA by a surfactant corona introduced tolerance to free 
surfactant which would otherwise lead to protein denaturation (Chapter 4). We therefore 
speculate that surfactant conjugation may provide biologics with enhanced bioavailability 
and a reduced immunological response akin to the standard approach of PEGylation. 

Remarkably low degrees of polymer surfactant conjugation appear to be sufficient in order 
to stabilize large volume fractions of protein at room-temperature. A recent approach 
(Chapter 3) aimed at developing protein-polymer surfactant biohybrids in a direct one-step 
manner found that coverage densities as low as 5 surfactants per HEWL were sufficient to 
afford liquefaction. Further, an anisotropic distribution of polymer surfactant across the 
protein surface did not appear to disadvantage storage viability through decreased potency 
of reconstituted biohybrid solutions. In fact the HEWL-surfactant biohybrid materials 
described in Chapter 3 retained near-native recognition for bacterial whole cells and lysis 
activity. This amounted to up to a 7-fold enhancement in HEWL biohybrid activity compared 
to nanoencapsulated variants (Chapter 3), which commonly suffer perturbed binding 
affinities upon complete coverage of a protein surface by a polymer.7 Finally, these 
biohybrids remained tolerant to proteolysis and could still be lyophilized for storage at 
room-temperature (Chapter 4). These results favourably indicate that storage and 
formulation of proteins can be improved with minimal degrees of protein modification, and 
without the requirement of surface charge manipulation. Here, a promising opportunity 
exists in the form of sheddable polymeric components which enable long-term storage of 
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proteins, but which are susceptible to cleavage in physiological micro-environments to 
reform the native protein.8  

6.2 Biopharmaceutical delivery and trafficking 

Polymer-based and biohybrid materials offer exciting opportunities to deliver protein cargo 
in a site-specific manner for delivery and trafficking of biologics.9–12 However, these vehicles 
require extensive tuning and responsive behaviour to achieve specificity. Polymer 
surfactants are capable of endowing a protein with the favourable properties of the 
surfactant constituent. It is conceivable that the surfactant coating facilitates targeting to 
lipid membranes ubiquitously present on and in living cells. Indeed which can be exploited 
to engineer additional functionality to the biomaterial. Indeed, this was recently explored 
through construction of myoglobin-surfactant biohybrids for the oxygenation of stem cells 
during culture of large cartilage tissue.13 Core-shell myoglobin-surfactant nanoconjugates 
were suggested to behave like artificial membrane binding proteins, and extensively 
interact with mesenchymal stem cells (hMSCs). This was afforded by the surfactant 
nonylphenyl moiety which could insert itself into the phospholipid membrane layer of 
hMSCs. The binding of biohybrid myoglobin during tissue growth improved matrix 
formation and reduced void space from 42 ± 24 % to 7 ± 6 %. In this way, exogenous 
myoglobin provided an additional 34 hours of supplemental oxygen in order to reduce 
hypoxia-related cell necrosis. 

Instead of complete nanoencapsulation of a protein, designing proteins with specific 
regions of high cationic charge density facilitates surfactant conjugation in a localized 
manner. Notably, this approach was exploited for the targeted trafficking of hMSCs (Figure 
6.1).14 A fusion protein was prepared from the cationic supercharged GFP (scGFP) and the 
cardiac fibronectin (Fn) binding domain of the bacterial adhesin protein CshA resulting in 
the CshA_scGFP chimera. Surfactant conjugation was confined to the scGFP domain, which 
mediated binding to hMSCs phospholipid bilayer. The CshA domain affords the chimera 
biohybrid with specific affinity for the myocardium due to an evolutionary honed CshA-Fn 
interaction via a “catch” and “clamp” mechanism. In this way, chimeric [CshA_scGFP]-
surfactant biohybrids could bind hMSCs to be specifically directed to heart tissue via the 
CshA-Fn interaction. 

In these two investigations, the biohybrid’s interaction with the hMSC membrane exhibited 
extensive temporal stability, and is thought to be entirely based upon hydrophobic insertion 
of the nonylphenyl moiety into the cell phospholipid bilayer. In general, these approaches 
of delivery and trafficking are highly modular. For example, the apparent aspecific binding 
of surfactant with ubiquitous lipid membranes displayed both on and within cells, supports 
their use for trafficking of many therapeutic cell types.15 “Designer” fusion-proteins can in 
principle also be developed to display other adhesins from infectious bacteria to direct 
these therapeutic cells to different organs such as the brain, liver, or kidney to treat both 
acute and chronic diseases.14 
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Figure 6.1. The artificial plasma membrane binding chimera-surfactant construct. (a) Schematic 
showing the interaction of the polymer surfactant conjugated supercharged fusion [CshA_scGFP][S] 
construct with the bilayer of the cytoplasmic membrane. The structure shows the surface charge 
potential, highlighting the high positive charge (blue) on the supercharged GFP domain and the 
negative charge (red) on the CshA globular domain, as well as the “catch” and “clamp” domains of 
CshA. (b) The structure of the anionic polymer surfactant glycolic acid ethoxylate 4-nonylphenyl ether 
(S), which electrostatically complexes with the supercharged GFP moiety. Figure reproduced with 
permission from14. 

The conjugation approach employed for construction of protein-polymer surfactant 
nanoconjugates is of significant consequence toward development of biohybrid 
therapeutics. This is clearly recognised in Chapter 5, wherein preliminary investigations 
involving the therapeutic model oligomer urate oxidase (UOX) revealed the structural 
consequences of synthetic approach on the protein core of biohybrids. Crucially, a two-step 
approach of (chemical) cationic supercharging of protein surfaces followed by electrostatic 
conjugation of surfactant clearly disassembled the functional UOX tetrameric barrel. 
Resultant biohybrid species likely consisted of monomeric UOX cores decorated by polymer 
surfactant which were inactive toward uric acid convesion, even over exceedingly elaborate 
time-scales. Conversely, the direct covalent-conjugation of polymer surfactant likely 
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produced a mixture of biohybrid species consisting of nanoencapsulated dimeric and 
tetrameric cores. While the resultant bioactivity of these species remains to be fully 
characterized, the persistence of an oligomeric assembly in the biohybrid core is a promising 
step toward realising a model UOX-polymer surfactant therapeutic. 

6.3 Biocatalysis in harsh environments 

Few industrial processes operate under physiological conditions. As such, the 
implementation of proteins in these settings often requires stabilization against factors such 
as high temperature and pressure, extreme pH, unconventional solvents, and the presence 
of salts, chelators, and surfactants.16 Whilst protein engineering is a successful strategy to 
improve upon the stability and functional regimes of enzymes, it is unfortunately 
application and protein specific, suffers significant lag time, and is expensive. Ideally, 
strategies to confer improved stability and function should be cheap, and broadly applicable 
to a range of enzymes, and also improve tolerance toward multiple denaturising 
environmental factors. Given that nanoencapsulation of enzymes by a surfactant endows 
the biohybrid conjugate with an amphiphilic and dielectric responsive corona,17 this 
suggests it is a robust platform toward stabilization in non-aqueous environments.18 
Further, biohybrids 

Multifunctional biofluids can be constructed to perform tandem catalysis in the total 
absence of a solvent (Chapter 2). Owing to the amphiphilic nature of a surfactant corona, 
biohybrid enzymes are miscible, and are capable of solubilizing a range of substrates of 
varied polarity. These features were exploited to showcase tandem catalysis up to at least 
150 °C in multicomponent biofluids containing catalytically diverse enzymes. Surprisingly, 
enzyme performance was found to be limited by substrate diffusion in the viscous 
surfactant milieu. Whilst catalysis required significant thermal input to permit often crucial 
large-scale enzymatic motions, the work supports the capacity for polymer surfactants to 
act as surrogate for hydration and bulk waters in biocatalytic settings. Here, a tremendous 
opportunity exists to explore structure-function relationships between polymer structure, 
shell architecture, and accessible conformational motions. Elucidation of these impacts will 
be instrumental for the production of functional biomaterials which operate in harsh, 
unconventional environments such as those where solvents are prohibitive to function. 

The solubilisation (>50 wt%) of nanoencapsulated myoglobin-surfactant constructs can be 
performed in both hydrophilic ([bmpy][OTf]) and hydrophobic ([bmpy][NTf2]) aprotic ionic 
liquids.19 This is in stark contrast to unmodified Mb in [bmpy][OTf] (5.6 wt%) or in 
[bmpy][NTf2] (<0.3 wt%). Therefore, nanoencapsulation by a polymer surfactant overcame 
solubility issues and minimized protein aggregation in the presence of the hydrophilic [OTf], 
but also facilitated introduction of myoglobin into the hydrophobic [NTf2]. Crucially, the 
coordinated heme-cofactor remained specifically bound, and near-native folding of the 
globular protein core was observed. In the total absence of a solvent, the protein melting 
temperature (half-denaturation temperature) was improved from 58 °C (aqueous) to 86.4 
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°C. Upon mixing into ionic liquids, this was impressively enhanced further up to 113 °C 
[bmpy][OTf] or 108 °C [bmpy][NTf2]. These results not only support the miscibility of 
biohybrids with ionic liquids, but reveal a seemingly improved thermal tolerance and 
compatibility of protein biohybrids in a typically destabilizing ionic milieu. 

Whilst biomass is an abundant and attractive feedstock for the sustainable production of 
fuels, polymers, and platform chemicals,20 it is also stubbornly tolerant to biochemical 
treatment.21 As such, its use as a viable feedstock is underutilized. However, ionic liquids 
have been shown to be reasonably effective at processing biopolymers such as 
lignocellulosic biomass.22,23 The bioprocessing of cellulose was resultantly achieved using a 
combinatorial approach of biohybrid enzyme stabilized in ionic liquid.24 Specifically, the 
ionic liquid-assisted promiscuous cellulose activity of β-glucosidase-surfactant biohybrids 
was enhanced in order to achieve bioprocessing without the requirement for multi-
enzymatic formulation containing other endo- and exo-cellulases (Figure 6.2). Remarkably, 
β-glucosidase-surfactant nanoconjugates operated at an optimum temperature of 110 °C in 
[emim][EtSO4], displaying zero-order kinetics (uninhibited catalysis) for up to at least 168 
hours (7 days). 

The robustly engineered compatibility of biohybrid enzymes in harsh environments toward 
many traditionally destabilizing factors (temperature, unconventional solvent, salts, etc.) 
represents a cheap, and straightforward approach to improved performance of 
biocatalysts. Here, an amphiphilic surfactant corona facilitated stabilization in ionic liquids, 
which concomitantly improve solubility for cellulose. This showcases the synergistic way in 
which biohybrid enzymes can now be employed in industrial settings. However, processing 
and recovery of biohybrid catalysts in industrial settings and separation of reaction products 
remain clear challenges toward their implementation. Here, solutions to technological 
feasibility will be totally dependent of process environment. Favourably, protein-polymer 
surfactant biohybrids offer a platform for preparation of protein-based films and 
membranes.25,26 Such soft materials are primitive steps toward promoting the use of 
polymer surfactants for construction of biohybrids and their use in chemical conversion 
settings. 
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Figure 6.2. (a,b) Cartoons depicting cellulase activity in (a) aqueous buffer solution and (b) ionic liquid 
showing swelling (dissolution in appropriate ionic liquid) of crystalline cellulose. (i), endocellulase-
catalysed hydrolysis of amorphous cellulose to reveal individual cellulose chains (ii), exocellulase-
catalysed hydrolysis of cellulose chains to oligosachharides (iii), and β-glucosidase-catalysed 
conversion of oligosachharides (predominately cellobiose) into glucose (iv). (c) Cartoon detailing 
proposed mechanism for cellulose hydrolysis by β-glucosidase solubilized and stabilized in ionic 
liquids, showing dissolution of cellulose in ionic liquid (i), and random hydrolysis of cellulose chain by 
activated β-glucosidase, leading to a mixture of oligosaccharides (ii) that will eventually be converted 
to glucose over time (iii). Figure reproduced with permission from24. 
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Summary 

Old polymers for new tricks:  
Structure and function of protein-polymer surfactant biohybrids 

Proteins are adapted to perform a broad range of functions with exquisite control, making 
their implementation into industrial and therapeutic settings an exciting opportunity. 
Unfortunately, their narrow windows of structural and functional stability can be prohibitive 
to their application. A general strategy toward improvement upon the stability regimes of 
proteins is the construction of protein-polymer conjugates. In this context, polymeric 
amphiphiles are generally not explored due to their expectation to inactivate proteins. 
Surprisingly, polymer surfactants can indeed be exploited for preparation of protein-
polymer surfactant biohybrid materials. In fact, electrostatically-derived biohybrid 
nanoconjugates display a remarkable set of properties such as liquid-like behaviour in the 
total absence of a solvent (or hydration) and extremely high thermal stability. However, the 
development of these protein-based biomaterials were limited to model systems, and their 
underlying structure-function relationships were poorly understood. Therefore, the aim of 
this thesis is to construct a range of protein-polymer surfactant biohybrids from 
mechanistically diverse enzymes in order to elucidate the impact of their structure and 
function in both aqueous and solvent-free environments. 

In Chapter 1 we introduce proteins as polypeptides whose function is totally dependent on 
their precise self-assembly and dynamic motions across a range of length- and time-scales. 
In this way proteins are viewed as biomachinery, and ubiquitous solvent water is also 
introduced as mediator of the dynamic behaviour of proteins. Given that proteins evolved 
over millennia to optimally perform in their native environment, it is also unsurprising that 
chemical and structural instabilities lead to deactivation outside of these conditions. A well-
implemented strategy to improve upon the stability and performance of proteins in 
industrial and therapeutic settings is the development of protein-polymer conjugates. 
Therefore, much of the introduction is also dedicated to reviewing polymer architecture 
and conjugation approaches for engineering new complexity and functionality in protein-
based biomaterials. In this context, polymeric amphiphiles (i.e. surfactants, consisting of 
hydrophilic head and hydrophobic tail domains) are overlooked as appealing components 
to prepare protein-polymer conjugates and for use in formulations due to their typical 
expectation to deactivate proteins. However, a simple trick can be applied in order to 
stabilize protein-polymer surfactant biohybrids with a remarkable set of properties, and the 
current state of the art of this exciting field is reviewed. 

In Chapter 2, the approach of stabilizing model proteins by incorporation of a polymer 
surfactant corona is extended to three mechanistically diverse (in dynamic behaviour and 
function) enzymes. Importantly, this showcases the generality of the approach to prepare 
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biohybrid nanoconjugates, and details of their core-shell architecture are elucidated. In the 
total absence of a solvent (or hydration) a polymer surfactant corona facilitates liquid-like 
behaviour for each biohybrid. In a stepwise manner, solvent-free biofluids of increasing 
complexity with respect to the addition of new biosynthetic components are constructed, 
and it is demonstrated that each enzyme can operate in tandem for multi-step chemical 
processes. Crucially, these insights suggest that a polymer surfactant can in fact act as 
surrogate to mediate protein stability and activity in the absence of water. 

Previous approaches to preparation of solvent-free biofluids have employed electrostatic 
combination of polymer surfactant and the desired (oppositely-charged) bio-constituent. 
This can be problematic for various reasons. For example, surface charge density and 
distribution can be essential for the structure, organization, and hence function of biologics. 
The high density grafting of polymer surfactant in a reasonably uncontrolled manner brings 
great difficulty in investigating the structure-function relationships of biohybrids. Further, 
the construction and stability of biohybrid materials can be largely dependent on 
environmental conditions such as salt, pH and temperature. In Chapter 3 an alternate 
covalent-conjugation approach is introduced for the preparation of biohybrid 
nanoconjugates, and the structural and functional consequence of this approach is 
explored. Conjugation of fewer polymer surfactants still facilitated preparation of solvent-
free biofluids, but these had favourably lower melting-temperatures than their 
electrostatically-derived counterparts. In aqueous environments, a dense polymeric corona 
impedes bioactivity of enzymes with large substrates such as cells. The novel conjugation 
approach was also able to impressively overcome this limitation. 

In Chapter 4 a core-shell protease-polymer surfactant biohybrid is prepared from an 
enzyme with extensive application in industrial settings such as detergent formulations. This 
approach specifically stabilized the protease enzyme toward excess surfactants, which 
suggests that the typically deactivating components of detergent formulations can instead 
be exploited to improve stability. The protease biohybrid remained active toward peptide 
substrates, but the polymeric corona favourably excluded secondary proteins from the 
active site, effectively eliminating unfavourable proteolysis. This approach was found to be 
general, and could instead be applied to offer a protective polymeric corona to secondary 
enzymes in multi-protein and polymer surfactant formulations. Therefore, the discrete 
nanoencapsulation of various enzymes by a polymer surfactant corona offers a versatile 
platform for stabilising multicomponent formulations. 

In Chapter 5 we set out to develop a therapeutically relevant model biohybrid 
nanoconjugate from the enzyme urate oxidase (uricase) for treatment of gouty arthritis. 
Uricase activity is dependent upon self-assembly of protein monomers into functional 
tetrameric barrel structures. Here, the requirement for modification of the protein surface 
charge to prepare electrostatically co-assembled biohybrids results in the disassembly and 
hence deactivation of uricase. By employing the novel conjugation approach developed in 
Chapter 3, it was expected that the functional oligomer assembly would be retained. 
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However, activity assays revealed that both classes of protein-polymer surfactant 
biohybrids were deactivated. Instead, we set out to probe the underlying limitations for 
preparation of functional therapeutic biohybrids. We expect that the environmental 
conditions of biohybrid preparation is disruptive toward functional oligomer co-assembly. 
Finally, we propose an alternative synthetic protocol via modification of the polymer 
surfactant which we expect to be favourable toward retention of the functional tetrameric-
assembled uricase. In sum, this work is a promising step toward preparing biohybrid 
nanoconjugate therapeutics which can be stored at room-temperature with tremendous 
thermal stability. 

In Chapter 6 we offer a brief perspective on the outcomes of this thesis and the surprising 
compatibility of proteins and anionic polymer amphiphiles. In doing so, we primarily discuss 
the contributions of biohybrid protein-polymer surfactant conjugates to therapeutics and 
in industrial settings. Initially, the potential viability of biohybrid proteins for their high 
volume fraction and room-temperature storage, as well as the stabilization of liquid 
formulations. Additionally, we review recent examples which exploit polymer surfactants 
for the delivery of proteins to stem cells and their trafficking in vitro. Finally, we showcase 
the ability of surfactants to stabilize proteins in self-contained and multifunctional biofluids, 
displaying impressive thermal tolerance and processability in ionic liquids. 
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